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1 Resumeé

Karakterisering af hampefibre blev udfert med fibre fremstillet ved skdnsomme metoder
for at fa en indikation af hvor staerke fibre der kan produceres fra hampeplanten.
Sammenligning blev lavet med hampegarn produceret under traditionelle betingelser,
hvor skader ikke kan undgés. Den skdnsomme defibrering af hampestanglerne blev
udfert ved nedbrydning af den pektin- og ligninholdige midtlamel omkring fibrene ved
kultivering af den muterede svamp Phlebia radiata Cel 26. De fremstillede fibre havde
et celluloseindhold pd 78 %, hvilket ogsd kan opnds ved enzymbehandling med
pektinnedbrydende enzymer efterfulgt af steam explosion behandling. S2-laget i fibrenes
cellevaeg bestod af 1-4 lag med hgijt celluloseindhold og lavt ligninindhold. Disse lag
bestod endvidere af ca. 100 nm tykke lameller. Mikrofibrilvinklen var 0-10° i
hovedparten af S2-laget og 70-90° i S1-laget. Siden mikrofibrilorienteringen nasten var
parallel med fiberretningen havde fibrene hgj stivhed der kunne blive 94 GPa efter
defibreringen. De defibrerede hampefibre var dermed stivere end hampegarn (60 GPa),
hvilket kan skyldes snoningsvinklen der introduceres under spindingsprocessen.
Hampefibrenes stivhed var ogsa linezrt voksende som funktion af celluloseindholdet og
cellulosekrystalliniteten og aftagende som funktion af snoningsvinklen eller
mikrofibrilvinklen. Krystallinsk cellulose havde en estimeret stivhed pd 125 GPa.
Defibreringen med P. radiata Cel 26 resulterede i fibre med en styrke beregnet pa basis
af kompositstyrken a 643 MPa, der er tilsvarende styrken af hampegarnet (677 MPa)
selvom skdansomme behandlingsmetoder blev anvendt. Plantefiberstyrken s ogsé ud til
at stige lineert med celluloseindholdet og var ikke markbart afhangig af
defibreringsmetoden. Ren cellulose havde dermed en styrke a 850 MPa hvilket er ca. 10
% af styrken pa molekylert niveau.
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4 Introduction

Hemp (Cannabis sativa L.) has been cultivated for at least 6000 years and it may be one
of the oldest non-food crops. The most usual purpose of hemp cultivation is to isolate the
fibres present in the bark on the hemp stem surface (Garcia-Jaldon et al., 1998), for
production of ropes, textiles and paper. Other useful materials from hemp are the seed,
which can be used for oil production (Deferne and Pate, 1996) and cannabinoids for
medical, spiritual and recreational purposes.

Hemp originates from Central Asia (van der Werf et al., 1996) but has been cultivated
from Equator to the polar circle (Vavilov, 1926). Plant breeding of hemp has been
performed in eastern and central Europe (de Meijer, 1995) to increase the fibre yield
(Bocsa, 1971) and get very low contents of psychoactive substances (Fournier et al.,
1987). Legal cultivars for fibre production have thereby been obtained. The biomass
yield in hemp is high, and hemp improves the soil structure (du Bois, 1982). The tall
plant stems of hemp suppress weeds effectively and diseases and pests are rarely
recorded. Thereby addition of pesticides is not needed (Robinson, 1996). It has also been
reported that hemp produces several times more of the important fibre component,
cellulose, than crops such as corn, kenaf (van der Werf et al., 1996) and sugar cane
(Herer, 1985).

Cellulose is of interest, since it has very high theoretical strength (15 GPa) and
obtainable strength (8 GPa) (Lilholt and Lawther, 2000). However, the strength of single
fibres of hemp is only 800-2000 MPa (Madsen et al., 2003). It is still a high strength
compared to 500-700 MPa, which is a typical fibre strength obtained with plant fibre
reinforced composites today (Madsen and Lilholt, 2003). It is suspected that fibre
damage introduced during processing of hemp for making yarn and finally composite
processing decreases the fibre strength. Therefore it is of interest to determine the
potential for hemp fibres in composites using as mild pre-treatment conditions as
possible to keep the fibres intact. Thorough characterization of the fibres is needed to
explain how fibre damages affect the fibre strength.

Hemp fibres have also gained interest for use in composite materials due to concern
about how the high production and disposal of synthetic fibres affects the environment
(Cromack, 1998). In the last 20-30 years, glass fibres have been used for reinforcement
of composite materials in for example wind turbine blades and boats since glass fibres
have lower density than steel and high strength. Glass fibre production requires high
temperatures and thereby energy consumption. Hemp fibres are produced by the
photosynthesis with solar energy and uptake of CO, and H,O (Figure 1). A similar
emission of CO, occurs when the fibres are burned after usage making the fibres CO,-
neutral resulting in a slight reduction of the global CO,-emission.

Hemp fibres have also lower density than glass fibres and similar stiffness (Madsen,
2004). Lighter materials can thereby potentially be made with hemp fibres as
reinforcement. By replacing some of the steel panels in cars with hemp fibre composites,
a weight reduction might be obtainable. That will result in lower consumption of steel
and gasoline and thereby reduction of the transport based CO,-emission. The other main
component formed by the plant is the woody core (shives) that can be used for
bioethanol production like wheat straw (Felby et al., 2003) and softwood (Soderstrom,
2004), resulting in further reduction of the transport based CO,-emission by replacement
of fossil fuel.
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Figure 1. The carbon cycle of the application of the hemp plant for both material- and
ethanol production.

The current application of plant fibres in composites is for non-structural components
with random fibre orientation. These components are used by the automotive industry
and the building industry (Broge, 2000; Clemons, 2000; Karus et al., 2002; Parikh et al.,
2002). For example, flax fibres are used instead of synthetic fibres as reinforcement of
polypropylene in inner panels for cars. This type of usage is primarily driven by price
and demand of ecological awareness, and to a lower extent by the reinforcing effect of
the fibres (Bledzki et al. 2002; Kandachar, 2002). The next step is to attract industrial
interest to use plant fibres in load bearing materials in for example cars.

Bast fibres from hemp possess by nature a high variability in structure. Fundamental
structural characterization is therefore needed before hemp fibres can be used as
reinforcement in composite materials. The steps the hemp stems have to go through to
get fibres for reinforcement of composites have to be improved too. Traditionally field
retting is used for defibration to degrade the binding between the bast fibres on the stem
surface and the shives (Meijer et al., 1995), resulting in fibres of variable quality
dependent on weather conditions and the attacking microorganisms. The retted stems are
mechanically decorticated to isolate the fibres. The decortication equipment has not been
developed sufficiently, so the production rate and fibre quality are not as good as
required for production of fibres for advanced purposes. Thus, milder and more effective
defibration and decortication processes must be developed before hemp fibres can
compete with synthetic fibres.

4.1 The aim of the thesis

The aim of the thesis was to study the morphology and the chemical composition of
hemp fibres and relate these properties to the composite properties obtained with hemp
fibres as reinforcement. The developed methods for determination of the fibre properties
were used to investigate the tested pre-treatment methods. For the fibre production to be
feasible it is essential to use pre-treatment conditions, which maximise the yield of fibres
and introduce as low damage as possible to the fibres. Biological pre-treatment was used
since it has the advantage of being performed at low temperature and thereby cause low
thermal and physical damage to the fibres. The traditional bio-treatment of the hemp
stems, water retting (Meijer et al., 1995; Rosember, 1965) was compared with cultivation
of the mutated white rot fungus P. radiata Cel 26, which does not degrade cellulose to a
significant degree. The treated and untreated hemp stems were hand peeled, since it is a
mild decortication procedure for production of fibres compared to mechanical methods.
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4.2 The outline of the thesis

The first six chapters of this thesis provide background information and put this work
into perspective using the fibre and cellulose characterization papers (Paper II and III).
The fibres were characterized by histochemistry and microscopy in Paper II to determine
their ultra structure and cellulose microfibril angle. Since cellulose is the reinforcing
polymer in hemp fibres, this component was analyzed for crystallinity by X-ray
diffraction (Paper III). Finally, this chemical and structural information was used to
explain the mechanical properties of the fibres that are relevant in composite materials.

The procedure, for getting from the hemp plant to fibre-reinforced composites is
discussed in chapter 6. In addition, problems like fibre decay and mechanical damage
during the process steps are discussed.

Chapter 7 summarizes the pre-treatment results mainly presented in paper I and IV.
Steam explosion, wet oxidation and enzyme treatment are compared as defibration
methods with determination of chemical composition, cellulose crystallinity and
cellulose chain length (Paper I). These defibration methods are compared with fungal
treatment and water retting of hemp stems in Paper II and Paper I'V.

In chapter 8 and 9, composites reinforced with the defibrated hemp fibres are compared
with composites with raw hemp fibres. By making composite tests and fibre bundle tests,
it could be investigated how the fibre structure and composition affects the mechanical
fibre properties. Finally, chapter 10 gives some concluding remarks.

Risg-PhD-11
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5 The hemp plant

The experimental study of hemp fibre structure (Part 5.2) and chemical composition
including cellulose crystallinity (Part 5.3) are based on investigation of the middle
section of hemp stems from the Felina cultivar cultivated at Danish Institute of
Agricultural Sciences in 2001 as described in Part 5.1.

5.1 Hemp cultivars and growth

Hemp (Cannabis sativa L., Figure 2) belongs to the Angiosperm phylum since it has
vessel elements in the woody core (xylem) like hardwood. It belongs to the
eudicotyledons like hardwoods, numerous bushes and herbs, since it has two cotyledons
(i.e. seed leaves). The long and flexible hemp fibres are embedded in the bark (cortex) on
the surface of the stem.

In Northern Europe, hemp plants get 1.9-2.5 m tall dependent on cultivar, sunlight and
weather conditions (Cromack, 1998). In the cultivation experiments at Danish Institute
of Agricultural Sciences in 2001, the stems diameter was highest for the cultivars, Felina
and Futura (7-12 mm) and lowest for Finola and Fedora (5-7 mm) (Table 1).

Figure 2. Hemp field with mature hemp plants (left). Hemp stem, leaf and plant top
(right).

5.1.1 Cultivation including the experiments at Danish Institute of
Agricultural Sciences

Hemp originates from Central Asia (van der Werf et al., 1996) but can be cultivated from
the Equator to the polar circle (Vavilov, 1926). In Central Europe, the optimal stem yield
is obtained when the plants are sowed in March. Then the period with maximum daylight
(May-July) will be used fully.

The cultivation experiments at Danish Institute of Agricultural Sciences in 2001 were
done at the research site Flakkebjerg of The Danish Institute of Agricultural Sciences.
The location is 55°20°N, 11°10’E and 0-50 m above sea level. The hemp cultivars
Fedora, Felina, Fenola and Futura, were sown May 7™ due to the risk of frost in April (<-
5°C; van der Werf et al., 1996). The harvest was done October 17th, but must be done
later if seed production is preferred to obtain mature seed. The maturation is not
obtainable in Scandinavia due to the short growth season (Sankari, 2000).

14 Risg-PhD-11



The only fertilizer used was 360/480 kg NH4NOjs-fertilizer/ha equivalent to 90/120 kg
N/ha. The plants were grown without addition of pesticides (Robinson, 1996) and with a
seed dosage of 16-32 kg seed/ha.

It has been reported that the maximum stem yield is obtained by sowing 90 plants/m?
(seed dosage = 15-17 kg seed/ha; Cromack, 1998). If the sowing density is too low
branches will be formed at high extend (van der Werf et al., 1996) and make the fibre
production difficult. If the plant density is too high, natural thinning will occur and
intermediate plants will die resulting in fibre decay (van der Werf et al., 1995).
Flowering should be as late as possible since the fibre production rate is lower when seed
formation takes place (van der Werf et al., 1996).

5.1.2 Fibre and seed yield

The cultivation experiments at Danish Institute of Agricultural Sciences in 2001, showed
that the hemp cultivars Futura and Felina produced few seeds (200-220 kg/ha) and high
fibre yields of 2.6 and 2.9 ton/ha, respectively (Table 1). The yield was highest with high
dosage of fertilizer and low dosage of seed (120 kg N/ha, 16 kg seed/ha, Table 1, Figure
3).

Since the fibre yield with Felina was 39 kg/100 kg stem without retting (Paper II; van der
Werf et al., 1996) and 27 kg/100 kg stem with retting there was a loss of 25% fibres in
the retting procedure. Finola produced less fibre mass (0.4 ton/ha) but much seed (2.1
ton/ha), while Fedora produced much stem material (9.8 ton/ha) and a low fibre yield (14
g/100 g stem; Table 1).

Table 1. Harvested hemp shown as stem size (m), produced seed, leaves, stems and
fibres (kg/ha) by growth of four cultivars (Data from HeFiNaC meeting nr. 14).

Hemp Seed Leaves Stems Fibres' Fibres' Stem dia- ~ Stem length’
cultivar kg/ha kg/ha kgha kg/ha g/100 gstem meter’ (mm) (m)
Finola 2100 1300 2600 400 17 7

Fedora 19 600 2300 9800 1400 14 7 2.2
Felina 34 200 1800 9600 2600 27 12 2.2
Futura 77 200 1600 10800 2900 27 11 2.2

1: The fibre yield is amount of fibres after water retting either pr. ha or pr. 100 g raw stem.
2: The stem diameter is measured in the lower part of the stem.
3: The stem length after growth in Southern England with 34-37 kg seed/ ha (Cromack, 1998).

Risg-PhD-11
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Figure 3. Produced hemp fibres showed as the area based yield (a) (kg/ha) after growth
of three cultivars at Danish Institute of Agricultural Sciences in Flakkebjerg in 2001
with varied seed and fertilizer (N) addition (Data from HeFiNaC meeting nr. 14).

5.1.3 Climate in the growth period in 2001

Since there was not climate data for the Flakkebjerg site, Arslev was used which is a
station at the same altitude and 20 km west of the Great belt on Fyn.10 km southwest of
Odense. and 60 km west of Flakkebjerg.

The temperature was generally 7-20°C in the first 5 weeks and the last 7 weeks of the
cultivation period. The rest of the time was summer with temperatures between 10 and
25°C. Frost and extreme heat (>35°C) was avoid during the entire growth period (Figure
4). The precipitation came at moderate rate of up to 60 mm/week. Until week 30, the
amount of precipitation was in average 10 mm/week and thereafter 20 mm/week. It is
usual with most precipitation during late summer and autumn in Denmark (Cappelsen &
Jorgensen, 2002). The longest dry period lasted 2 weeks (week 29-30) so the plant
growth was presumably not stopped due to lack of water. The total amount of
precipitation in the period was 350 mm (Figure 5). The amount of sunshine was highest
in the beginning of the period (75 hours/week). From week 27 to 42, the amount of
sunshine decreased from 75 to 25 hours/week at an approximately linear trend (Figure 6)
due to decreasing day length and slightly increasing cloud cover (Cappelsen &
Jorgensen, 2002). The total amount of sunshine was 1300 hours in the period.

16 Risg-PhD-11



35

————— Week maximum
30 - Daily Maximum .
Average A [
25 Dailymihimum an / .
o |----- Week minimum
oni
(0]
é 20 +
o
8 15 -
IS
O
10 -
5 ]
O T T T T T T
10 15 20 25 30 35 40 45

Week nr. in 2001
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Figure 5. Precipitation at the Arslev site in the growth period displayed as weekly
precipitation and the accumulated precipitation (data from Cappelsen, 2004).
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Figure 6. Sun hours at the Arslev site in the growth period displayed as weekly sunshine
and accumulated sun shine (data from Cappelsen, 2004).

5.2 Structure of hemp fibres

The structural study is based on the middle section of hemp stems from the cultivar
Felina that was cultivated at Danish Institute of Agricultural Sciences in 2001.

5.2.1 Structure on the plant stem level (0.002-10 MM)

The hemp fibres are present in bundles as long as the stems, which can easily be peeled
off the xylem surface by hand or machine (Figure 7). The fresh stem consists of a hollow
cylinder of 1-5 mm thick xylem covered by 10-50 um cambium, 100-300 um cortex, 20-
100 um epidermis and 2-5 pum cuticle (Garcia-Jaldon et al. 1998). The pith is empty
space in dry stems.
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Figure 7. A: Model of transverse hemp stem section zooming to single fibres, secondary
cell wall and finally the cell wall lamella. B: Model of the microfibril orientation
throughout the secondary cell wall (Paper I1).The S3 layer was not found in hemp fibres.

5.2.2 Structure on the fibre bundle level (1-100 um)

The cortex part of the hemp stems in Felina contains bundles of 100-300 polygonal-
shaped primary and secondary single fibres with 4 to 6 sides (Figure 7; Figure 9; Paper
I1). The single fibres are long (5-55 mm) compared with the fibres in the xylem (0.2-0.6
mm; Table 2; Vignon et al., 1995). The primary fibres nearest the stem surface are large
(cell wall thickness = 7-13 um; length = 20 mm; Sankari, 2000). These fibres are formed
at the early growth stage during the phase of rapid stem elongation and contribute in
Fedora, Felina and Futura to 92-95% of the bast fibres located in the cortex (Mcdougall
et al., 1993; Sankari, 2000). The secondary fibres near the cambium layer are smaller
(cell wall thickness = 3-6 um; length = 2 mm; Sankari, 2000) and only present in the
thick part of the stem (Mcdougall et al., 1993; Figure 9b).

The average area of the transverse fibre section including cell lumen was calculated to
780 um’® + 300 pm” and the lumen fraction in the fibres to 9% + 7% (Paper II). The
variation in area is due to actual variation in fibre size and not due to inaccurate
measurement. Therefore the load carrying part of the single fibers is high (91%)
compared with wood and straw fibres with larger lumens. Jute fibres and flax fibres have
also small lumens (Cichocki and Thomason, 2002; Henriksson et al., 1997).
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Table 2. Characteristics of different bast fibres (hemp, flax, jute and ramie), leaf fibres
(sisal), seed fibres (cotton), wood fibres (Norway spruce) and straw fibres (wheat straw).

Plant Fibre type” Length  Diameter L/D Microfibril
(mm) (um) angle (degrees)
Hemp fibres Bast fibres 5-60 20-40  100-2000 4
Hemp shives Tracheid fibres 0.2-0.6 10-30 20
Flax fibres 2-40 20-23  100-2000 10
Jute fibres Bast fibres 2-3 16 160 8
Ramie fibres 40-150 30 40-150 8
Sisal fibres Perivascular fibres 2-4 20 140 20
Cotton fibres Epidermal hair on 20-70 20-30 1250 n.a’
seed tubes
Norway spruce’ Tracheid fibres 1-4 30-40 60-90 5-30
Wheat straw Tracheid fibres + 0.5-2 20-35 17-80  0° in epidermis
perivascular fibres Rest: random

1: The microfibril angle is 30° in earlywood decreasing to 5° in intermediate wood and latewood
(Bergander et al., 2002).

2: Tracheids are the fibres in the xylem (woody structure); Bast fibres are arranged in bundles in the
cortex (phloem). Perivascular fibres are located outside the xylem in straw fibres and leaves (Mcdougall
et al., 1993).

3: n.a. = Not available

References: Fink et al., 1999; Liu et al., 2005; Mukherjee and Satyanarayana, 1986; Vignon et al., 1995.

5.2.3 Structure on the cell wall level (0.05-20 pum)

The distribution of lignin, pectin and wax was determined within the cell wall of hemp
fibres by histochemistry. The inner part of the secondary wall in single fibres of Felina
was found lignin poor by negative Wiesner reaction and negative Méule reaction (Paper
II; Figure 8a), while the outer part of the fibre wall was found lignin rich by positive
reaction (red staining).

It seems likely, that the first lignification step occurs in the compound middle lamellae,
which had the same high lignin content in thick- and thin-walled fibres (Paper II). The
second lignification step occurred during synthesis of the outer part of the S2 layer. The
lignin synthesis appeared reduced in later stages of fibres development due to the low
lignin content in the inner part of the S2 layer.

Both the parenchyma cells and the single fibre compound middle lamellae contained
pectin, while the secondary wall lacked pectin according to the staining reaction with
Ruthenium Red (Figure 8b). Wax was found in the epidermis cells with highest content
in the cuticle layer according to hydrophobic red staining with Sudan IV (Figure &c).
Apparently lignin was not stained with Sudan IV since the sites with lignin observed in
Figure 8a were not stained.

According to the histochemical investigation, pectin degradation can provide separation
of the fibre bundles from the xylem surface, while separation of the fibre bundles into
single fibres requires both lignin and pectin degradation (Figure 8b and c; Paper II). Wax
can inhibit binding between plant fibres and epoxy (Bos et al., 2004), so it must be
extracted to obtain strong fibre-matrix interface in composite materials.
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Figure 8. Lignin (a), pectin (b) and wax (c) stained in transverse sections of hemp stem.
Lignin stained red by the Mdule reaction (a) (arrows = strongly lignified part of the cell
wall). Pectin stained by Ruthenium Red (b) (arrows = pectin rich compound middle
lamellae). Wax stained by Sudan 1V (c) (arrows = wax rich cuticle layer).

The microstructure of the fibre wall in the hemp fibres and the decay patterns caused by
fungal cultivation on hemp were investigated by transmission electron microscopy. The
fibre middle lamellae (ML) and primary wall (P) were found to have thickness of 30-50
nm and 70-110 nm, respectively (Figure 10A, B). The secondary cell wall was composed
of a 100-130 nm thick S1 layer and a 3-13 pum thick S2 layer (Paper II). Both SEM and
TEM observations showed that the S2 layer had a laminate structure of 1 to 4 concentric
layers of 1-5 pum in thickness (Figure 9C-D; Figure 10B-C). These layers were
constructed of 100 nm thick lamellae. Thin layers of 200-240 nm in thickness were
located in between the concentric layers (Figure 10A). These thin layers seems to lack
cellulose, since they were selectively degraded by the mutated white rot fungus P.
radiata Cel 26, which does not degrade cellulose at significant degree (Nyhlen and
Nilsson, 1987; Figure 10C).

Inter-laminar cracks were also observed in the fibre wall after fibre bundle test showing
that the interface between the wall-layers is weak (Paper II). The cracks might have a
negative effect on the overall fibre strength due to lack of stress transfer through the cell
wall.
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Figure 9. Hemp stem shown at increasing magnification using different transverse
sections in SEM: A: Xylem + cambium + cortex + epidermis, B: Primary and secondary
single fibres; C: Major layers in primary single fibre; D: Thin lamellae within the S2
layer (Paper I).

The microfibril angle through the fibre wall was investigated by polarised light
microscopy and scanning electron microscopy. It was found that the microfibrils in
fibres of Felina hemp had a main orientation of 0-5° in the S2-layer. The presence of Z-
helical angles in the range 25-30° was observed (Figure 11A), but with variation
between the fibres (Paper II). Difference in microfibril angle is also present between
early wood and late wood (Table 2). Superficial attack of hemp fibres (Figure 11C) and
polarization light microscopy showed the S1 layer with microfibril angles in the range of
70-90° (Paper II). The average MFA in hemp fibres of 4° that is measured by X-ray
diffraction (Fink et al., 1999) is thereby confirmed with more detailed information. The
low overall MFA in hemp fibres explains the high stiffness in the range 50-80 MPa
compared with sisal (6-22 GPa) with similar cellulose content and higher MFA 1i.e. 10-
25° (Table 2,Table 3).

Figure 10. Single fibres partially decayed by fungi (transverse sections). A: P. mutabilis
decay of the thick layers in S2. B: P. radiata (wild) decay of the cell wall from the lumen
side. C: P. radiata Cel 26 decay of the thin layers between the thick concentric S2 layers
(Paper 1)
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Figure 11. Microfibril angles (MFA) in fungal colonized and delignified single fibres
shown with black lines and white arrows: A: Crossing cavities parallel with two different
MFA in S2. B: A third MFA identified as dark and winding cavities in S1. C: P. radiata
Cel 26 treated fibre with the S1 layer partly stripped off revealing the underlying S2
layer (Paper I).

5.3 Chemical composition of hemp fibres

Fibres from different plant species can appear quite different. However the chemical
composition is fairly similar. Plant fibres consist mainly of cellulose, hemicellulose and
lignin in different proportions. These components comprise 80-90% of the dry material
(Table 3). The rest consists of mainly minerals, pectin, waxes and water-soluble
components. Variation in the chemical composition can occur within the hemp species
depending on environmental conditions and within the hemp plant between woody cores,
bast fibres and leaves.

Plant fibres have in general been analysed by strong acid hydrolysis (Kaar et al., 1991),
comprehensive fibre analysis (Browning, 1967) and agricultural fibre analysis (Goering
and Van Soest, 1970). These methods were compared in Paper III. The comprehensive
fibre analysis was found to cause a slight overestimation of the hemicellulose content
and determine similar cellulose content compared with the strong acid hydrolysis.
Anyway the comprehensive fibre analysis was in general applied (Figure 11), since it
enables determination of pectin, wax and water-soluble components that are important in
relation to defibration of hemp.
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Table 3. Composition found in different bast fibres (hemp, flax, jute and ramie), leaf
fibres (sisal), seed fibres (cotton), wood fibres (Norway spruce) and straw fibres (barley
straw and corn stover) (Paper 11l and IV).

Fibre composition Cellulose Hemi- Lignin Pectin Wax Water Minerals
(g/100 g DM) cellulose extractives

Hemp fibres from different cultivars

Felina 34 64 14 5 5 0 8 4
Uso 60 15 3 7 1 10 4
Futura 77 ' 54 14 13 @ 157 ® 4
Fedora 19 (stems) ' 61 10 2 @ 12? e 4
Fedora 19 (shives) ' 47-48 2125 16-19@ 8-97 ® 12
Fibres from other plants

Flax* 64 16 2 2 nat nat nat
Jute™ 58-60 14-16 12 02 na’ na 8
Ramie® 69 13 0-1 2 na' na na'
Sisal®® 53-66 12 10-14 1 na' nat 7
Cotton 81 12 2 2 2 2 0
Norway spruce 49 20 29 1 0 1 0
Barley straw 43 38 9 0 0 5 5
Corn stover 33 33 14 1 3 10 7

1: Measured by the agricultural fibre analysis (Paper III; Thomsen et al., 2005).
2: Measured “non cell wall material” including pectin, wax and water extractives.
3: a: Mcdougall et al. (1993); b: Han and Rowell (1996); Mcdougall et al. (1993)
4: n.a. = Not available

Bast fibres from hemp, flax, jute and ramie contain 50-70% cellulose, 10-15%
hemicellulose, 5-15% lignin and 5-10% pectin (Han and Rowell, 1996; Mcdougall et al.,
1993; Table 3). Fibres from Felina hemp contained less lignin than fibres from the other
hemp cultivars. The cellulose content in Felina hemp fibres and Fedora hemp fibres were
on the same level as in flax fibres and jute fibres (60% w/w). The chemical composition
of the hemp shives was similar to the composition of Norway spruce. Woody fibres like
Norway spruce contain less cellulose (45-50%) and more lignin than hemp fibres. The
straw fibres from barley and corn contained less cellulose (30-45%) and more
hemicellulose (30-40%) than wood and almost no pectin (<1%). In barley straw, the
lignin content (9%) seems underestimated, while the hemicellulose content (38%) seems
overestimated by the comprehensive fibre analysis compared to previous findings of
15% lignin and 24-29% hemicellulose (Bledzki et al., 2002).

5.3.1 Cellulose and crystallinity

Cellulose is a linear polymer of D-glucose molecules (poly[B-1,4-D-
anhydroglucopyranose], (CenHion+205n+1). Two adjacent glucose units are linked by
elimination of one water molecule between their hydroxyl groups at carbon atoms 1 and
4. The repeating unit in the cellulose chain is strictly speaking cellobiose, consisting of
two glucose units as shown in Figure 12a. The degree of polymerisation (n or DP) is the
number of glucose units in the chain. The degree of polymerisation has been found to
4400 in cotton and to 2100 in pine pulp (Evans et al., 1989). Preliminary investigations
showed that DP was 7000 in cellulose purified from raw hemp fibres (Paper I).

The glucose monomers in cellulose form hydrogen bonds both within its own chain
(intramolecular) forming fibrils and with neighbouring chains (intermolecular), forming
microfibrils. These hydrogen bonds lead to formation of a linear crystalline structure
with a high theoretical tensile strength of 15 GPa (Lilholt and Lawther, 2000).

Plant cells form cellulose just outside the cell membrane (Salisbury and Ross, 1992),
which crystallises to form microfibrils of 6 x 6 chains in transverse section (Heiner and
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Teleman, 1997). The crystal structure of the formed cellulose is called cellulose If
(Nishiyama et al., 2002; Sarko and Muggli, 1974). Cellulose I has a monoclinic unit
cell with space group P2, and the cellulose chains arranged along the unique c-axis
shown in Figure 12b. Bacteria can also form cellulose Ia with a triclinic unit cell. By
treatment with NaOH, the more chemically stable cellulose II is formed by
rearrangement of the chains. Cellulose II is not formed in many plant fibres since the
structure is determined by the enzyme complex in the plant cell were cellulose synthesis
occurs. However, Cullulose II is formed in some algae and bacteria.

X-ray powder diffraction is a suitable method to study the cellulose crystallinity due to
the separate able diffraction from peaks caused by cellulose crystals and diffraction from
amorphous cellulose, hemicellulose, lignin, pectin and minerals (Paper III). The
crystallite diameter can also be estimated with X-ray diffraction based on the width of

peaks representing directions perpendicular to the fibre axis (Miller indices: 110, 110
and 200). The crystallite length can be estimated based on the width of peaks
representing directions parallel with the fibre axis (Miller index: 004).

Both the X-ray measurement geometries reflection mode and transmission mode were
investigated to get an accurate procedure for determination of cellulose crystallinity.
Reflection mode was found suitable since air scattering thereby can be neglected, which
in transmission mode contributed to the amorphous scattering.

The most common sample preparation procedure is plane loading by pressing on top of
the sample. This was not suitable for cellulose fibres due to underestimation of the
diffraction peaks representing the fibre direction, mentioned as preferred orientation.
Therefore side loading of samples was used, which gives more random fibre orientation
in the sample and reduced effect of preferred orientation (Figure 13).
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Figure 12. (a) The repeated cellobiose unit in cellulose as compared to the c-axis
length. (b) The cellulose If structure viewed along the unique c-axis of the P2; unit cell
with the a- and b-axis in the paper plane (five molecule chain ends are shown) (Paper
1.

Due to disagreement about how to separate the amorphous and crystalline diffraction in
the obtained diffractograms, the cellulose crystallinity was calculated by four methods:
the peak height ratio method (Segal et al., 1959), the amorphous standard method
(Ruland, 1961; Vonk, 1973), the Rietveld refinement method (Rietveld, 1967, 1969) and
the Debye calculation method (Debye, 1915). The peak height ratio method was found
unreliable due to variation in crystallite size and resulting variation in peak overlapping.
The amorphous standard method was better but not sufficiently reliable due to the poorly
determined intensity for low diffraction angles (26 < 15°). The Rietveld method was
more advanced and gave a more detailed result, since the known crystal lattice structure
for cellulose If was used (Nishiyama et al., 2002) and refined in combination with
refinement of crystallite size. The peak shapes and sizes were thereby fitted to the
measured diffraction peaks and the amorphous scattering was determined as the residual
scattering (Figure 13). The Debye method also uses the cellulose If structure for
calculation of the shape and size of the diffraction peaks based on the crystallite size.
Thereby, a more reliable determination of the crystalline part is obtained. However, due
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to the computing effort and the subjective and manual fitting of crystallite size with the
Debye method, the Rietveld method is more suited as a standard method.

The results for cellulose content and crystallinity are presented in Table 4 and compared
in Figure 14. The highest cellulose crystallinity (90-100 g/100 g cellulose) was found in
barley straw, corn stover and Felina hemp fibres (full drawn line in Figure 14).
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Figure 13. Diffractogram of water retted hemp fibres measured in reflection mode of a
side-loaded fibre sample. Determination of the crystalline cellulose content was done by
Rietveld refinement. The obtained fits for the amorphous and the crystalline diffraction
are shown (further details in Paper III). The peak positions are marked with Miller
indices.

Norway spruce had a cellulose crystallinity of 67 g/100 g cellulose, which is similar to
previous findings of 51-71 g/100 g cellulose also determined with X-ray diffraction
(Andersson et al., 2003). The cellulose crystallinity was on the same level in filter paper
(65 g/100 g cellulose) and was also comparable to the crystallinity of 68 g/100 g
cellulose that has been measured in pine kraft pulp by 13C-NMR (Liitia et al., 2003).
The cellulose crystallinity of wood based materials was thereby found to be on the same
level when determined by X-ray diffraction and by 13C-NMR, and the pulping process
had only slight effect on the cellulose crystallinity. The present data as well as literature
data are shown in Figure 14 and related by the dotted line, which represents the sample
crystallinities at a cellulose crystallinity of 65-g/100 g cellulose.
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Table 4. The plant fibres cellulose crystallinity, calculated by Rietveld refinement, (g/100

g cellulose) and chemical composition measured by comprehensive fibre analysis (g/100
g dry matter) (Paper Il and IV).

Material Cellulose Cellulose Sample Amorphous Residual
crystallinity crystallity cellulose components
g/100 gcellu. g/100gDM g/100gDM g/100gDM  g/100 g DM

Hemp fibres 94 64 60 4 36
Norway spruce 67 49 33 16 51
Barley straw 100 43 43 0 57
Corn stover 100 33 33 0 67

W Corn stover O Norway spruce —<—Norway spruce (ref 1)

O Barley straw A Filter paper + Norway spr.pulp(ref 2)

& Hemp fibres O Avicel cellulose
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Figure 14. Sample crystallinity determined by Rietveld refinement compared to the
cellulose content. The relationship for non-woody materials (full drawn line) and the
relationship for wood based materials (dotted line) are shown (ref 1 = Andersson et al.
(2003); ref 2 = Liitia et al,( 2003),; Paper III; Paper IV).

5.3.2 Hemicellulose

Hemicellulose in hemp and straw fibres are short and highly branched polymers of
pentoses such as xylose and arabinose (Puls and Schuseil, 1993). Hemicellulose contains
also substituents like acetyl groups and glucoronic acid (Figure 15). The degree of
polymerisation is much lower than in cellulose ranging from 20 to 300. By attached
ferulic acid and p-coumaric residues, hemicellulose can form covalent bonds to lignin
(Bjerre and Schmidt, 1997). Hydrogen bonds are formed between xylan and cellulose.
Due to this linking effect of hemicellulose, hemicellulose degradation leads to
disintegration of the fibres into cellulose microfibrils resulting in lower fibre bundle
strength (Morvan et al., 1990).

Mainly the acid residues attached to hemicellulose make it highly hydrophilic and
increase the fibres water uptake, which increases the risk of microbiological fibre
degradation. It has been found that hemicellulose is thermally degraded at lower
temperature (150-180°C) than cellulose (200-230°C) by wet oxidation (Bjerre et al.,
1996) and composite manufacturing (Madsen, 2004).
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Figure 15. The structure of hemicellulose in non-woody fibres (grasses) showed as the
acetylated xylan chain with a-1,2 bond to 4-O-methyl glucuronic acid (left side group)
and with a-1,3 bond to L-arabinofuranose, which also is linked to phenolic acid (vight
side group) (Puls and Schuseil, 1993).

5.3.3 Lignin

Together with cellulose, lignin is the most abundant and important polymeric organic
substance in the plant world. Lignin increases the compression strength of plant fibres by
gluing the fibres together to form a stiff structure, making it possible for trees of 100
meters to remain upright. Lignin is a very complex three dimensional polymer, made of
different phenylpropane units, which are bound together by ether and carbon-carbon
bonds (Fan et al., 1982). Since hemp belongs to the Angiosperm phylum, it contains
hardwood lignin of coniferyl alcohol, sinapyl alcohol and a minor content of p-coumaryl
alcohol (Paper II). It was shown by treatment of hemp with P. radiata Cel 26, that
degradation of lignin and pectin presumeably reduces the fibre bundle tensile strength
slightly (Paper II). Therefore lignin seems to act like a matrix material within the fibres,
making stress transfer on microfibril scale and single fibre scale possible.

5.3.4 Pectin

Pectin is a heterogeneous structure of acidic structural polysaccharides, found in fruits
and bast fibres (Table 3). The majority of the structure consists of homopolymeric
partially methylated poly-a-(1—4)-D-galacturonic acid residues but there are substantial
'hairy' non-gelling areas of alternating a-(1—2)-L-rhamnosyl-a-(1—4)-D-galacturonosyl
sections containing branch-points with mostly neutral side chains (1-20 residues) of
mainly L-arabinose and D-galactose (rhamnogalacturonan I). Pectin is the most
hydrophilic compound in plant fibres due to the carboxylic acid groups and was easily
degraded by defibration with fungi (Paper IV). Tests of hemp fibres as single fibres and
fibre bundles showed that treatment with pectinase enzymes and thereby pectin
degradation decreases the fibre strength slightly (Paper II; Madsen et al., 2003).
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6 From hemp plant to composites

The traditional procedure for hemp processing is to grow the hemp plants for one growth
season and cut the stems near the ground in the harvest (Figure 16a-c). The harvested
hemp is either field retted or water retted to loosen the fibres from the stem surface (de
Meijer, 1995). After retting, the fibres are extracted from the dry stems by
decortification. Mats are formed of the fibres (g) and press consolidated with melted
polypropylene (h) to form composite sheets (i) (Andersen and Lilholt, 1999).

b: Mature hemp plants c: Harvest of dried hemp

f: Hemp fibre bundles

g: Hemp fibre mat h: Press consolidation of hemp

fibre mats and polypropylene i Hemp fibre composite

Figure 16. Traditional procedure for going from the hemp plant to fibre reinforced
composite materials. The process goes through field cultivation (@ — c), retting and
decortification (d — f) and addition of polypropylene, heat and press consolidation (g
— ).

6.1 From plant stem to fibre assemblies

The traditional procedure for production of fibres from hemp is field retting, a natural
process which results in fibres of variable quality due to differences in weather
conditions (Figure 17; Meijer et al., 1995). During this process fungi and yeasts colonise
the hemp and produce polysaccharide-degrading enzymes, which macerate and disrupt
the parenchyma cells. This process can be replaced with the more controllable water
retting procedure in which the plant stems are placed in tanks with 30-40°C hot water for
4 days (Meijer et al., 1995; Rosember, 1965).

After retting, the woody core is broken into small pieces that can be separated from the
fibres by decortification. This is industrially done with pairs of rotating rollers (Hobson
et al.,, 2001), which crush the shives. In lab-scale, the fibres are isolated with hand
peeling. The extracted fibres are in the form of large fibre bundles useful in non-woven
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fibre mats, which are made by air-drying and needle punching (Figure 17-left) (Dobel,
2002; Eriksen and Pallesen, 2002) with uncontrolled and thereby random fibre
orientation. Production of aligned fibre assemblies can also be done at laboratory scale
by combing the fibres in water, stretching them and air-drying them (Paper IV).

Hemp stem
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Figure 17. Retting and defibration processes, used to make fibre mats and aligned fibre

assemblies of fibres from hemp stems.

6.1.1 Defibration

During water retting, the hemp bast is separated into large fibre bundles (Paper 1V).
Additional treatment is required to defibrate the fibre bundles into single fibres and small
fibre bundles useful for production of hemp yarn. It is done by degradation or disruption
of the middle lamellae between the single fibres. Enzyme treatment (Paper I; Brithlmann
et al., 2000; Madsen et al., 2003), wet oxidation (Thomsen et al., 1999; Paper I) and
NaOH treatment (Mwaikambo and Ansell, 1999; Wang et al., 2003) can degrade pectin
and lignin in the middle lamellae between the single fibres.

Physical defibration methods include steam explosion (Paper I; Garcia-Jaldon et al.,
1998; Madsen et al., 2003; Vignon et al., 1996) and ultrasound treatment (Zimmer and
Kloss, 1995). It is suspected that these treatments introduce damage to the fibres. Fungal
treatment of hemp stems has the advantage of degrading lignin, so single fibres can be
obtained without a defibration step (Paper II). This procedure has been used for
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defibration of flax fibres (Henriksson et al., 1997) and was used to obtain hemp fibres for
composite materials in Paper IV.

6.1.2 Yarn production

The retted fibre bundles of 0.5-2 m length are traditionally used directly for production
of yarn for rope production (Ole Magnus, Personal communication: telephone +45-
86994515). First hackling is done in two steps to straighten the fibres and remove short
disordered fibres with a metal-pinned brush; this results in a sliver of parallel fibres
useful for spinning. At industrial scale, the hackling is performed using metal-pinned
brushes and rotating rollers to pull the fibres forward. This technique is basically also
used to make sliver of shorter fibres like flax fibres (15-200 mm; Grosberg and Iype,
1999).

By manual yarn spinning, some fibres from the sliver are mounted on a rotating hook.
The fibres are stretched during the twisting process and more fibres are added, while the
hand is moved backward to elongate the spun amount of yarn and keep a constant yarn
thickness. At industrial scale, the stretching part of this process is called drafting. In
drafting, the fibres become straightened by passing the s/iver through a series of rollers
with increasing rotational speed in the forward direction (Figure 18-left). The drafting
process elongates the thick sections of the filament so they get the same thickness as the
thinner sections, resulting in a uniform s/iver ready for spinning (Figure 18-centre;
Madsen, 2004).

The most common spinning method is ring spinning, in which s/ivers delivered from the
drafting rollers become twisted by the traveller that is freely rotating on a ring (Madsen,
2004). The ring distributes the yarn onto a rotating bobbin. Each traveller rotation
introduces one twist. Increased delivering speed from the drafting rollers decreases the
number of twists per length. The twisting forces the fibres to take a helical structure and
results in inherent sliding friction between the fibres (Madsen, 2004) and in axial
strength in the yarn (Grosberg and Iype, 1999). The produced yarn can be wound on a
metal frame (Figure 18-right) to get aligned fibre assemblies, ready for composite
production (Madsen and Lilholt, 2003).
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Figure 18. From fibre filament to aligned fibre assemblies: The drafting process with
three pairs of rollers at different rotation speed (v; left), followed by ring spinning to get
yarn (Grosberg and Iype, 1999; centre) and filament winding of yarn to get aligned fibre
assemblies (Modified from Madsen, 2004, right).

6.2 From fibre assemblies to composite materials
6.2.1 Fibre part

Composite materials can be reinforced with non-woven fibre mats, with woven yarn and
with wound yarn. Plant fibres from different origins are useful as reinforcement. These
fibres originate from leaves (sisal, pineapple and henequen), from bast (flax, hemp,
ramie, jute, kenaf), from seed (cotton) and from fruits (coconut husk) (Mohanty et al.,
2000; Table 2; Table 3).
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Figure 19. Pathway used to make composite materials of fibre mats and of aligned fibre
assemblies with thermoplastics or with thermosets.

6.2.2 Matrix part

The matrix part of composite materials can both be thermoplastic like
polyethyleneterephtalate (PET), polypropylene (PP) and polyamide (nylon) and
thermoset, like epoxy and polyester (Figure 19; Figure 20). Thermoplastic has the
advantage of giving greater fracture toughness, larger elongation at fracture, faster and
more automatic processing, unlimited shelf life of raw material, recycling and a cleaner
working environment (Lystrup, 1997).

Thermoset impregnated composite materials have the advantage of being processed at
lower temperatures (40-120°C) compared with polypropylene at 200°C, since the
thermal damage of the fibres is reduced at the lower temperature (Madsen, 2004; Figure
19-left; Figure 21-bottom). The polymer viscosity is low in thermosets (0.1-10 Pa-s;
Lystrup, 1997) compared with thermoplastics (100-1000 Pa-s; Briining and Disselbeck,
1992). However, the viscosity can be controlled during pressing within a wide range,
since it decreases with increasing temperature.
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Figure 20. Chemical structure of (A) PE (polyethylene), (B) PP (polypropylene), (C)

PET (polyethyleneterephtalate) and (D) epoxy (diglycidyl ether of bisphenol A) (Muzzy,
2000).

6.2.3 Composite processing

Composites can be made with fibres as mats and as aligned assemblies impregnated with
matrix polymer (Figure 19-left and Figure 21-top). The processing techniques used are
autoclave consolidation and mechanical press consolidation (Figure 22).

Autoclave consolidation is performed in vacuum to evaporate water and remove air from
the fibres placed in vacuum backs (Figure 22a). The fibres and the fluid thermoset
polymer are press consolidated during the curing process using pressurized air to
compact the fibres.

Risg-PhD-11

35



.[_.

' = Heating SV ¢ o 5)ing
+re+ 4

—_— .
: 1 : Add Pressing
QO thermoset

Figure 21. Above: Fabrication of thermoplastic composites of plastic foils and fibres by
heating followed by cooling and pressing. Below: fabrication of thermoset composites by
pressing and curing (brown=fibres, blue=liquid plastic, green=solid plastic).

bl: Lay up for press consolidation

b3: Model for press consolidation

a3: Model for the autoclave

Figure 22a: Autoclave consolidation (al) with air-pressure consolidation and with a
tight vacuum bag containing the fibres and matrix polymer (a2) illustrated with a model
(a3). b: Lay up with fibres and matrix polymer packed into slip foils (b1), heated to melt
the polymer (b2-1) and press consolidated (b2-3) and illustrated with a model (b3).

In mechanical press consolidation, thermoplastic composites are made with heating
(200°C for polypropylene, 10 min) under vacuum. The polymer is thereby melted and
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water vapour and air are removed from the fibres so the molten polymer can impregnate
them. Pressure consolidation (1 MPa) is used to improve the penetration of the fibre lay
up and to increase the fibre compaction (Figure 22b; Andersen and Lilholt, 1999). Since
the fibres will slide between each other during the compression, the obtainable fibre
volume fraction in the final composite increases versus the consolidation pressure
(Madsen and Lilholt, 2002).

6.2.4 Composite preparation in this study

The composites reinforced with aligned fibres that were made in this study were
fabricated with epoxy as matrix material (Paper IV). Epoxy was used since this low
viscosity polymer penetrates easily into the fibre assembly and forms covalent binding to
the plant fibres resulting in strong interface (Obrien and Hartman, 1971). It was not
suitable to make the composites in vacuum because of evaporation of chemicals from the
fluid epoxy, which results in holes in the produced composites (Stephanie Feih, Personal
communication: telephone +61-3-96769904). The composites were made with pressure
consolidation using manually tightened clamps in a normal oven during pre-curing at
40°C and curing at 120°C (Figure 23; Figure 21-bottom).
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a: Dried lay up

C: Cured laminate

Figure 23. Manual fibre lay up (a), addition of epoxy to the lay up (b) and curing of the
epoxy to make a laminate (c).
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7 Defibration methods

Defibration methods for production of fibres from the hemp plant can be divided into
combined physical and chemical methods and biotechnological methods. The combined
physical and chemical methods combine chemical reactions and physical disruption
obtained at high pressure and high temperature. Procedures of this type include wet
oxidation and steam explosion (Thomsen et al., 2005; Thygesen et al., 2002; Paper I).
The biotechnological methods include water retting (Meijer et al., 1995; Paper 1V),
enzymatic defibration (Paper I) and fungal defibration (Henriksson et al., 1997; Paper
V).

7.1 Combined physical and chemical treatments

Both wet oxidation and steam explosion of hemp fibres increased the fraction of
cellulose and decreased the fraction of lignin and non cell-wall materials like pectin and
water extractives in the hemp samples (Figure 24). The amount of lost dry matter in a
sample was an indication of the amount of lost cellulose, which in general was 12-17%
w/w higher than the cellulose loss (Table 5).

In wet oxidation, the losses of dry matter were smaller (15-29 %) than in steam
explosion (17-73 %). Correspondingly losses of cellulose were smaller (0-12 %) than in
steam explosion experiments (0-69 %). Base addition resulted in large removal of
cellulose so it might have a too strong effect on opening the structure of the plant
constituents. The losses were in general higher when raw hemp fibres were treated (a)
than when water-retted hemp fibres were treated, since some pectin and water extractives
are extracted during the retting step (Paper V).

The content of cellulose in the fibres increased by wet oxidation or steam explosion in
retted hemp fibres from 73% to 85-90% and in raw hemp fibres from 60-64% to 73-75%
(Figure 24). The most lignin was removed when oxidative conditions were applied since
it is decomposed to low molecular phenolic compounds and oxidized to carboxylic acids
(Klinke et al., 2002; Figure 25).

Impregnation with base before steam explosion reduced the hemicellulose extraction and
increased the cellulose extraction (Thomsen et al., 2005). It has been shown that
degradation of hemicellulose monomers to furans and carboxylic acids is reduced by
base addition (Klinke et al., 2002).
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Figure 24. Chemical composition of the defibrated hemp fibres using wet oxidation and

steam explosion. a: Wet oxidation and steam explosion on untreated hemp fibres with
varied fibre addition (g fibres/batch) (Paper I). b: Effect of alkaline and oxidative
conditions during the treatments applied on retted hemp (Thomsen et al., 2005).
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Table 5. Fibre yield and cellulose recovery for the hemp fibres treated as presented in
Figure 24 (Paper I; Thomsen et al., 2005).

Fibre yield Cellulose recovery

[% w/w] [% w/w]
Use of raw hemp bast
Wet oxidation (20 g batch) 78 90
Wet oxidation (40 g batch) 76 88
Wet oxidation (60 g batch) 83 97
Steam explosion (no alkali, 2 min) 74 90
Use of water retted hemp fibres
Hydrothermal treatment (no alkali) 83 100
Wet oxidation (no alkali) 85 100
Wet oxidation (with alkali) 71 88
Steam explosion (no alkali) 83 100
Retted-STEX (with alkali) 27 31

Note: Conditions are shown in Figure 24.

WET OXIDATION

OF WHEAT STRAW
SOLUBLE FRACTION SOLID FIBRE FRACTION
hemicellulose & cellulose &
degradation products hemicellulose, lignin and NCWM residues
MONOMERIC PHENOLS FURANS
(from lignin) (from sugars)
R1 glucose xylose
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R2 L R3 HOV@\ @\CH

O CHO o
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(oxidative cleavage) \ /oxidative cleavage)
CARBOXYLIC ACIDS

(from lignin and sugars)

RCOOH

Co;
Figure 25. Principle of wet oxidation applied as pre-treatment of plant fibres. NCWM:
water-soluble compounds like proteins and pectin;, 5-HMF = 5-hydroxymethyl-2-
furfural. The plant fibres are fractionated into a solid fraction of cellulose and a liquid
fraction of hemicellulose and lignin. The intermediate phenols from lignin degradation
and furans from sugar degradation are further oxidized to carboxylic acids and CO;
(Klinke et al., 2002).

7.2 Biotechnological treatments

Treatment of Uso-hemp by combined field retting and exposure to frost during
wintertime (Pasila, 2000) resulted in moderate increase in the cellulose content of the
fibres (60—565% w/w) due to removal of water-soluble components and ash
(unpublished data). The water retting process resulted in addition in pectin degradation
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so higher cellulose content was obtained. Water retting is also a much faster process due
to the higher microbial activity at the higher temperature (35°C; Paper V).

Defibration of hemp with the fungus P. radiata Cel 26 resulted in addition to the fibre
components degraded in water retting in hemicellulose and lignin degradation, so the
cellulose content increased to 86% (Figure 26b). A similar chemical composition has
been obtained by wet oxidation (Thomsen et al., 2005; Paper 1), which is also an
oxidative process. The cultivation resulted in slight cellulose decay, in the large-scale
experiments, indicating the presence of cellulose degrading enzymes (Paper IV).
However at the smaller scale the cellulose yield was high (96%) and the fibre wall
remained intact as confirmed by TEM microscopy (Paper II; Figure 10).

The fungus Ceriporiopsis subvermispora degraded cellulose in the hemp fibres and
formed much mycelium above the water surface, while stem pieces below the surface
were not colonised by the fungus (Table 5, Figure 26b). The fungus grew well at low and
medium scale cultivation with reduction of pH from 6 to 4.8 (Paper IV). At large scale,
the sterilisation was insufficient resulting in lower fibre yield after 14 days cultivation
(27 g/100 stem) and unchanged pH (Paper IV).

Lignin degradation was obtained by the treatment with P. radiata Cel 26 by peroxidase
enzymes, confirmed as presence of H,O, in the cultivation broth (Paper IV). Smaller
fibre bundle transverse sections were therefore obtained by defibration with P. radiata
Cel 26 (3-103 umz) than by water retting and by C. subvermispora defibration (Paper
IV), due to degradation of the lignin rich middle lamellae between the fibres.

Table 6. Fibre yield and cellulose recovery for the hemp fibres treated with the
biotechnological methods presented in Figure 26 (Paper I; Paper IV).

Treatment Fibre yield Cellulose recovery
[% wiw] [% w/w]

Water retting 68 79

Fungal defibration

C.sub. treated 14 days 75 85

C.sub. treated 31 days 65 83

P.rad. treated 14 days 70 85

P.rad. treated 31 days 72 96

Enzymatic defibration using pectinex solution

1 g/kg fibres 88 95

10 g/kg fibres 88 95

100 g/kg fibres 83 93

10 g/kg fibres followed by STEX 67 87

Note: Conditions are shown in Figure 26.

The treatment of hemp fibres with pectin degrading enzymes (Pectinex) resulted in
moderate increase in the cellulose content of the fibres and in high cellulose recovery
(93-95%, Table 6, Figure 26¢). Neither pectin nor lignin was degraded during the
treatment. Thereby it seems like that the enzyme mixture was insufficient for
effective defibration. If the enzyme treatment was followed by steam explosion,
pectin and hemicellulose degradation were also obtained resulting in more cellulose
rich fibres (78% w/w).
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Figure 26. Chemical composition of hemp fibres treated with biotechnological methods.
a: Frost treatment of Uso hemp and water retting of Felina hemp (Unpublished data;
Paper 1V). b: Fungal treatment of hemp (Paper IV). c: effect of pectin degrading
enzymes (g pectinex solution/kg hemp bast, Paper I; Unpublished data).
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7.3 The treatment procedures effect on cellulose crystallinity

Wet oxidation of corn stover resulted in increased content of crystalline cellulose in the
fibres. The content of crystalline cellulose appeared to reach a level of 38-42% w/w for
obtained cellulose contents of 50-60% w/w. Crystalline cellulose is thereby converted
into its amorphous form at the high temperature applied during the treatment (190°C).

For the fungal defibrated hemp fibres, the cellulose crystallinity tended to decrease
versus the obtained cellulose content showing that some crystalline cellulose was
converted into amorphous form (Figure 27). Hemp yarn had even lower cellulose
crystallinity and a sample crystallinity similar to water retted hemp fibres. The cellulose
crystallinity remained constant during water retting of hemp, which was presumably due
to the low lignin degradation, compared with the lignin degradation during defibration
with P. radiata Cel 26 (Paper 1V).
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Figure 27. Sample crystallinity determined by Rietveld refinement versus the cellulose
content determined by the comprehensive fibre analysis. The full drawn line shows the
relationship for non-woody fibres. The grey line shows the effect of wet oxidation on
corn stover. The effect of fungal treatment is shown by the dotted line (Paper IlI; Paper
).
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8 Fibre strength in hemp

The strength and the composition of hemp fibres depends on parameters like weather
conditions, soil type, fertilization and defibration type (Hoffmann, 1961). Even the fibres
within a single stem vary in strength with the weakest ones at the base of the stem
presumably due to differences in chemical composition. The sensitivity to harvest year
seems to vary between hemp cultivars with highest variation for Uniko B and lowest
variation with Uso 11 and Felina 34 (Figure 28; Sankari, 2000). Low variation in the
fibre strength indicates low sensitivity to weather conditions resulting in similar fibre
properties each year.

8.1 Effect of hemp cultivar and the Weibull distribution

Hemp cultivars have bast fibres with different mechanical properties due to differences
in the chemical composition of the fibres (Table 3). Based on cultivation experiments in
Finland, the fibre strength with lowest standard deviation (100-200 MPa) was obtained
with the cultivars Futura, Fedora and Felina with fibre bundle strength varying between
650 MPa and 1050 MPa (Sankari, 2000). Fibres from the cultivars Uniko B and Secuieni
had higher fibre strength (550-1400 MPa) and higher standard deviation. Thereby lower
effective strength will be obtained as explained by the Weibull distribution (Lilholt,
2002; Figure 28).

The Weibull effect is determined by a statistical procedure for calculation of the overall
tensile strength of many fibres from the terms oy and m, which depend on the average
single fibre strength and the standard deviation. Increasing standard deviation
(decreasing m) results in decreasing fibre bundle strength at constant average single fibre
strength. Thus, raw Felina hemp fibres had a single fibre strength of 1200+400 MPa
(Figure 29) and a fibre bundle strength of 950230 MPa (Figure 30) which is 20% lower
than the single fibre strength. According to the Weibull distribution the average fibre
bundle strength is calculated as

o, :O'O-V_'%'-l"(l+#) and V =exm

where oy is a normalized stress term and 7/ is the gamma function. The fibre bundle
efficiency is the ratio between the overall fibre bundle strength and the average single
fibre strength:

a%b =(exm) ™ x(T(1+1))
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Figure 28. Fibre bundle strength of fibres from the hemp cultivars grown by Sankari
(2000) in Finland. For the Finish samples, the test span length was 20 mm. For the
fibres from Felina 34 that was grown at Danish Institute of Agricultural Sciences in
2001(DK-sample), the test span length was 3 mm. The cultivars are sorted according to
increasing average strength.
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8.2 Effect of pre-treatment of hemp

Steam explosion used for pre-treatment of hemp fibres resulted in single fibre strength
reduced with 30% and lower standard deviation. That indicates that mainly the strong
single fibres are weakened or degraded so the fraction of weak fibres increases (Madsen
et al., 2003).

The effect of temperature during the treatment was only significant when defibration
with pectin degrading enzymes was used for defibration before the steam explosion
experiments. Thereby it was not critical if the treatment was performed at 185°C or
200°C, presumably due to low cellulose degradation at this temperature level. This
combination of defibration procedures resulted in reduced variation on the single fibre
strength (950+£230 MPa; Figure 29) and more cellulose rich fibres (78%; Figure 26).

Enzyme treatment of hemp fibres resulted in increased standard deviation of the single
fibre strength but with no significant reduction in strength (1150£550 MPa). The larger
standard deviation will presumably have a negative effect on the effective fibre strength
in composites due to the bundle effect explained with the Weibull distribution.
Defibration of hemp by cultivation of P. radiata Cel 26 resulted in decrease in fibre
bundle strength from 960 MPa to 850 MPa (Figure 30) due to extraction of most of the
non-cellulosic binding materials (Figure 26b).
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Figure 29. Single fibre strength of enzyme treated and steam exploded hemp fibres (mild
STEX = 2 min at 185 °C; hard STEX = 2 min at 200 °C (Madsen et al., 2003).

Defibration of hemp by cultivation of C. subvermispora resulted in weaker fibres (780
MPa; Paper IV) presumably due to cellulose decay. The hemp yarn had a lower strength
(Madsen, 2004) but with lower standard deviation. Barley straw had roughly the half
strength (280 MPa) of hemp fibres presumably due to the lower cellulose content (45%)
and the different fibre structure (Table 2; Liu et al., 2005).

Risg-PhD-11



Roughly 20% lower fibre strength was determined by fibre bundle test than by single
fibre test of the raw felina hemp fibres combined with 60% lower standard deviation.
The lower strength and standard deviation in the fibre bundle tests are presumably due to
the bundle effect as explained with the Weibull distribution (Sankari, 2000).
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Figure 30. Fibre bundle strength of retted and fungal defibrated hemp fibres, compared
with traditionally produced hemp yarn and barley straw (Paper IV).

8.3 Effect of microfibril angle and twisting angle

Studies of stiffness in wood fibres with different microfibril angles (Page et al., 1977)
and studies of stiffness in composites with varied fibre angle to the test direction
(Madsen, 2004) have shown decreasing stiffness versus the angle. This decreasing trend
is illustrated in Figure 31.

Based on the microfibril angle throughout the fibre wall in hemp fibres, which varies
concentrically, the cell wall stiffness when pulling in fibre axis direction is lowest in the
S1 layer with microfibrils running perpendicular to the fibre axis. The microfibrils are
almost parallel with the fibre axis in the inner 70-90% of the S2 layer (Davies and Bruce,
1997), which results in high stiffness. The difference in stiffness throughout the fibre
wall will result in different stress concentrations during tensile test. That might explain
the cracks that were observed between the concentric layers in the fractured fibres after
fibre bundle tests (Paper II).
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Figure 31. Comparison of reinforcing orientation on the single fibre level and the
composite level: Relationship between wood fibre stiffness and microfibril angle in the
S2 layer (Page et al., 1977). Stiffness of PET-hemp yarn composites with the yarn axis
inclined at different angles to the test direction (Madsen, 2004). The uncertainty is
determined as standard deviation on the calculated E-modulus shown as bars.
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9 Composites reinforced with hemp fibres

9.1 Effect of fibre orientation on mechanical properties

Plant fibre reinforced composites are generally made with randomly orientated fibres or
aligned fibres. Composites with aligned fibres are generally stronger and stiffer in the
fibre direction than composites with randomly orientated fibres.

Both the strain and stress at which a composite fractures decrease when the fibre axis is
inclined to increasing angles to the test direction. The composite tensile strength
decreases by four times when the inclination angle to the fibre orientation is increased to
26° (Figure 32; Madsen, 2004) while the composite stiffness only decreases by two
times.
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Figure 32. Ultimate stress of hemp yarn-PET composites with the yarn axis inclined at
different angles to the test direction. The full lines are ultimate stress predicted from the
maximum stress theory with a shear stress of 22 MPa. The dotted line is ultimate stress
predicted from the Tsai-Hill criterion with a shear stress of 26 MPa (Madsen, 2004,).

The prediction of ultimate stress for composites at a given fibre angle to the test
orientation (sq) is made with two models: the maximum stress theory and the Tsai-Hill
criterion. The maximum stress theory characterises three modes of failure, which are
defined by the three following equations developed by Stowell and Liu (1961):

First mode: Failure is caused by tensile fracture of the fibres, when the fibre angle is
inclined with 0°-15°.
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Second mode: Failure is controlled of shear forces between the fibres and not the fibre
strength when the fibre angle is inclined with 15°-40°.

Ty

0 .
sin6 cosH

where 7 is shear stress in hemp yarn (26 MPa; Madsen, 2004).

Third mode: Tensile failure normal to fibres.

Oy

07 5in%0

The maximum stress theory is in agreement with results for composites with carbon
fibres and epoxy resin. The Tsai-Hill criterion takes these three failure mechanisms into
account in a more complex expression based on the composite strength in the fibre
direction, perpendicular to the fibre direction and the shear stress between fibres and
matrix. This expression is based on the maximum distortion energy and is defined by the
equation below (Tsai, 1968).

1 cos’® (cosze - sinZO) sin*®  cos’0sin’0
— = + +

2 2 2 2
G, c, o, Ty

in which the ultimate composite strength has been found to fit well with the three failure
modes described above and with data for hemp yarn reinforced composites (Figure 32;
Madsen, 2004).

9.2 Composition of the formed composites

The hemp fibre reinforced composites were observed using scanning electron
microscopy in order to see the fibres shape, size and impregnation with the epoxy-matrix
(Figure 33). This figure shows the fibres (light grey area), the matrix (dark grey area)
and the air filled voids mentioned as porosity (black area).

There appeared to be porosity inside the fibre bundles and inside the epidermis on the
fibre bundle surfaces of raw hemp bast and water retted hemp fibres when these were
used as reinforcement of composites. Debonding between fibres and matrix had therefore
occurred which generally results in reduced mechanical properties. The hemp fibres that
were defibrated by cultivation of P. radiata Cel 26 appeared well impregnated with
epoxy and no porosity could be observed on the fibre bundle surfaces. The same
appearance was observed on the composites with hemp fibres defibrated by cultivation
of C. subvermispora (Paper 1V), showing that the fungal defibration resulted in good
impregnation of the fibres.

The composites with barley straw contained much larger fibre lumens resulting in higher
porosity content than in the hemp fibre composites. Large areas with no contact between
matrix and fibres were observed, which resulted in very low composite strength
perpendicular to the fibre axis (unpublished data).
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Figure 33. SEM microscopy photos of transverse composite sections recorded at low
and high magnification with the applied fibres. The small inset pictures have a scale bar
length of 200 pm and the background pictures 20 pm (Paper 1V, unpublished data).

9.2.1 Fibre content in relation to fibre size and fibre type

The obtainable fibre content in the composites decreased versus the fibre bundles
transverse section area from 35% v/v with hemp yarn of 1x10°um? to 26% v/v with raw
hemp bast of 16O><103um2. The obtainable fibre content appeared to decrease linearly
versus the logarithm to the fibre transverse section area (Figure 34). This area was
determined by image analysis on SEM photos as described in Paper II.

The compaction level increased due to the more uniform fibres of small size, which were
easier to compact. The large fibres were very irregular in structure and therefore difficult
to compact (Paper IV). In the composites reinforced with barley straw, a fibre content of
only 10% v/v could be obtained since the fibres had large fibre lumens and surface
porosities (Figure 33e). The glass fibres have smooth surfaces, no lumens and uniform
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structure, which made much higher fibre contents possible (>55% v/v; Figure 33f;
Unpublished data).
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Figure 34. Obtainable fibre content with the applied fibre types versus the fibres
transverse section area.

9.2.2 Modelling of porosity content and fibre content

The porosity content in the composites is presented in Paper IV and modelled versus
volume fraction of fibres in Appendix B. The porosity content increased with increasing
fibre content, due to fibre lumens and to voids at the fibre-matrix interface (Figure 35). It
seemed reasonable to assume a linear relationship between the porosity content and
and V,,. The porosity constant oy could be determined by linear regression of V), versus
Vs

- W, P,

" Wp, 1+ ay )+ (- W, )pf (1+a,)
Vv :V_(l_Wf)pf _ (1_Wf)pf

" Wep, WP 1+ O‘f)+ (- W, )Pf (1+a,)
V,=a//, +a,l,

Expression for the regression line for determination of oy
V,=a-V,+b

The hemp fibres produced by fungal treatment were found to fit with ¢y similar to ¢ for
hemp yarn (0.12-0.16 v/v), and the raw hemp bast with a, similar to ¢ for water retted
hemp (0.26-0.28 v/v; Table 7; unpublished data). For hemp yarn and fungal defibrated
hemp fibres, o was larger than for the glass fibres (0.03 v/v) due to fibre lumens in
hemp fibres. In water retted hemp and raw hemp bast, oy was even larger due to
epidermis cells with large lumens and poor impregnation of these very large fibre
bundles. It seemed reasonable to use a., = 0.005 v/v since there is high uncertainty on V),
for fibre volume fractions below 10% and since small air bubbles were observed in the
epoxy matrix (Figure 35; unpublished data).
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Figure 35. (a) Volume fractions of porosity showed versus fibre volume fraction in the
composites. (b) Volume fractions of fibres, matrix and porosity versus weight fraction of
fibres to show the distribution between the three components versus the amount of fibres.
The lines in a are drawn using linear regression and the lines in b are drawn using «,
fixed to 0.005 and ayas shown in Table 7 (unpublished data).

The fibre content Vyincreased with W, in all the laminates, so the attainable fibre volume
fraction V... was not reached experimentally (Figure 35b). The slope of the curve for
porosity versus Vy tended to bend upward, which indicates that the attainable fibre
volume fraction was close to being reached, as it has been reported with flax yarn
composites by Madsen and Lilholt (2003) and explained as structural porosity. However
more data is needed to explain exactly how the fibre content in composites affects the
porosity content.
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Table 7. Porosity factors determined for matrix o, and fibres oy assuming a linear
relationship as shown in Figure 35. Factors for consideration of porosity on composite
strength n, and stiffness ng are also presented (unpublished data).

b (fixed value) a Oy OLg N g pr (g/ cm’)
Raw hemp bast 0.005 0.28  0.005 0.28 2.1 1 1.58
Water retted hemp 0.005 0.25  0.005 0.26 2.1 1 1.58
C. sub. treated hemp 0.005 0.15  0.005 0.16 2.1 1 1.58
P. rad. treated hemp 0.005 0.12  0.005 0.12 2.1 1 1.58
Hemp yarn 0.005 0.15  0.005 0.16 2.1 1 1.58
Barley straw 0.005 4.58 0.005 4.61 1 0 1.50
E-glass 0.005 0.023  0.005 0.028 2.1 1 2.65

Matrix density: p, = 1.136 g/em®

9.3 Mechanical properties of the composites

The influence of porosity in the composites was determined to consider porosity in the
calculation of fibre strength and fibre stiffness from the composite strength and stiffness
and the composite composition.

9.3.1 Influence of porosity

The calculated fibre strength decreased versus the porosity content when porosity was
not considered using the factor (1-V,)" as outlined in Appendix B and by Toftegaard and
Lilholt (2002).

c., :(V/»O'ﬁ[ +V o (g“))(l—Vp)"”

m= m

E =(V,E,+V,E,)(1-7,)"

m m

Thereby, there seems to be inhomogeneous stress concentrations caused by porosity
reducing the composite strength (Figure 36a). The correction factor (n, = 2.1) was
reasonable, since the calculated fibre strength became generally independent of V), as
required when the composite strength is corrected for porosity. The main reasons for the
different slopes of the trend lines for oy, versus V), are the high standard deviation on V),
of 2% v/v and on oy, of 100 MPa. The calculated fibre stiffness also decreased slightly
versus V), (Figure 36b). The correction factor for the flax fibre composite stiffness (ng =
1.2; Toftegaard and Lilholt, 2002) appeared slightly too high, since £y became increased
versus V),. Therefore ny = 1 was used resulting in general independence of V), on the
calculated fibre stiffness (unpublished data).
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Figure 36. Tensile strength (a) and stiffness (b) calculated for the fibres versus
composite porosity with n, = 2.1 and ng=1. The markers and black regression lines
represent results not corrected for porosity and the grey regression lines represent the
results with correction of the composite properties for porosity (unpublished data).

Based on the determined factors for consideration of porosity, the effect of porosity on
composite strength and fibre strength could be determined with a model. The result of
the model shows a decrease in effective fibre strength from 700 to 560 MPa by an
increase in porosity from 0 to 10% v/v (Figure 37a). The decrease in effective fibre
strength and composite strength were thereby both 20%. The effective fibre stiffness
decreased from 100 to 90 GPa by the increase in porosity from 0 to 10% v/v (Figure
37a). The decrease in effective fibre stiffness and composite stiffness were both 10%.
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Thereby, the effective fibre strength is most affected by the porosity due to the higher n —
value.
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Figure 37. Model for composite strength (a) o., and composite stiffness (b) E., for og =
700 MPa and E¢= 100 GPa. For this model, the constant parameters are Vi = 40% v/v,
Ewn =3 GPa and 6(e) = 20 MPa. The effect of porosity on composite strength is ng = 2
and on composite stiffness ng=1. Finally, the effective fibre strength and fibre stiffness
were calculated from Vi based on o, and E. using ns=ng=0 resulting in negative slope
of the resulting curves (unpublished data).

9.3.2 Influence of fibre content on mechanical properties

The tensile strength and stiffness of the fabricated composites, taking porosity into
account are presented in Figure 38. These terms (G.yp and Egp) are calculated from the
measured strength and stiffness (6, and E.) using n,=2.1 and ng=1. Finally, the fibre
strength and stiffness determined from G, and E, are calculated and presented in Table
8 (Paper IV).

For raw hemp bast and water-retted hemp, the curves for composite strength versus Vr
were less steep than for the hemp fibres defibrated by cultivation of P. radiata Cel 26
and for hemp yarn. The raw hemp bast and the water-retted hemp fibres had therefore
lower tensile strength of 535 MPa and 586 MPa, respectively than the P. radiata Cel 26
defibrated hemp (643 MPa). The failure strain of hemp fibre composites except the hemp
yarn composites was 0.7 — 0.9% 1/1. Based on this failure strain, the stress in the epoxy
matrix was 18 — 25 MPa when the reinforcing fibres broke. The highest composite
strength obtained using raw hemp bast, water retted hemp or P. radiata Cel 26 defibrated
hemp, as reinforcement was 122 MPa, 153 MPa and 174 MPa, respectively. The
composites with hemp fibres produced by cultivation of P. radiata Cel 26 were strongest
due to the low porosity content, the high fibre strength and the high obtainable fibre
content (Paper IV).

The curve for composite stiffness versus V; was also steeper for the hemp fibres
produced by cultivation of P. radiata Cel 26 than the curves for raw hemp bast and water
retted hemp. The raw hemp bast and the water-retted hemp fibres had therefore lower
stiffness of 78 GPa and 88 GPa, respectively than the hemp fibres defibrated by
cultivation of P. radiata Cel 26 (94 GPa). The highest composite stiffness obtained using
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raw hemp bast, water retted hemp or P. radiata Cel 26 defibrated hemp, as
reinforcement was 20 GPa, 26 GPa and 30 GPa, respectively without consideration of
porosity (E.). Cultivation of P. radiata Cel 26 for defibration of hemp fibres resulted
thereby both in the highest composite strength and highest composite stiffness.

Based on obtainable composite strength and stiffness, the best defibration method was
cultivation of P. radiata Cel 26 followed by water retting and at last by cultivation of C.
subvermispora. It was determined that the hemp fibres tensile strength and stiffness were
affected by the investigated defibration methods at 90% probability using analysis of
variance (F-test with number of samples = 4 and number of repetitions = 23 for Fy )
(Paper IV).

The curve for composite strength for E-glass fibres had about twice the slope of the
curves for hemp yarn and defibrated hemp fibres. That is due to the high strength of
glass fibres (1200 — 1500 MPa) compared with hemp fibres (535 — 677 MPa). The
composites reinforced with glass fibres with a maximum strength of 770 MPa could get
much stronger than the hemp fibre reinforced composites (230 MPa) due to the higher
obtainable fibre content. The curve for composite stiffness for E-glass fibres had similar
slope to the curve for raw hemp bast. That is due to the moderate stiffness of glass fibres
(71 = 77 GPa) compared with the defibrated hemp fibres (88 — 94 GPa). The composites
reinforced with glass fibres had a maximum stiffness of 40 GPa, which is not much
higher than obtained with hemp fibres (30 GPa).

The curve for composite strength for barley straw had about four times lower slope than
the curves for defibrated hemp fibres. That is due to the low strength of barley straw
(240 MPa) compared with the hemp fibres (535-677 MPa) and the higher porosity
content. The composites reinforced with barley straw with a maximum strength of 19
MPa were up to 10 times weaker than the hemp fibre reinforced composites (230 MPa)
due to the low obtainable fibre content and the very high porosity content (up to 44%
v/v). The curve for composite stiffness had 15 times lower slope than the curves for the
hemp based fibres. That is due to the low fibre stiffness (22 GPa) and high porosity
content. The composites were therefore not much stiffer than the epoxy matrix (3 GPa).
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Figure 38. Tensile strength and stiffness for the composites corrected for porosity versus
fibre content (Paper IV+unpublished data).
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Table 8. Physical and mechanical properties of the laminates reinforced with the
defibrated hemp fibres and hemp yarn. Consideration of porosity was done with ns=2.1
for the composite tensile strength o, and ng=1.0 for the composite stiffness E. (Paper
).

Fibre type and Vgobt  V-range €cu Om(Ecu) Oty E¢
defibration % v/v % v/v % MPa MPa GPa
Epoxy matrix 0 0.5 4 64 E,=2.93 GPa
Raw hemp bast 26 6-7 0.9 23 535 78
Water retted hemp 31 5-9 0.7 19 586 88
C. sub. tr. hemp' 28 3-5 0.7 18 536 88
P. rad. tr. hemp 32 3-5 0.9 25 643 94
Hemp yarn 35 2-6 1.6 39 677 61
Barley straw’ 10 2544 0.6 17 240 22
E-glass 55 0.8-2 1.7 40 1350 78
Norway spruce’ 26 74 340 41

1: Multiplied by 1.234 for strength and multiplied by 1.144 for stiffness to consider the effect of short
fibre length.

2: For barley straw, n/~=2.1 overestimated oy, (440 MPa) compared to the fibre bundle test (280 MPa).
n,~1 gave a more reasonable result and was used.

3: Mechanical properties for dry Norway spruce (Picea abies), with a bulk density of 0.40 g/cm® and a
cell wall density of 1.50 g/cm? after correction of the bulk tensile strength (88 MPa) and stiffness (11
GPa) for porosity (Boutelje and Rydell, 1986; Klinke et al., 2001).

9.3.3 Composites investigated in previous studies

Results of previous investigations of composite materials are usually given as fibre
content and composite tensile strength and composite stiffness. The fibre strength and
stiffness could thereby be calculated and is presented in Table 9.

The fibre strength determined for the hemp yarn composites was similar to previous
results with flax yarn (575 Mpa; Madsen and Lilholt, 2003). The determined fibre
stiffness of 58 GPa was also close to the stiffness (60 GPa) for hemp yarn in this study.
The similar results are expected since hemp fibres and flax fibres have similar chemical
composition (Table 3).

Investigations reported by Hepworth et al. (2000) with raw hemp bast and water retted
hemp fibres in epoxy-composites have shown much lower composite strength (80-90
MPa) using 20% v/v fibres corresponding to a fibre strength of 290-340 MPa than
obtained in this study. The lower strength can be due to incomplete fibre alignment and
high porosity content, which were not presented in the paper. Flax fibres were reported
to have high fibre stiffness that was comparable with the stiffness of the defibrated hemp
fibres in this study (94 GPa). The sisal fibres had lower stiffness (38 GPa) presumable
due to the high microfibril angle (20°) compared with flax fibres and hemp fibres
(4°;Table 8).
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Table 9. Mechanical properties in aligned plant fibre composites reported in the
literature. Comparison is based on the calculated stiffness and tensile strength of the

fibres.

Fibre Matrix Vi Ow E. 6t *E¢
%v/iv MPa  GPa MPa GPa
Raw hemp fibres Epoxy 20 91 8 340 28
Retted hemp fibres Epoxy 20 82 7 290 23
Flax fibres Epoxy 21 195 22 822 94
Flax yarn Polypropylene 43 250 27 575 62
Jute yarn Polyester 31 170 20 487 58
Sisal fibres Epoxy 35 180 15 463 38
E-Glass fibres Epoxy 55 1020 45 1831 79

1: Calculated tensile strength for the fibres, assuming that the stress in the matrix at the fracture strain
(o, for € = 1%) is 6,, = 12 MPa for polypropylene and 6, = 29 MPa for epoxy.

2: Calculated stiffness for the fibres, assuming that E = 1.18 GPa for polypropylene and E = 2.91 GPa
for epoxy.

Note: Gamstedt et al., 1999; Hepworth et al., 2000; Madsen and Lilholt, 2003; Oksman, 2001; Roe and
Ansell, 1985.

9.3.4 Composite strength relative to composite density

The ratio between composite strength and composite density and the ratio between fibre
strength and fibre density is of interest for construction since it shows the properties
based on the material weight instead of volume. The ratio was calculated by including
the effect of porosity in calculation of volume fractions and composite strength. In the
case of no stress concentrations (ng=ns=0), E./p. and 6./p. were linear dependent on the
weight fraction of fibres and independent on the porosity content (Figure 39). For the
present case with stress concentrations (ng=1; n,=2.1) the relation was not linear as
shown with the dotted line in Figure 39.

E _ W/'Ef+(l_W/')Em “ W, (pm—p,)+pf .

Pe Py P Wfpm(1+af)+(1_W/’)pf(1+am)

Ou _| Wi +(1_Wf)o'm(‘9u) « W, (P =ps)+ Py ’
Pe Py P Wop, (1+a, )+ (1-W,) p, (1+2,)

The ratio for composite strength increased fastest for the glass fibre composites to 392
MPa/(g/cmS) for composites with 55% v/v fibres and to 509 MPa/(g/cmS) for pure glass
fibres (Figure 39; Table 10). The curves for n,=2.1 had in general lower slope than the
linear full drawn curves due to the effect of porosity. The data points for hemp yarn,
water retted hemp and P. radiata Cel 26 defibrated hemp followed the dotted lines well
due to the reduction of composite strength caused by porosity. The ratio c./p. reached
143 MPa/(g/cm3) with P. radiata Cel 26 defibrated hemp and 104 with raw hemp bast
due to the higher obtainable fibre content and the higher fibre strength with P. radiata
Cel 26 defibrated hemp. For barley straw, the optimal fit was obtained using ns=I
resulting in composite strength nearly independent on W¢ (28 MPa/ (g/cm3)). The Norway
spruce had higher o./p. value (220 MPa/(g/cm’)) than the hemp fibre composites (104-
187 MPa/(g/cm3 )) due to the very low density of wood (0.4 g/cm3 ) compared with hemp
fibres (1.58 g/em’).

The ratio for composite stiffness increased for the glass fibre composites to 21.1
GPa/(g/cm’) for composites with 55% v/v fibres and to 29.4 MPa/(g/cm’) for pure glass
fibres (Figure 39; Table 10). The curves for ng=1 had in general lower slope than the
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linear full drawn curves due to the effect of porosity explained with ay. The data points
for hemp yarn, water retted hemp and P. radiata Cel 26 defibrated hemp followed the
dotted lines well due to the reduction of composite stiffness caused by porosity. The ratio
E./p. reached 24.7 GPa/(g/cm®) with P. radiata Cel 26 defibrated hemp and 17.4
GPa/(g/cm3) with raw hemp bast due to the higher obtainable fibre content and the
higher fibre strength with P. radiata Cel 26 defibrated hemp. For barley straw, the
optimal fit was obtained using ng=0. The Norway spruce had the highest E./p. value
(27.5 GPa/(g/cm’)) due to the very low density of wood (0.4 g/cm®) compared with hemp

fibres and glass fibres.

Table 10. Composite and fibre strength and stiffness compared to the density. Data are

based on the highest obtained fibre content V., for composites and on fibres.

Fibre type and Pe Gcu Ec ch/pc Ec/pc Gfu/pf Ef/pf
defibration g/em’ MPa GPa  10°'m%s’ 10°m%s’ 10°m%s’ 10°m%/s’
Epoxy matrix 1.136 64 2.93 56 2.6 - -
Raw hemp bast 1.18 122 20.4 104 17.4 339 49.4
Water retted hemp  1.19 153 26.4 129 22.2 370 55.7
C. sub. tr. hemp 1.22 130 243 107 19.9 340 55.7
P. rad. tr. hemp 1.22 174 30.1 143 24.7 407 59.5
Hemp yarn 1.23 230 21.3 187 17.3 428 38.6
Barley straw’ 0.67 19 4.0 28 6.0 160 14.7
E-glass 1.96 769 41.5 392 21.1 509 29.4
Norway spruce' 0.40 88 11 220 27.5 220 27.5

1: Mechanical properties for dry Norway spruce (Picea abies), with a bulk density of 0.40 g/cm® and a
cell wall density of 1.50 g/cm® after correction of the bulk tensile strength (88 MPa) and stiffness (11

GPa) for porosity (Boutelje and Rydell, 1986; Klinke et al., 2001).
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Figure 39. Composite stiffness (a) and composite strength (b) divided with composite
density. Measured values of o, E., p. and Wy are used as data points. The lines are
based on the model derived in Appendix D using ps pm 0 O, hg and ne from Table 7
and o5 Ou(&w), Em, and Egfrom Table 8. Full lines for ng=n=0 and dotted lines for ng=1
and ny=2.1 except for barley straw with n,=1.
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9.4 Effect of cellulose structure on fibre mechanical properties

Even though the hemp fibres were handled with mild methods like hand peeling and
fungal defibration, higher fibre strength than 643 MPa was not obtained, which is similar
to the strength of traditionally produced hemp yarn (677 MPa). The similar results are
surprising and indicate that the final fibre strength is not very dependent on the
defibration method applied (Table 8).

The hemp fibres and Norway spruce had tensile strength approximately linear increasing
versus the cellulose content showing that pure cellulose has 850 MPa in tensile strength
(Figure 40a). The determined cellulose strength was about 10% of the obtainable
strength in agreement with Lilholt (2002). Therefore, strength reduction seems to occur
from the molecular level to the single fibre level (8000—1200+400 MPa; Madsen et al.,
2003) and from the single fibre level to the fibre assembly level (1200+400 — 643+111
MPa).

Single fibres are presumably weakened due to flaws like kinks inside the fibres (Bos et
al., 2002), weak interface between the fibre wall concentric lamellae (Paper II) and
insufficient binding strength between the reinforcing cellulose, hemicellulose, lignin and
pectin (Morvan et al., 1990). Fibre assemblies are weakened due to variations in single
fibre strength as explained by Weibull analysis (Lilholt, 2002) describing the fact that the
fibre bundle strength is always lower than the average strength of the same fibres
(Coleman, 1958). For flax fibres and cotton fibres, the bundle efficiency has been found
as 0.46 — 0.60 indicating that the effective strength of many fibres in for example a
composite is roughly half the single fibre strength (Bos et al., 2002; Kompella and
Lambros, 2002). It has also been suggested that mild handling and defibration result in
high single fibre strength but with larger scattering counteracting the higher fibre
strength. These facts explain the similar strength in the composites with traditionally
produced hemp yarn and mildly defibrated hemp fibres.

The fibre stiffness increased with the cellulose content in the fibres obtained by the
fungal defibration and water retting. A linear dependence on the crystalline cellulose
content could be established (Figure 40b). The hemp yarn had lower stiffness than
implied from the cellulose content, which may be due to the high twisting angle
introduced during the spinning process. It has been stated, that increasing twisting angles
decrease fibre stiffness (Page et al., 1977).

The wood fibres had lower stiffness, which can be explained by the low cellulose
crystallinity (60 — 70%) compared with the hemp fibres (90 — 100%; Figure 14).
Amorphous cellulose, hemicellulose, lignin and pectin are expected to have lower
stiffness than crystalline cellulose, which are linear molecules orientated in the test
direction resulting in high stiffness. In contrast, the plant fibre stiffness appeared to
increase linearly versus the cellulose content to 125 GPa for pure crystalline cellulose.
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10 Conclusions and future work

Hemp stems could be defibrated with the white rot fungus Phlebia radiata Cel 26 on at
least the 100 g scale to make fibres for reinforcement of composites, since the pectin and
wax rich epidermis was degraded. The fibres retained parallel orientation during the
fungal defibration and water retting and are thereby useful for composites with aligned
fibres. Lignin located in the middle lamellae between the single fibers made pectinase
defibration difficult. Lignin degradation in the hemp fibres by cultivation of P. radiata
Cel 26 resulted in more cellulose rich fibres (78%) than treatment with pectin degrading
enzymes. Even though the hemp fibres were handled with mild methods like hand
peeling and fungal defibration, fibre strength higher than 643 MPa was not obtained,
which is similar to the strength of traditionally produced hemp yarn (677 MPa).
Furthermore the fibre strength appeared to be linearly dependent on cellulose content and
independent on cellulose crystallinity and microfibril angle. Pure cellulose had the
estimated effective strength of 850 MPa that is about 10% of the strength on the
molecular level. The plant fibre stiffness appeared to increase linearly with cellulose
content, decrease with microfibril angle and increase with cellulose crystallinity. Pure
crystalline cellulose had an estimated stiffness of 125 GPa.

Future investigations could be to investigate the fracture mechanics in plant fibre
reinforced composites. That will potentially explain if the obtained composite strength is
lower than determined based on the fibre strength or if the reduction in strength is only
due to the effect of the Weibull distribution. Such investigations should be performed at
varied fibre content and will in addition reveal further information about the effect of
fibre content on the resulting porosity content. Composites with various biodegradable
matrix materials like starch or lignin could be tested to get a completely biodegradable
material. This investigation should focus on the matrix properties and on how to get a
good interface with the fibres. The fungal defibration method could be replaced with
constructed enzyme mixtures by genetic engineering or a designed and stable bacterial
strain could be applied in the retting procedure.
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12 Symbols and Abbreviations
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PET

P. rad.
STEX

TEX

\'%

\%
Vf,(max)
Ve obt)
W

\\%

WO
Indices

< X eo g o

Porosity constants for fibres and matrix (vol/vol)
Strain

Ultimate stress (MPa)

Density (g/cm’)

Angle

Shear stress (MPa)

Matrix stress at the point of composite failure (MPa)
Fitting parameter (-)

Fitting parameter (-)/Sample width (mm)
Ceriporiopsis subvermispora

Stiffness (GPa)

Hydrothermal treatment

Sample length (mm)

Sample size (-)

Porosity constants for composite strength and stiffness
Polyethylene, filament yarn

Pectinex (Flaxzyme)

Polyethyleneterephthalate, filament yarn
Polypropylene, filament yarn

Phlebia radiata Cel 26

Steam explosion

Sample thickness (mm)

Linear density (g/1000 m)

Absolute volume (cm’)

Volume fraction (vol/vol)

Maximum attainable fibre volume fraction (vol/vol)
Maximum obtainable fibre volume fraction (vol/vol)
Absolute mass (g)

Weight fraction

Wet oxidation

Composite

Fibres

Matrix

Porosity

Ultimate

Direction along fibres, axial direction (0°)

Direction perpendicular to fibres, transverse direction (90°)

Risg-PhD-11



Appendix A: Comprehensive composite data

Physical and mechanical properties measured for the composites and the calculated
fibre properties after correction of composite strength and stiffness for porosity. Long

fibre bundles over the entire test length (18 cm) and short overlapping fibres of 6 cm

length were used in the fibre lay-ups.

Fibre type Technique /| W Vi Vo V, Pe Geu E. € Om Gap Eo | O E¢
fibre length | Y%ow/w %v/v %v/v %v/v glem’ | MPa GPa % MPa |MPa GPa| MPa GPa
No fibres |No cover 0 0 98 2 1.136 64 2974 3.6 k=327
23 17 76 7 1.126 95 152 0.78 21 111 16.4| 575 85.3
Raw bast |>18 cm 30 22 72 6 1.161 122 17.1  1.11 29 140 18.2| 541 72.9
35 26 68 6 1.178 122 204 0.75 20 141 21.9| 489 76.3
; ~ 18 13 81 6 1.131 88 134 0.72 20 99 14.2] 636 90.5
§ % g ~18 cm 30 22 73 5 1.177 129 203 0.72 20 143 21.4| 582 86.9
2R § 40 29 62 9 1.168 151 253 0.66 18 182 27.7| 584 88.4
g 42 31 61 8 1.187 153 264 0.66 18 181 28.6| 540 85.4
20 16 12 86 3 1.158 59 10.7 0.63 17 62 10.9| 400 71.6
é 2 |6cm 29 22 73 5 1.177 100 18.0 0.70 19 111 19.0| 446 76.8
w s 36 28 69 3 1.220 130 243 0.69 19 140 25.1| 457 83.0
g v 26 19 78 2 1.194 112 16.1 0095 25 118 16.5| 506 72.8
:» g 6 cm 32 25 73 2 1.228 137  25.0 0.66 18 143 25.6| 518 93.6
& S 35 27 69 4 1.216 150 227 0.84 23 162 23.5| 539 79.3
a § 21 16 81 3 1.174 112 157 092 25 119 16.2| 622 86.2
i. ®, |>18cm 27 20 77 3 1.196 162 221 1.09 29 171 22.7) 740 101.8
g8 42 32 62 5 1.217 174  30.1 0.75 21 196 31.8| 567 93.0
18 18 79 3 1.189 161 13.6 1.78 43 171 14.0| 746 63.4
% 30 19 79 2 1.200 160 12,7 1.87 44 167 129 709 56.8
— Wound
9 é 40 27 68 5 1.198 209 17.3  1.82 43 235 18.3| 770 61.0
B 42 35 60 6 1.229 230 213 1.64 40 261 22.6| 686 60.1
= ~18 em 9 23 73 3 1.208 164 16.0 1.55 38 200 16.5| 730 61.3
15 24 73 4 1.207 187 16.0 1.63 40 177 16.6| 625 60.4
Hemp 22 22 75 3 1.204 157 13.1 1.93 45 166 13.5| 611 51.9
ol > 18 cm 18 24 74 2 1230 153 135 191 45 |158 13.7| 516 477
Barley 9 5 70 25  0.870 19 3.0 0.63 18 26 3.0 251 18.2
straw >18 cm 15 7 55 37 0.743 15 3.2 0.58 16 23 32| 194 21.2
22 10 46 44 0.671 19 40 0.52 16 33 40| 263 26.7
Wound 42 24 76 1 1.484 387  23.7 1.70 41 393 239| 1539 91.8
EGlass oun 55 35 64 1 1648 | 467 303 157 39 | 479 30.7| 1316 83.4
~18 cm 40 22 77 1 1.470 313 204 1.60 39 318 20.5| 1281 81.3
59 38 61 2 1.686 482 29.6 1.68 41 498 30.1| 1251 74.7
Wound 76 57 41 2 1.963 769 415 1.68 41 802 42.3]| 1418 72.7
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Appendix B: Modelling of porosity content

The porosity content in the composites was determined by assuming that a composite on
a macroscopic scale can be divided into fibres, matrix and porosity. The volume fraction
of porosity V), can then be calculated as

V=1V,

where the subscripts p, m and f denotes porosity, matrix and fibres, respectively.
Equations for calculation of volume fractions of porosity, matrix and fibres based on
experimentally obtained composite data are outlined in Paper IV. The porosity content in
the composites was modelled versus the fibre weight fraction based on techniques
developed by Madsen and Lilholt (2003, 2005), in which it is assumed that the volume
fraction of porosity is linear dependent on both volume fraction of fibres V;and of matrix
V:n using the porosity constants arand .

- W, P
! Wfpm(l + O‘f)+ (i- W, )pf (+a,)
(1 ~W; )pf _ (1 —W; )pf
WP, B WP, (1 + af) + (1 —W; )Pf (1+a,)
Vp = afo +a,V,

v,=V,

This expression for the volumetric distribution between fibres, matrix and porosity is
valid when the fibre content is below the maximum attainable volume fraction Vi,
found by Madsen and Lilholt (2002). V.. increases versus the compaction pressure
applied when the liquid matrix and fibres are compacted before curing. If the weight
fraction of fibres corresponds to a higher V, than V.., matrix will be partly replaced
with air in the composite so the porosity content will increase while the fibre content
remains constant at V... The porosity constants ¢y and «, can be determined by linear
regression of V), versus Vyas shown in Figure 35 using the following formulas.

Vo=aV, +aV,=aV,+a,l-V,-V,)
0

va)=(e, -aV, a,

0

:af_amV + am
r 4 l+a,

I+ea,

Expression for the regression line:
V,=a-V,+b
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The porosity constants can now be determined based on the regression line as
follows:

Determination of ¢, :

b=—21 ob(l+a,)=a, <a,(1-b)=b

I+a,
g
b
am=_
1-b
Determination of « Ix
a,-a,
a=— sallva )=a, —a a, =all+a, )+a
g
1-b6 b b
a,=a + +
: 1-b 1-b) 1-b
g
o _a+b
f 1-b
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Appendix C: Porosity and mechanical properties

The fibre strength oy, was calculated using the matrix stress o;, at the strain of composite
failure g, and the volume fractions of fibres and matrix as shown in Paper IV. The fibre
stiffness £, was calculated using the matrix stiffness £, with “The rule of mixtures”
(Hull and Clyne, 1996).

ch - Vm Gm (gu )

o, = VfO'fu +V. o, (gu ) S0, =

1
v
' v,

The equations above require that porosity does not affect o. and E. to a larger extent than
the reduction of V), and V; caused by increased porosity content V,. However, o and E,
depend on distribution, orientation and shape of the porosity voids since these can create
inhomogeneous stress concentrations in the material. The material will fracture at
locations with high stress concentration even though the average stress is low.
Investigation of whether consideration of porosity was necessary in this case was
performed by the term (1-V,)" (Toftegaard and Lilholt, 2002). In which n=0 requires
homogeneous stress concentration, and n>0 is used when the stress-concentration pattern
decreases the composite strength o, (Paper IV).

Calculation for fibre strength:

o, =Ve,+V,0,())1-,) =0, (1-V,)"
(X

C.p—V,0,(8,) O (1 -V, )_"" -V,0,(¢)
O-ﬁt ) Vf ) Vf

Calculation for fibre stiffness:
E=(VE +V,E)1-V,) =E,(1-7,)"
g

E,-V,E, E(1-v,)"-VE

_ cp m m-——m
;= =
V/ ’ Vf
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Appendix D: Density and mechanical properties

The composite can be investigated relative to the composite density as a function of the
fibre weight fraction using the porosity constants for fibres, matrix, strength and
stiffness. At first an expression for the composite density is derived:

m; :(prf)" = (chf)"

()
P W, p, P
pc = V e A X—=
T, W,p,(1+a, )+ (1-W,)p, (1+a,) W,
0
PPy
p. = !

W,p,(1+a,)+(1-W,)p, (1+a,)

in which v is composite volume. The next point is to get an expression for the composite
stiffness £,:

E,=V,E +V,E,

0

g - W, PnE, . (1-7,)p,E,

T W, (e, )+(1-W,)p, (1+a,) W,p,(1+a,)+(1-W,)p, (1+a,)
0

o W,p,E, +(1-W,)p,E,
v W.p, (l+a/)+(1—Wf)pf(l+am)

The next point is to combine the expressions for p. and £,

E, Wop,E, +(1-W,)p/E, fopm (1+a,)+(1-7,)p, (1+a,)
P Wp,(1+a,)+(1-W,)p, (1+a,) PPy

g

E, W,p,E +(1-W,)pE, WE, +(1—Wf)Em

Pe PuPy Py P

by substituting £, with the real composite stiffness E., the following expression is
derived:

E, _ W.E, +(1_Wf)Em (I—V ),,E

Pe Py P g

g

E _| WL +(1_Wf)E'" [ Wfpm“L(l_W/')P/ ]L
P Pr Pn Wop, (1+a, )+ (1-W,)p, (1+a,)

g

E, _ WfEer(l—W/.)Em X[ W, (p,—p, )+ P, ]
Pe Pr P w,.p, (1+af)+(1—Wf)pf (1+a,)
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The relationship for composite tensile strength can be determined by substituting £, with
orand substituting £, with o,,(¢,).

&:[W/Gﬁ« +<1_Wf)o-m (gu)](l_Vp)”a

Pe Pr P

g

O — Wfo-.ﬁ‘ +<1_Wf)o-m (gu) Wfpm+<1—Wf)pf "o
P\ Py P wp,(1+a,)+(1-w,)p, (1+a,)

g

Py P

&=[W/Gﬁ‘+<1_Wf)0'"(g”)]>{ Wf(pm_Pf)+pf ]n(,
(1+a,)

Wop, (e, )+ (1=, ) p,
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ABSTRACT

The present work reports on how the chemical composition, the crystallinity and the
cellulose chain length in hemp fibres were affected by steam explosion, wet oxidation,
and enzymatic defibration, respectively. The degree of crystallization of cellulose in
fibre bundles of the manually peeled hemp decreased slightly by the enzymatic
defibration but not significantly by the other treatments. The cellulose chain length
decreased only significantly by steam explosion. The cellulose fraction was highest in
the fibre bundles after wet oxidation.

1. INTRODUCTION

Natural cellulose based fibres are increasingly gaining attention as their application is
diversified into engineering end uses such as building materials and structural parts
for motor vehicles. Hemp fibre bundles are highly crystalline with a high content of
cellulose leading to higher stiffness (Mwaikambo and Ansell, 2002) and were therefore
investigated in this study. However one of the drawbacks for industrial use of natural
fibres is fibre damage, which occur naturally due to stress during growth and
processing of the hemp stalks into fibre bundles and elementary fibres. Pre-treatment
of the fibres is required to produce reactive hydroxyl groups and a rough surface for
adhesion with polymeric materials (Avella et al., 1998; Kessler and Kohler, 1996).
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The crystallinity and degree of polymerisation (DP) of cellulose in the fibre bundles can
be used as indicators for changes at the microfibrillar and molecular level, respectively,
during pre-treatment. It has been reported that steam explosion resulted in low
cellulose loss and wet oxidation resulted in no cellulose loss when hemp fibres were
treated (Thomsen et al., 2002). Due to the low losses of mass during wet oxidation and
steam explosion, these pre-treatments seemed interesting. However pre-treatment
performed at elevated temperature and pressure, might damage the cellulose structure,
e.g. crystallinity and DP. Alternatively enzymatic treatment was investigated using
different enzyme loadings at ambient temperature. Manually peeled hemp fibres were
directly used in steam explosion, wet oxidation and enzymatic treatment, in order to
minimise damage prior to the treatments.

2. MATERIALS AND METHODS

2.1 Raw material. Hemp (Cannabis sativa L.) variety Felina, which was sown May 7"
2001 with 32 kg seed /ha at a row spacing of 45 cm and harvested October 17" 2001 at
Danish Institute of Agricultural Sciences, was used in all experiments. The hemp stalks
were picked up manually from the field just after harvest and dried at 30°C for two
days. Then the stack of hemp stems was turned around, and the drying process was
continued at 25°C for 4 days. The dried stems were cut in a bottom, middle and top
section of equal size. Internodes from the middle section were pealed manually and the
resulting fibre bundles were cut into 1-3 cm long pieces.

2.2 Steam explosion. Steam explosion was performed at 200°C for 10 min. Hemp
fibre bundles (2-3 cm long; 50 g) were placed in a 5 | autoclave. High-pressure water
steam (40 bar) was added to the fibre bundles until the temperature of 200°C was
reached. The steaming continued for 10 minutes at 200°C and subsequently, pressure
was abruptly released (Thomsen et al., 2002). The resulting fibre/water suspension was
separated by filtration, washed with water and dried at 60 °C for 50 h.

2.3 Wet oxidation. Wet oxidation was performed in a 2 1loop autoclave designed and
constructed at Rise National Laboratory. Water (1 1) and hemp fibre bundles (1.9 g DM
(dry matter) of 1 cm long and 16.9 g DM of 3 cm long fibre bundles) were added to the
autoclave. The remaining gas volume of 11 contained oxygen (10 bar) and atmospheric
air (1 bar) corresponding to 11 bars. Heating-up and cooling-down times were 0.5 min
and 3 min, respectively. The reaction temperature was kept at 170°C for a reaction time
of 10 minutes after which the reactor was cooled and the pressure released. The
fibre/water suspension was separated by filtration, washed with water and dried at 60
°C for 50 h (Thomsen et al., 2002).

24 Fnzymatic treatment. Hemp fibre bundles (2-3 cm long) were treated in two runs.
In the first run 15 g (14 g DM) fibre bundles were suspended in 1500 ml 50 mM
potassium acetate buffer (pH 5.0). Biocide (1.5 g Atamon) and different concentrations
of enzyme mixtures (0.015 g, 0.15 g, or 1.5 g Flaxzyme solution) were added. The
incubation took place at 40°C for 24 hours with weak magnetic stirring. In the second
experiment, 17 g DM hemp fibre bundles were treated in 1800 ml 50 mM potassium
acetate buffer (pH 5.0). Biocide (1.8 g Atamon) and Flaxzyme (0.018 g, 0.18 g, or 1.8 g
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liquid) were added to the fibre/water solution. The suspension with fibre bundles was
incubated at 150 rpm and 40°C for 24 hours. After the treatment the fibre/water
suspension was separated by filtration, washed with water and dried at 60°C for 50 h.

2.5 TFibre analysis. The chemical composition of the fibre samples was determined
using a gravimetrical method (Browning, 1967). Fibres were initially milled in a Whiley
knife mill and passed through a 1 mm sieve. Consecutively degradation and extraction
of wax, water-soluble components, pectin, lignin, and hemicellulose in the milled fibres
was performed in the chemical analysis. The residual part was almost pure cellulose
with a low content of minerals, estimated by ash determination. This purified cellulose
was used for determination of the cellulose chain length. The amount of the
components remaining after the treatments (C.,,... (§)) was calculated by Eq. 1, in

which x, ... is the fraction of component x (g/g) after treatment and R, .. 15 the
total amount of remaining material (g).
CC = xC P ) Rmuss,“ Qrrtent (1)

4

2.6 Cellulose chain length (DP). Purified cellulose was dried with a dry matter
analyser HR73 (Mettler Toledeo) at 105°C. Dried cellulose (0.1 g) was transferred to 25
ml vials with stirring rods. The cellulose was soaked in 15 ml pyridine for 4 h, at 80°C
at low stirring rate. Afterward 7 ml phenyl isocyanate was added and the reaction
mixture was kept at 80°C for 48 h. Afterwards, the solution was cooled and 80 ml 70%
(v/v) methanol was added. The solution was centrifuged (4000 rpm; 5°C; 30 min) and
the supernatant was discharged. Cellulose tricarbanilate in the pellet was washed three
times with methanol and thereafter 4 times with water. During each washing step the
pellet was suspended in the liquid, centrifuged (4000 rpm; 5°C; 10 min) and the
supernatant was discharged. The product was dried at 60°C over night (Mallon et al.,
2002).

The cellulose tricarbanilate was analysed by size exclusion chromatography (SEC)
using two Waters Styragel HT6E columns. Tetrahydrofuran (THF) was used for elution
at 1 ml/min at 25°C. Cellulose tricarbonilate (2 mg/ml THF) and Irganox (0.5 mg/ml
THF) were dissolved in THF by weak stirring at 30°C for 16 h followed by
centrifugation (5°C, 20 min, 3000 rpm). Supernatant (2 ml) was transferred to vials and
200 pl was injected. The refraction index (RI) and the light scattering index (LS) were
measured. The cellulose chain length was calculated using Eq. 2 in which DP_,_ =
7000 has been determined for cellulose in cotton (Saake et al., 1992).

=DP . LSmmpIe "RI reference

D P reference LS
Ri reference (2)

sample i
sample

2.7 Cellulose crystallinity. Defibrated hemp fibre bundles (1 g) were soaked in 100 ml
50 g/1 NaOH for 48 h (Mwaikambo and Ansell, 1999). Thereafter the fibres were
washed with water and dried at 60°C over night. The dried fibres were milled with a
hammer mill (Rise National Laboratory) and pressed to a 1 mm thick tablet using a
pressure on 150 MPa. The tablet was analysed reflectometrically (Stoe diffractometer,
Cu-radiation (1.54 A), 40 mA, 25 mv) with a step size of 0.1° for 5 s/step, and analysed
in the 20-range 5 to 60°.
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3. RESULTS AND DISCUSSION

3.1 Chemical composition. None of the treatments resulted in significant loss of
cellulose. The highest dry matter loss was obtained by wet oxidation due to removal of
lignin, hemicellulose, and non cell wall material, while the enzymatic hydrolysis with
low flaxzyme concentration caused the lowest dry matter loss (Table 1). The lignin
content was maintained and in some experiments increased slightly during the
treatments except for wet oxidation in which lignin was reduced.

Table 1. Changes in chemical composition of the hemp fibre bundles after the pre-
treatments. All values are in g after treatment of initial 100 g raw fibres (Eq. 1).

Compo- Raw  Wet oxidation Steam 0.1% 1% 10%
nent fibres explosion Flaxzyme Flaxzyme Flaxzyme
wax 3.7 5.1 24 1.7 25 2.3 3.2 21 3.1 21 1.3
water 7.7 3.3 2.2 27 21 2.3 2.0 24 2.0 2.6 1.7
extractives

pectin 8.6 25 2.8 4.8 3.8 5.0 4.5 4.6 39 39 2.9
lignin 6.0 2.2 1.2 5.1 3.6 4.4 6.3 4.0 7.3 3.3 5.8
hemi- 143 83 89 116 102 134 111 131 115 125 109
cellulose

cellulose  59.7 571 583 571 609 595 618 614 60.2 604 583
total 100.0 79.0 76.0 830 830 870 89.0 880 880 850 81.0

Looking at pectin, lignin and hemicellulose, it is seen that the loss is highest for wet
oxidation. Considering enzymatic defibration, higher concentration of flaxzyme lead to
slightly higher loss of hemicellulose and pectin.

3.2 Cellulose chain length. The cellulose chain length (DP) in hemp yarn and raw
hemp fibres was about 7500 and 6900, respectively. The cellulose chain length did not
change significantly by wet oxidation, while it decreased by 15-40% by steam explosion
and enzymatic defibration (Table 2). Thus steam explosion induced a physical impact
onto the fibres, sufficient to hydrolyse cellulose. By enzymatic defibration, DP
decreased by 20-30%. The tendency is that the retention time is only slightly affected by
the treatments indicating low decreases in the DP.
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Table 2. Degree of polymerisation of cellulose in untreated hemp fibres and hemp
fibres subjected to pre-treatment, compared with the retention time measured by
size exclusion chromatography.

Half peak Half peak

Sample DP Half peak left  Top (ml) right width
Hemp yarn 7300 11.8 12.4 13.2 1.4
Hemp varn 7800 11.8 12.4 13.2 1.4
Hemp (raw without nodes) 7000 11.6 12.3 134 1.8
Hemp (raw without nodes) 6400 11.6 121 13.3 1.7
Hemp (raw without nodes) 7200 11.6 1241 13.3 1.7
1.wWOo 6400 1.5 12.1 13.3 1.8
1.WO 6800 1.5 12.2 13.3 1.8
2.WO0 7400 1.7 12.2 13.2 1.4
2.W0 7500 1.7 12.3 13.2 1.5
1.8TEX 3900 12.0 12.8 141 21
1.8TEX 5700 11.8 12.4 135 17
2.5TEX 5300 11.8 124 13.6 1.9
2.8TEX 7100 11.7 12.2 13.3 1.6
1% Pectinex 5200 1.7 124 13.7 2.0
1% Pectinex 6900 11.8 124 13.8 2.0
10% Pectinex 6800 11.8 12.4 13.3 1.5
10% Pectinex 4900 11.8 124 13.3 1.5

According to (Wood et al., 1986) there are two major concerns in using cellulose
tricarbanilate for SEC analysis. Firstly, it might not be completely formed and secondly,
the substituent distribution might not be homogeneous along the cellulose chain. In
addition the reaction conditions used for forming cellulose tricarbanilate may cause
degradation of the cellulose molecules.

3.3 Cellulose crystallinity. The X-ray diffraction of the hemp fibre bundles measured
four significant peaks at the angles 20 = 15° (101), 16.5° (1071), 22.3° (002), and 34° (040),
respectively (Fig. 1). The peaks for (101), (107), and (002) were in agreement with
previous findings on native cellulose (Fink and Walenta, 1994) while the peak (040) was
also found by analysis of hemp fibres (Mwaikambo and Ansell, 2002). By analysis of
various cellulose samples using “C NMR it has been determined that cellulose I
consists of two polymorphs: Ia and If (Atalla and Vanderhart, 1984). Ia cellulose has a
triclinic space group and only one repeating cellobiose in the unit cell, thus possessing
a parallel structure. If cellulose, is formed by hydrothermal treatment of la. In this
structure, the chains are also parallel and translated by approximately —1/4b with
respect to the origin chain, thus leading to a monoclinic space group. In this study, the
authors did not distinguish between Ia and IB cellulose, and the entire cellulose content
was assumed to be I cellulose.
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Intensity (Arbitary unit)

{002) s TR

5 10 15 20 25 30 35 40
Diffraction angle (2 0)

Fig. 1. X-ray diffraction spectra measured using raw (a), wet oxidised (b), steam
exploded (c), and enzyme treated hemp fibres.

Several approaches on determination of the cellulose crystallinity have been reported.
A frequently used expression is Eq. 3 in which I, is the intensity of the (002) peak
assumed to represent both crystalline and amorphous material and I,,, is the counter
reading at a 20-angle at 18° representing amorphous material in the cellulose fibres
(Mwaikambo and Ansell, 1999).

Loy — 1
Ic - (002) Am (3)

L (o)

The drawback in Eq. 3 is that there was overlapping between the (10T) peak the (002)
peak, which means that the crystallinity is overestimated. In this study, the crystallinity
was estimated by assuming that the background intensity represented the amorphous
cellulose and that the crystalline cellulose represented the peak area after subtracting
the background (Fig. 2). Using this expression the cellulose crystallinity was 62-70%
and lowest for steam exploded hemp fibres (Table 3). The crystallite dimension was
calculated using the width at the half peak height in the Scherrer equation. The crystal
dimension was between 40 and 50 A (Table 3), determined using the (101), (101), and
(002) peaks which means that the crystal dimensions are about 6 times larger than the a
and c lengths in the unit cell (Table 3).
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Fig. 2. X-ray diffraction spectrum measured using raw hemp fibres. Polynomial
fitting separates the peaks.

Table 3. Peaks, unit cell dimensions assuming a monoclinic space group and
crystallite size for the pre-treated hemp fibre bundles.

Defibration Before Wet oxidation Steam Enzymatic
defibration explosion treatment
Significant peak at angle (26)

Peak 101 (°) 14.98 15.05 15.27 15.01

Peak 101 (°) 16.53 16.49 16.57 16.56

Peak 002 (°) 22.27 22.43 22.24 22.27

Peak 040 (°) 34.34 34.49 34.38 34.39

Monoclinic unit cell parameters

B () 95.60 95.20 94.65 95.59

a(A) 7.94 7.97 7.76 791

b(A) 10.43 10.39 10.4 10.4

c(A) 8.01 7.95 8.01 8.01

Crystallite dimension (peak)

Peak 101 (A) 44 41 48 45

Peak 10T (A) 47 44 51 46

Peak 002 (A) 45 52 50 44

Peak 040 (A) 26 a1 30 28
Crystallinity (%) 70% 67% 62% 67%
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4. CONCLUSIONS

In this study it was found that:

s All treatments resulted in less than 5% mass loss of cellulose.

¢ Wet oxidation resulted in the most pure cellulose, no decrease in cellulose chain
length and a small reduction in crystallinity.

e Steam explosion resulted in moderate increase of cellulose content, decreased
cellulose chain length and some reduction in crystallinity.

* Enzymatic defibration resulted in moderate increase of cellulose content, and at
higher enzyme concentrations decreased cellulose chain length, and a small
reduction in crystallinity.
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ABSTRACT

Characterization of hemp fibers was carried out to investigate the mild defibration with
Phlebia radiata Cel 26, a fungus which selectively degraded the epidermis and the
lignified middle lamellae. Thin fiber bundles could thereby be produced. The single fiber
S2 layer consisted of 1-5 um thick concentric layers constructed of ca. 100 nm thick
lamellae. The microfibril angle showed values of 0-10° for the main part of S2 and 70-
90° for S1. The low S2 microfibril angle resulted in fiber bundles with high tensile
strength (960 MPa) decreasing to 850 MPa after defibration due to degradation of non
cellulosic components.

Key words: Cannabis sativa L., bast fibers, cell wall structure, microfibril angle,
electron microscopy, histochemistry, Phlebia radiata Cel 26.
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INTRODUCTION

This study presents a structural and chemical investigation of hemp fibers (Cannabis
sativa L.), which have been tested as reinforcement agents in biocomposites in recent
years (Madsen & Lilholt, 2003; Mwaikambo & Ansell, 2003). Hemp fibers are
advantageous compared to glass fibers with respect to lower density (1.56 g cm™),
similar stiffness (50-70 GPa) and environmental sustainability. Hemp fibers are 1-3 cm
long with 60-70 % cellulose whereas wood fibers are 1-3 mm long with 40-50 %
cellulose. The part of the hemp plant, which is useful as reinforcement agents in
biocomposites, are the primary- and secondary single fibers (bast fibers) present in the
bark (cortex) of the plant (Garcia-Jaldon et al., 1998). Parenchyma cells separate bundles
of single fibers from one another. Between the single fibers, there are mainly
polysaccharides and lignin, which must be selectively removed to obtain fibers for
composites. Thus, both improvement of defibration methods and better understanding of
single fibers composition are required to develop stronger composites.

Transmission electron microscopy (TEM) has been used previously for observations on
mercerized hemp (18 % NaOH) (Purz et al., 1998). However it is difficult to prepare 100
nm thick transverse sections for TEM, so only limited studies have been performed on
untreated hemp. The microfibril angle to the fiber axis (MFA) is a major parameter that
affects the mechanical properties of plant fibers (Page & Elhosseiny, 1983). The MFA
has been determined for hemp fibers as 4° (Fink et al., 1999) and other non woody fibers
as 6-25° (Mukherjee & Satyanarayana, 1986) using X-ray diffraction providing an
average value across the cell wall.

This study concerns a thorough investigation of hemp fibers. The hemp stems were
defibrated by the mutated white rot fungus Phlebia radiata Cel 26, which is
characteristic due to its lack of cellulases. Histochemical investigations were made to
visualize the distribution of lignin, pectin and waxes in the hemp stem — and at the single
fiber level. Observations with scanning electron microscopy provided novel and detailed
information on the microfibril angle. Cell wall structure and MFA were further
characterized by partial decay using the soft rot fungus Phialophora mutabilis, which
develops cavities orientated along the cellulose microfibrils in plant fibers and wood
fibers (Khalili et al., 2000, 2001). Further structural knowledge was obtained by TEM
observations of partial cell wall decay patterns of P. radiata wild and P. radiata Cel 26.
Tensile tests of hemp fiber bundles followed by SEM microscopic investigation of the
fractured fiber ends revealed details on the microstructure and mechanical properties of
the cell wall.

MATERIAL STUDIED

Hemp (Cannabis sativa L.) variety Felina was sown May 7" 2001 with 32 kg seed ha™
and harvested October 17" 2001. The site is located at 55°20°N, 11°10’E and 0-100 m
above sea level. The hemp stems were cut 10 cm above the soil surface and dried at 25-
30°C for six days. From the dried stems, the middle section 40-140 cm above the root
was investigated. Some stem pieces were treated using the fungi and others were not
treated before analysis.
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METHODS AND TECHNIQUES

Treatment of hemp stems using fungi

The soft rot fungus Phialophora mutabilis 24-E-11 [van Beyma Schol-Schwartz] was
inoculated and retained on 20 g I'' malt agar plates at 20°C. Mycelium from one agar
plate was homogenized into 100 ml water. From this suspension, 10 ml was added
aseptically to a pre-autoclaved (120°C for 30 min) 100 ml Erlenmeyer flask with 50 g
wet soil and 5 hemp stem pieces of 3 cm length, placed just below the soil surface
(Khalili et al., 2000). Cultures of the white rot fungi Phlebia radiata L12-41 (wild) and
Phlebia radiata Cel 26 (Nyhlen & Nilsson, 1987) and soft rot fungus P. mutabilis were
set up according to Daniel et al. (1994). Samples were taken after 19 days incubation at
28°C. The stem pieces were removed from the soil, washed carefully in water and either
stored at —20°C for light microscopy or fixed and processed for TEM. Due to their weak
binding to the xylem, fiber bundles were easily separated from the underlying xylem.
These samples were stored in water at 5°C. Cultivations were also performed in liquid
medium using 100 g hemp stems as described by Thygesen et al. (unpublished). The
liquid medium contained 140 ml of mycelium suspension, made as described above, and
1 1 solution of 1.5 g I NH4NOs, 2.5 g I'' KH,PO,, 2 g I K,HPO,, 1 g I MgSO47 H,0
and 2.5 g I'' glucose.

Scanning electron microscopy and delignification

Samples (transverse sections and fiber bundles) were air-dried overnight, and mounted
on stubs using double-sided cellotape. Following coating with gold using a Polaron
E5000 sputter coater, samples were observed using a Philips XL30 ESEM scanning
microscope. Additional hemp fiber bundles (100 mg) were delignified in 10 ml aqueous
solution of 50 % v/v acetic acid and 15 % (v/v) H,O,. The fiber bundles were incubated

at 90°C for 2 hours and washed 5 times with water before preparation for SEM.

Embedding in London resin for transmission electron microscopy

Hemp fiber bundles were fixed in a mixture of 3 % v/v glutaraldehyde (1,5-
pentanedialdehyde) and 2 % v/v paraformaldehyde (polyoxymethane) in 0.1 M sodium
cacodylate buffer (pH 7.2) (dimethylarsinic acid sodium salt trihydrate dissolved in
water). After 3 washes of 15 min in 0.1 M sodium cacodylate buffer, samples were post-
fixed overnight at 5°C in 1 % w/v osmium tetroxide in the same buffer. Following 5
washes in water of 15 min, samples were dehydrated in ethanol (20 % to 100 % in steps
of 10 % for 10 min) followed by embedding in acrylic London resin [LR White,
Basingstoke, U.K.]. During impregnation, samples were subject to vacuum 2 times of 30
min in order to achieve better resin penetration. Samples were placed in gelatin capsules
filled with fresh London resin, which was allowed to polymerize at 70°C overnight.
Selected material was sectioned using a Reichert Ultracut E and sections were collected
on copper grids. Following staining with 50 % ethanolic uranyl acetate for 5 min,
sections were viewed using a Philips CM/12 TEM microscope operated at 80 kV.

Fiber dimensions

The width of the fiber lumen was calculated using Image Pro software after light
microscopy with 100x magnification. The area of the transverse fiber section including
lumen (AeEAAf) was determined by drawing lines around 10 fibers in five transverse

Risg-PhD-11 93



sections (Agj, n = 50) using Image Pro software (Equation 1). The lumen size (a;;) was
calculated similarly by drawing a line around the lumen in the fibers. The lumen fraction
(L+AL) was calculated with Equation 2.

24
Equation 1 A, ==—
n
Z a;
Equation 2 L=&5—
24y

Tensile testing of hemp fiber bundles

Fiber bundles of 15 mm length (Ise.) Were strained to fracture at 3 mm span (lypan) at a
test speed of 0.30 mm min" using an Instron 5566 with pressley clamps [Type:
Stelometer 654 from Zellweger Uster] at 20°C and 66% relative humidity. Following
fracture the fiber pieces were weighed (mg,..). Some pieces were separated into single
fibers and coated with gold and the brash-like fractured ends were examined using SEM.
The tensile strength (o) was calculated based on the force of fracture (Fp.x) and the
density of hemp yarn pg,..=1.56 g ml™.
m

Equation 3 o=F,_ / %

spec xp spec

The elastic modulus (E) was calculated based on linear regression of force versus
elongation in the elongation range (Al) from 0.030 mm to 0.045 mm.

dF My
Equation 4 E= () R
dAl AI=30—-45 um Zspec x pspec

Histochemical reactions and microfibril angle

Cytochemical reactions were made on transverse hemp stem sections mounted on glass
slides in one drop of 50 % (v/v) glycerol in water and a cover slip placed on top. All the
experiments were performed in at least triplicates. Light microscopy was performed at
50-630 x magnifications using a Leica DMLS bright field microscope fitted with
polarized light filters with images recorded digitally. The following cytochemical
reactions were performed:

Lignin - hydroxycinnamyl aldehydes (Wiesner reaction): Sections were stained with two
drops of 10 g I phloroglucinol in ethanol, followed by addition of 2 drops of 35 % (v/v)
HCI (Strivastava, 1966). Lignin - syringyl (Méaule reaction): Sections were stained with
one drop of 10 g I KMnOy for 5 min followed by three washes in water. Sections were
then immersed in 3 % (v/v) HCI for 1 min, washed in water, and immersed in 29 % (v/v)
NHj; for 1 min (Strivastava, 1966; Wu et al., 1992). Pectin: Sections were stained with 1
g I'' Ruthenium Red [JMC Speciality Products] (Strivastava, 1966; Jensen, 1962). Wax:
Sections were immersed in 10 g I Sudan IV in 70 % ethanol on a glass slide (Wu et al,
1992).

Microfibril angle: Cell wall cavities formed during P. mutabilis colonization and attack
before harvest by native colonizing fungi were seen as dark lines using polarized light
microscopy. These cavities were orientated parallel with the microfibrils (Khalili et al.,
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2000) and their orientation gave thereby an indication of the microfibril orientation.
SEM observations of P. radiata Cel 26 defibrated and delignified hemp fibers showed
slightly darker intermediate lines on the fiber surface parallel with the cellulose
microfibrils.

Gravimetric plant fiber analysis

The fibers were milled to pass a 1 mm sieve. From the milled fibers, wax was extracted
in chloroform, water-soluble components in water, pectin in EDTA solution, lignin in
solution of chlorite and acetic acid and hemicellulose in boric acid and 12 % NaOH
solution. The residual part was cellulose with less than 1 % of minerals (Browning,
1967).

RESULTS AND DISCUSSION

The original hemp stems were 1.5-2.5 m tall and 5-15 mm in diameter near the soil
surface. The stems contained 35-40 % w/w bast fibers and were organized in layers from
the stem pith towards the surface by 1-5 mm xylem, 10-50 um cambium, 100-300 pm
cortex, 20-100 pum epidermis and 2-5 pm cuticle. The definition of stem components are
in accordance with Garcia-Jaldon et al. (1998) and aspects of the stems are shown in
SEM micrographs (Figure 1) and modeled in Figure 2A.

08 philiem e et

Figure 1. Hemp stem shown at increasing magnification using different transverse
sections in SEM: A: Xylem + cambium + cortex + epidermis,; B: Primary and secondary
single fibers;, C: Major layers in primary single fiber; D: Thin lamellae within the S2
layer.
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Figure 2. A: Model of transverse stem section zooming to single fibers, secondary cell
wall and finally the cell wall lamella structure. B: Model of the microfibril orientation
throughout the secondary cell wall.

Architecture of the hemp stem and the single fibers

SEM observations of the cortex showed polygonal-shaped primary and secondary single
fibers with 4 to 6 sides (Figure 1A) arranged in fiber bundles of 10-40 fibers. The
primary single fibers nearest the stem surface were largest (cell wall thickness = 7-13
um) and were formed at the early growth stage (Mcdougall et al., 1993). The secondary
single fibers near the cambium layer were smaller (cell wall thickness = 3-6 um) and
only present in the thick parts of the stem at the late growth stage (Figure 1B). The area
of the transverse fiber section including cell lumen (A¢, Equation 1) was 780 umz + 300
um?”.The single fibers had small lumina (lumen width = 0.5-5 um) so cell wall synthesis
appears to continue until nearly all the cytoplasm space has been used. The lumen
fraction in the fibers (L) was 9 % + 7 %. Therefore the load carrying part of the single
fibers is high (1-L = 91 %) presumably resulting in high tensile strength compared to
wood fibers with larger lumina.

3 pum

Figure 3. Single fibers partially decayed by fungi (transverse sections). A: P. mutabilis
decay of the thick layers in S2. B: P. radiata (wild) decay of the cell wall from the lumen
side. C: P. radiata Cel 26 decay of the thin layers between the thick concentric S2 layers.
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By TEM microscopy, the single fiber middle lamellae (ML) and primary wall (P) were
found to have thickness of 30-50 nm and 70-110 nm, respectively (Figure 3A, B). The
secondary cell wall was composed of a 100-130 nm thick S1 layer and a 3-13 pm thick
S2 layer. Both SEM and TEM observations showed that the S2 layer had a laminate
structure of 1 to 4 major concentric layers of 1-5 um in thickness. The major layers were
constructed of 100 nm thick lamellae (Figure 1C-D, Figure 3C). Thin layers of 200-240
nm in thickness were located between the major concentric layers (Figure 3A).
Confirmation for a concentric orientation of the layers was further obtained by SEM
observations on the ends of P. radiata Cel 26 treated fibers fractured under tension
(Figure 4). The major layers separated from each other, further indicating that they were
weakly attached to one another.

Microfibril angles of the single fibers

Some single fibers in the H,O, delignified hemp showed evidence of cavities made by
naturally occurring fungi before harvest. It was possible to measure the microfibril angle
in two adjacent cell wall layers since several parallel cavities crossed each other (Figure
5A). The microfibrils had Z helical orientation with angles in the intervals 0-5° and 25-
30°. Superficial attack of other single fibers showed evidence of MFAs in the range of
70-90° with an S helical orientation (Figure 5B), which was confirmed by polarized light
microscopy (data not shown). Single fibers from H,O, delignified and P. radiata Cel 26
treated hemp stems showed regions where the S1 layer was partly peeled off (Figure
5C). The cellulose aggregates in the S1 and S2 layer beneath were orientated
perpendicular and parallel to the fiber axis, respectively. The fracture experiments
(Figure 4) showed evidence for a main S2 MFA of 0-10° agreeing with 4° measured
previously by X-ray diffraction (Fink et al., 1999). The microfibril model of the single
fibers shown in Figure 2B is based on the obtained data.

Figure 4. Fractured end of a single fiber showed at increasing magnification. A: Splits
developed by radial tension between the major concentric layers due to the weak
interface. B: Cellulose aggregates (arrows) apparent at site of fracture.

Risg-PhD-11 97



I
|
|
!
:

Figure 5. Microfibril angles (MFA) in fungal colonized and delignified single fibers
shown with black lines and white arrows: A: Crossing cavities parallel with two different
MFA in S2. B: A third MFA identified as dark and winding cavities in S1. C: P. radiata
Cel 26 treated fiber with the SI layer partly stripped off revealing the underlying S2
layer.

Histochemical composition of the structure on hemp stem and single fiber level

Lignin was determined with the Wiesner - and Méule reactions (Figure 6). The Wiesner
reaction stains lignin red by reaction of phloroglucinol with hydroxycinnamyl aldehydes
(Strivastava, 1966). The Méule reaction stains lignin red by oxidation of syringyl lignin
with KMnO4-HCI due to the produced 3-methoxy catechol (Wu et al., 1992). The inner
part of the single fiber secondary wall was lignin poor as shown by negative Wiesner —
and Maule reactions (Table 1). The outer part of the cell wall was lignified according to
positive Wiesner — and Maule reactions. Lignin was present at highest concentration in
the compound middle lamellae. No lignin was present in the cambium while the
epidermis contained some lignin (Figure 6). According to the similar intensities found by
the Wiesner - and Méule reactions, the lignin composition appears similar in the xylem
and single fibers.

Hemp belongs to the Angiosperm phylum since it has vessel eclements. It is
eudicotyledon like hardwoods, numerous bushes and herbs, since it has two cotyledons
(germinating leaves). Thus it contains hardwood lignin of coniferyl alcohol, sinapyl
alcohol and a minor content of p-coumaryl alcohol. The first lignification step occurs in
the compound middle lamellae, which has the same high lignin content in thick-walled
and thin walled fibers (Figure 6). The second lignification step occurs during the
synthesis of the outer part of the S2 layer. The lignin synthesis appears reduced in later
stages of fiber development due to the low lignin content in the inner part of the S2 layer.
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Table 1. Chemical composition of the structure on hemp stem level and single fiber level
based on qualitative evaluation (Content: +++ = high, ++ = medium, + = low and 0 =
none).

Stem level Epidermis Parenchyma Single fibers

Cell part cells ML+P  SI + outer S2 Inner S2
Cellulose + 0 + ++ Tt
Lignin 0 0 +++ ++ +
Pectin ++ - ++ 0 0
Wax ++ 0 T 0 0

0.040 mm 0010 mm 040 mm LR

Figure 6. Lignin shown as red colour in transverse sections of hemp stem after the
Wiesner reaction (4) and the Mdule reaction (B) (arrows = strongly lignified part of the
cell wall).

Pectin was stained with Ruthenium Red by reaction with carboxylic acid side groups
(Table 1, Figure 7A). Both the parenchyma cells and the single fiber compound middle
lamellae contained pectin, while the secondary wall appeared to lack pectin. Wax was
found in the epidermis with highest content in the cuticle layer according to the
hydrophobic red staining with Sudan IV (Figure 7B).
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Figure 7. Pectin and wax stained in transverse sections of hemp stem. A: Pectin stained
by Ruthenium Red (arrows = pectin rich compound middle lamellae). B: Wax stained by
Sudan 1V (arrows = wax rich cuticle layer).

Structure of the single fibers determined with fungal defibration and decay

Lignin slows down degradation by soft rot fungi like P. mutabilis in wood fibers and the
middle lamella and the primary wall normally remain morphologically intact even after
severe degradation of the S2 layer (Khalili et al., 2000). In single fibers of hemp, this
fungus formed cavities that were restricted to individual layers in the polylaminate S2
layer. The middle lamella and primary wall were degraded slower than S2 due to the
higher lignin content (Figure 3A). The partial degradation of middle lamellac was
presumably due to its high pectin content. The cavities increased in diameter through
cellulose but were inhibited — at least partially — by the thin concentric lamellae acting as
a chemical and/or physical barrier. P. radiata Cel 26 degraded the middle lamellae
between the single fibers and only middle lamellae cell corners remained after advanced
stages of decay (Figure 3C). In combination with the chemical analysis (Table 2), this
gives evidence for degradation of lignin, which P. radiata carries out by oxidation using
peroxidases (e. g. Mn- and lignin peroxidases; Hofrichter et al., 2001). The thin layers
between the thick concentric layers in S2 appear to lack cellulose since they were
selectively removed by P. radiata Cel 26 (Figure 3C). Evidence for a different chemical
composition in the thin layers was also obtained with P. radiata wild, which were more
rapidly attacked (Figure 3, inset) in comparison with the thicker concentric layers.
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Table 2. Tensile strength (o) and elastic modulus (E) of hemp fibres tested in bundles
and in epoxy-composites (Thygesen et al., unpublished) and the chemical composition of
the hemp fibres with or without the P. radiata Cel 26 defibration.

Fibre source Fibre bundle tests Composite tests
Mechanical properties G (MPa) E (GPa) G (MPa) E (GPa)
Raw hemp 960£220 23%5 450+120 72+12
Treated hemp, liquid culture 8504240 20+3 59090 90£17
Chemical composition (% w/w)  Cellulose  Hemicellulose Lignin Pectin Rest
Raw hemp 64 15 4 6 11
Treated hemp, liquid culture 77 15 2 1 5
Treated hemp, soil culture 76 15 2 3 6

The potential of hemp fibers as reinforcing agents in composite materials

The histochemical investigation showed that pectin degradation can provide separation
of the fiber bundles from the xylem, but separation of the fiber bundles into single fibers
requires lignin degradation (Table 1). Hemicellulose degradation should be avoided to
prevent disintegration of the fibers into microfibrils resulting in lower fiber bundle
strength (Morvan et al., 1990). Practically no change occurred in the hemicellulose
content during the P. radiata Cel 26 treatment (Table 2). Epidermis free and cellulose
rich (77 % w/w) hemp fiber bundles were produced on the 100 g scale by the P. radiata
Cel 26 treatment. This could not be done by enzymatic treatment with Flaxzyme
(Thygesen et al., 2002) since enzymes presumably cannot penetrate the wax-covered
epidermis.

The single fibers were completely penetrated by the low viscosity acrylic resin used as
embedding material for TEM microscopy even though the fibers were arranged in
bundles. Bundle arrangement of fibers with small lumina has also been reported for jute
(Cichocki & Thomason, 2002). Since penetration of the epoxy polymer was complete in
composites made with jute fibers, the same should be possible using hemp fibers.

The elastic modulus of 25 GPa has previously been measured in single hemp fibers
(Madsen et al., 2003). On fiber bundle level, the P. radiata Cel 26 treatment resulted in
decreases in stiffness from 23 GPa to 20 GPa and in tensile strength from 960 MPa to
850 MPa caused by extraction of most of the non-cellulosic binding materials (Table 2).
Based on the microfibril angle, the cell wall stiffness is lowest in the S1 layer and
highest in the inner 70-90 % of the S2 layer (Figure 1B; Davies and Bruce, 1997).
Cracks between the concentric layers (Figure 4A, B) observed in the fractured fibers
were presumably formed by interlaminar stress.

Composites have been made with hemp fibers from stems treated with P. radiata Cel 26.
Fiber strength and stiffness of 590 MPa and 90 GPa, respectively, were calculated based
on the composition of these composites (Thygesen et al., unpublished; Table 2). The
same properties of composites with fibers from untreated hemp were only 450 MPa and
72 GPa due to a poor binding between the hemp bast fibers and the epoxy resin caused
by the wax rich cuticle layer. The higher fiber stiffness in composites gives evidence for
polymer penetration into the fibers like that reported for flax (Hepworth et al., 2000),
which glues the cell wall aggregates together and forms a stiff structure. This
compensates for the loss of stiffness and tensile strength induced by degradation of non
cellulosic components (Table 2). The obtained fiber stiffness and strength were thereby
25-32 % higher, when the treated fibers were used.
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CONCLUSION

e Hemp stems could be defibrated with P. radiata Cel 26 on at least the 100 g
scale to make fibers, since the pectin and wax rich epidermis was degraded.

o The fibers retained parallel orientation and are thus useful for unidirectional
composites.

e Lignin located in the middle lamellae between the single fibers made defibration
with pectinase enzymes difficult without simultaneous oxidation of lignin as
performed by P. radiata Cel 26.

e Fibers defibrated using P. radiata Cel 26 were stiffer than untreated fibers in
epoxy composites, since the cell wall aggregates were glued together to form a
stiff structure.

REFERENCE LIST
Browning, B. L. (1967). Methods of wood chemistry. New York: Interscience
Publishers, A division of John Wiley & Sons.

Cichocki, F. R., & Thomason, J. L. (2002). Thermoelastic anisotropy of a natural
fiber. Composites Science and Technology, 62, 669-678.

Daniel, G., & Nilsson, T. (1994). Polylaminate concentric cell wall layering in fibres
of Homalium foetidum and its effect on degradation by microfungi. In Donaldson
LA, Davies, G. C., & Bruce, D. M. (1997). A stress analysis model for composite
coaxial cylinders. Journal of Materials Science, 32, 5425-5437.

Fink, H. P., Walenta, E., & Kunze, J. (1999). The structure of natural cellulosic
fibres - Part 2. The supermolecular structure of bast fibres and their changes by
mercerization as revealed by X-ray diffraction and C-13-NMR-spectroscopy.
Papier, 53, 534-542.

Garcia-Jaldon, C., Dupeyre., D., & Vignon, M. R. (1998). Fibres from semi-retted
hemp bundles by steam explosion treatment. Biomass & Bioenergy, 14, 251-260.

Hepworth, D. G., Vincent, J. F. V., Jeronimidis, G., & Bruce, D. M. (2000). The
penetration of epoxy resin into plant fibre cell walls increases the stiffness of
plant fibre composites. Composites Part A-Applied Science and Manufacturing,
31, 599-601.

Hofrichter, M., Lundell, T., & Hatakka, A. (2001). Conversion of milled pine wood
by manganese peroxidase from Phlebia radiata. Applied Environmental
Microbiology, 67, 4588-4593.

Jensen, W. (1962 ). Botanical histochemistry, principles and practice. San
Francisco: WH Freeman and Co.

Khalili, S., Daniel, G., & Nilsson, T. (2000). Use of soft rot fungi for studies on the
microstructure of kapok (Ceiba pentandra (L.) Gaertn.) fibre cell walls.
Holzforschung, 54, 229-233.

Khalili, S., Nilsson, T., & Daniel, G. (2001). The use of soft rot fungi for
determining the microfibrillar orientation in the S2 layer of pine tracheids. Holz
Als Roh-und Werkstoff, 58, 439-447.

Madsen, F. T., Burgert, 1., Jungnikl, K., Felby, C., & Thomsen, A. B. (2003). Effect
of enzyme treatment and steam explosion on tensile properties of single hemp
fiber. In 12th International Symposium on Wood and Pulping Chemistry
(ISWPC) (P80). Madison.

Madsen, B., & Lilholt, H. (2003). Physical and mechanical properties of
unidirectional plant fibre composites - an evaluation of the influence of porosity.
Composites Science and Technology, 63, 1265-1272.

Mcdougall, G. J., Morrison, I. M., Stewart, D., Weyers, J. D. B., & Hillman, J. R.
(1993). Plant fibers - botany, chemistry and processing for industrial use. Journal
of the Science of Food and Agriculture, 62, 1-20.

102 Risg-PhD-11



Morvan, C., Jauneau, A., Flaman, A., Millet, J., & Demarty, M. (1990). Degradation
of flax polysaccharides with purified endo-polygalacturonase. Carbohydrate
Polymers, 13, 149-163.

Mukherjee, P. S., & Satyanarayana, K. G. (1986). An empirical-evaluation of
structure property relationships in natural fibers and their fracture-behavior.
Journal of Materials Science, 21, 4162-4168.

Mwaikambo, L. Y., & Ansell, M. P. (2003). Hemp fibre reinforced cashew nut shell
liquid composites. Composites Science and Technology, 63, 1297-1305.

Nyhlen, L., & Nilsson, T. (1987). Combined T.E.M. and UV-microscopy on
delignification of pine wood by Phlebia radiata and four other white rotters. In
Odier E, editors. Proc. of lignin enzymic and microbial degradation symposium.
INRA Publications, p 277-282.

Page, D. H., & Elhosseiny, F. (1983). The mechanical properties of single wood pulp
fibers. 6. Fibril angle and the shape of the stress-strain curve. Pulp & Paper-
Canada, 84, TR99-T100.

Purz, H. J., Fink, H. P., & Graf, H. (1998). Zur Struktur Cellulosischer Naturfasern.
Das Papier, 6, 315-324.

Strivastava, L. (1966). Histochemical studies on lignin. Tappi, 49, 173-183.

Thygesen, A., Lilholt, H., Daniel, G., & Thomsen, A. B. Composites based on fungal
retted hemp fibres and epoxy resin. unpublished.

Thygesen, A., Madsen, F. T., Lilholt, H., Felby, C., & Thomsen, A. B. (2002).
Changes in chemical composition, degree of crystallisation and polymerisation of
cellulose in hemp fibres caused by pre-treatment. In Lilholt, H., Madsen, B.,
Toftegaard, H., Cendre, E., Megnis, M., Mikkelsen, L. P., & Serensen, B. F.,
editors. Proceedings of the 23th Risg International Symposium on Materials
Science: Sustainable natural and polymeric composites - science and technology.
Denmark: Rise National Laboratory, p 315-323.

Wu, J., Fukazawa, K., & Ohtani, J. (1992). Distribution of syringyl and guaiacyl
lignins in hardwoods in relation to habitat and porosity form in wood.
Holzforschung, 46, 181-185.

Risg-PhD-11 103



Paper Il

On the determination of crystallinity and cellulose content in plant fibres

Cellulose 12 pp. 563-576.

104 Risg-PhD-11



Cellulose (2005) 12:563-576
DOI 10.1007/510570-005-9001-8

& Springer 2005

On the determination of crystallinity and cellulose content in plant fibres

Anders Thygesen'>*, Jette Oddershede’®, Hans Lilholt',

Anne Belinda Thomsen® and Kenny Stihl’

'Materials Research Department, Riso National Laboratory, P.O. Box 49, DK-4000, Roskilde, Denmark;
’Danish Centre for Forest, Landscape and Planning, The Royal Veterinary and Agricultural University,
Hojbakkegdrd Allé 1, DK-2630, Tdstrup, Denmark; > Department of Chemistry, Technical University of
Denmark, Building 207, DK-2800, Lyngby, Denmark; * Biosystems Department, Riso National Laboratory,
P.0O. Box 49, DK-4000, Roskilde, Denmark; * Author for correspondence (e-mail: anders.thygesen@risoe.dk;
Sfax: +45-4677-5758)

Received 4 January 2005; accepted in revised form 17 June 2005
Key words: Cellulose, Crystallinity, Debye, Plant fibres, Rietveld, X-ray

Abstract

A comparative study of cellulose crystallinity based on the sample crystallinity and the cellulose content in
plant fibres was performed for samples of different origin. Strong acid hydrolysis was found superior to
agricultural fibre analysis and comprehensive plant fibre analysis for a consistent determination of the
cellulose content. Crystallinity determinations were based on X-ray powder diffraction methods using side-
loaded samples in reflection (Bragg-Brentano) mode. Rietveld refinements based on the recently published
crystal structure of cellulose Iff followed by integration of the crystalline and amorphous (background)
parts were performed. This was shown to be straightforward to use and in many ways advantageous to
traditional crystallinity determinations using the Segal or the Ruland -Vonk methods. The determined
cellulose crystallinities were 90-100 g/100 g cellulose in plant-based fibres and 60-70 g/100 g cellulose in
wood based fibres. These findings are significant in relation to strong fibre composites and bio-ethanol
production.

Abbreviations: HPLC — High pressure liquid chromatography; DM — Dry matter

Introduction the expected correlation between the tensile
strength of the fibres and the cellulose crystallinity,

Cellulose is technically a very interesting material. it is of interest to find effective and reliable

Plant fibres, as for instance hemp fibres, have high
strength, low density and high sustainability,
which can supplement glass fibres in composites
(Hepworth et al. 2000; Madsen and Lilholt 2003).
It has been shown empirically that the fibre tensile
strength and elastic modulus depend on the cellu-
lose content squared (Klinke et al. 2001). Due to

Risg-PhD-11

methods to determine the sample crystallinity of
cellulose containing materials at different stages of
processing. Plant fibre waste materials like corn
stover and wheat straw have not proved useful for
high performance composite materials due to their
low cellulose content and bigger cell lumen
resulting in low tensile strength. However, these
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materials are useful for bioethanol production
after pre-treatment and enzymatic hydrolysis of
the cellulose and hemicellulose to monosaccha-
rides (Felby et al. 2003; Varga et al. 2004). The
enzymatic hydrolysis for converting cellulose to
glucose substrate is mainly performed with exo-
glucanase for crystalline cellulose and endoglu-
canase for amorphous cellulose. Hence, it is
valuable to know the amount of crystalline cellu-
lose and amorphous cellulose, in the sample to
develop enzyme mixtures optimized for the
hydrolysis (Teeri and Koivula 1995; Thygesen
et al. 2003).

Plant fibres are built essentially of cellulose,
hemicellulose, lignin, pectin and minerals. Cellu-
lose consists of both amorphous and crystalline
regions. To determine the cellulose crystallinity in
plant fibres, accurate determination of the cellu-
lose content is needed, as cellulose is expected to be

the only crystalline constituent. Cellulose consists
of linear chains of poly[f-1.4-D-anhydrogluco-
pyranose] (Cg,Hjg,+20s,+1 (n=degree of poly-
merisation of glucose)), which crystallize through
hydrogen bonding between the chains and has
cellobiose as repeated unit (Figure la). The crystal
structure of cellulose in higher plants is that of
cellulose Iff (Sarko and Muggli 1974; Nishiyama
et al. 2002), which is monoclinic, space group P2,,
with the cellulose chains arranged along the un-
ique c-axis (Figure 1b).

X-ray powder diffraction is an obvious method
to study the sample crystallinity due to the dif-
fraction peaks from cellulose crystals (Figure 2).
However, all materials give rise to X-ray scatter-
ing, also the amorphous part of a sample. It is
measured that hemicellulose and lignin have dif-
fractograms similar to amorphous cellulose giving
wide unspecific peaks (unpublished data). The

Figure 1. (1) The repeated cellobiose unit in cellulose as compared to the e-axis length. (b) The cellulose 1f structure viewed along the
unique ¢-axis of the P2; unit cell with the a- and b-axis in the paper plane (5 molecule chain ends are thereby shown).
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Figure 2. Diffractograms of filter paper measured in transmission mode (a) and reflection mode (b & ¢) to investigate the effect of
diffraction geometry. Both top loaded (b) and side-loaded (c) paper samples are measured to see the effects of sample preparation and

preferred orientation.
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amorphous scattering will show up as a softly
rising and decreasing background. Determination
of the sample crystallinity is thus a problem of
separating the amorphous from the pure crystal-
line part of a powder diffraction pattern. With
well-crystallized samples, i.e. with large enough
crystallites, this is rather simple as such crystallites
give sharp diffraction peaks, which can be easily
separated from the amorphous background. In the
case of cellulose, the crystallites are very small,
typically 20-50 A in diameter, which will cause
considerable peak broadening and serious peak
overlap. Consequently, the separation of crystal-
line from amorphous scattering is no longer trivial.
The crystallite diameter can be determined with
X-ray diffraction based on the width of peaks
representing directions perpendicular to the fibre
axis (indices: 110, 110 and 200), while the crystal-
lite length can be determined based on the width of
peaks representing directions parallel with the fi-
bre axis (index: 004) (Figure 2).

The scope of this paper is twofold. Firstly, we
want to compare four different methods to assess
the crystalline part of a cellulose diffraction pat-
tern in order to determine the sample crystallinity:
(1) Segal method, based on the intensity measured
at two points in the diffractogram (Segal et al.
1959); (2) Ruland-Vonk method, based on a
separate measurement of an amorphous standard
scaled to the diffraction pattern (Ruland 1961;
Vonk 1973); (3) Rietveld refinement method,
based on refinements of the crystal structure, peak
parameters and background (Rietveld 1967, 1969);
and (4) Debye calculation method. where the
crystalline scattering is calculated based on the
crystal structure and crystallite size (Debye 1915).
Secondly, we want to determine the cellulose
content in plant fibres. For this purpose an accu-
rate plant fibre analysis procedure is needed. The
three most well known methods were compared:
(1) Comprehensive plant fibre analysis (Browning
1967), (2) Agricultural fibre analysis (Goering and
Van Soest 1970), and (3) Strong acid hydrolysis
(Kaar et al. 1991). The samples used in the present
study were purified cellulose (filter paper and
Avicel cellulose), hemp fibres, Norway spruce and
corn stover, which were chosen to cover a wide
range of cellulose contents and biomass types. The
samples were used without prior cellulose purifi-
cation in the X-ray diffraction experiments to
avoid modification of the cellulose structure.
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Experimental
Materials

Organosolv lignin, (Aldrich 37, 101-7) was used as
amorphous reference material. Filter paper (Fris-
enette ApS 165-70) and microcrystalline Avicel
cellulose (Merck 2351) were used as purified cel-
lulose materials. Hemp fibres (Cannabis sativa L.,
Felina) were hand peeled from the middle section
of hemp stems (Thygesen et al., submitted). Nor-
way spruce (Picae abies) was obtained from OI-
stykke sawmill, Denmark. as a fresh, chipped and
bark free material. The wood chips were dried at
20 °C for 7 days and ground with a hammer mill
to 5 mm size. Corn stover from maize plants (Zea
Mays L.) grown in Hungary in 2003 was recu-
perated following threshing in the combine har-
vester at grain harvest.

Chemical analysis

Before the plant fibre analyses, the samples were
milled into particles that could pass a | mm sieve.
The mineral content was determined by incinera-
tion of the raw samples at 550 °C for 3 h. Com-
prehensive plant fibre analysis is a gravimetric
method used for fibres from agricultural plants
and wood. Wax was extracted in chloroform,
water-soluble components in water, pectin in
EDTA solution, lignin in chlorite solution and
hemicellulose in NaOH+ NaBO; solution with
weighing in between each step (Browning 1967).
Agricultural  fibre analysis is a gravimetric
method used for analysis of agricultural lignocel-
luloses (Goering and Van Soest 1970). Non cell
wall material (mainly pectin) is extracted in
natrium-auryl-sulphate + EDTA + natrium-tetrab-
orate+ Na,HPO, +ethylenglukolmonoethylether
solution, hemicellulose in 0.5 M H.SO,+cetyl-
trimethyl-ammonium-bromide solution and lig-
nin in KMnO4+ Ag2804+Fc{N03}3+AgNO3+
KCH;COO + CH;COOH + butyl alcohol solution
followed by filtration and treatment in oxalic
acid + 70% ethanol. The amount of remaining so-
lid material was weighed in between each step.
Strong acid hydrolysis is an HPLC based method,
in which the content of sugars in the fibres was
measured after sample preparation by swelling in
12 M H,SO, and following hydrolysis at dilute
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H,SO4 (0.42 M) at 121 °C for | h (Kaar et al.
1991). The excess SO~ was removed by Ba(OH),
addition. Shimadzu equipment was used in the
HPLC-analysis. The column system used for
woody samples consisted of a Rezex RPM column,
a deashing cartridge and a security guard (Pb’ ")
pre-column. The temperature was 80 °C, the elu-
ent was H-O and the flow rate was 0.6 ml/min.
Glucose, xylose, galactose and mannose were de-
tected refractometrically. The column system used
for non-woody samples consisted of a Rezex ROA
column and a security guard (H") pre-column,
The temperature was 63 °C, the eluent was 4 mM
H,S0, and the flow rate was 0.6 ml/min. Glucose,
xylose and arabinose were detected refractometri-
cally.

X-ray powder diffraction

X-ray powder diffraction experiments were per-
formed for sheets of filter paper in both trans-
mission and reflection geometry to determine the
best experimental mode. The transmission
experiment was performed with a Huber G670
Guinier camera using CuKe, radiation, The thin
samples were placed at a 45 ° angle to the pri-
mary beam and rocked during data accumula-
tion. The data was collected for 30 h and in the
20-range 1.4-100 ° with a step size of 0.005°. For
the reflection geometry measurements a Philips
PW1820/3711 diffractometer with a symmetric 8-
20 Bragg-Brentano scattering geometry, CuKua
radiation, a secondary graphite monochromator
and an automatic divergence slit was employed.
Data were collected in the 20-range 5-60° with a
step size of 0.02° and a counting time of 20 s per
step. The reflection mode intensities were cor-
rected for the effects of the automatic divergence
slit. No 20-dependent absorption correction is
necessary for the symmetric Bragg-Brentano
mode with the low-absorbing samples used in
this study.

From the resulting diffractogram (Figure 2a) it
was clear that the large air scattering contribu-
tion to the background of the transmission mode
data made it very difficult to estimate the frac-
tion of intensity originating from amorphous
components in the sample. This effect was prac-
tically absent for the reflection mode diffracto-
grams. Air scattering contributions along with
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Compton scattering comprise only a few percent
of the continuously varying background, so no
corrections for these effects were judged neces-
sary. Thermal diffuse scattering (TDS) will con-
tribute both to the continuous background and
to the peak intensity and thereby to a large part
cancel. However, it should be noted that the
presence of uncorrected none-sample contribu-
tions to the background to some extent will
result in reduced crystallinity values. On the
other hand, the reflection mode diffractogram
(Figure 2b) was greatly affected by preferred
orientation, because the paper sheets consisted
mainly of fibres in the lateral plane, giving too
weak 00/ peaks relative to the 110, 110 and 200
peaks. When loading fibrous samples into the
sample holder from the top and flattening the
X-ray illuminated surface, this effect is much
enhanced. This effect could be reduced by cutting
the sample into small pieces in a knife mill with a
0.5 mm sieve, wetting 0.5 g sample with distilled
water, loading it into a sample holder from the
side with respect to X-ray illuminated surface,
and letting the 2 mm thick fibre sheet air dry
overnight before the reflection mode diffracto-
gram (Figure 2c¢) was recorded. To minimize
preferred orientation and air scattering effects, it
was therefore decided to perform all X-ray
powder diffraction experiments in reflection
mode on such side loaded samples. In addition,
the number of counts was higher in the reflection
diffractograms, which decreased the statistical
uncertainty. Each sample was prepared and
measured twice. The fibre sheets were dried at
105 °C after the X-ray diffraction experiments in
order to determine the sample crystallinity based
on the dry matter content.

Determination of the sample crystallinty

The sample crystallinity (g crystalline cellulose/
100 g DM) is defined as the ratio of the amount of
crystalline cellulose (cellulose If) to the total
amount of sample material (dry matter = DM),
including crystalline and amorphous cellulose,
lignin, hemicellulose, pectin, etc. The cellulose
crystallinity is defined as g crystalline cellulose/
100 g cellulose’, and can be calculated as the ratio
of the sample crystallinity to the cellulose content
of the sample.
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Cellulose crystallinity

g crystalline cellulose

- g cellulose (1)
_ g crystalline cellulose/g DM

g cellulose/g DM

Method 1: the Segal method

The sample crystallinity, xcg. has frequently been
determined by means of Equation 2 using the
height of the 200 peak (/590, 20=22.7°) and the
minimum between the 200 and 110 peaks (Iam,
20=18°) (Figure 3a). I,y represents both crystal-
line and amorphous material while /54 represents
amorphous material only.

(2)

The expression requires that the amorphous
material diffracts with the same intensity at 18°
and 22.7°, and that the crystalline cellulose does
not contribute to the intensity at 18° (Segal et al.
1959).

Method 2: the Ruland—Vonk method

A way to separate the amorphous and crystalline
contributions to the diffracted intensity and esti-
mate the sample crystallinity has been outlined by
Ruland (1961) and Vonk (1973). Here, it was as-
sumed that the Bragg peaks are sharp, i.e. the
crystallites are large enough for the intensity be-
tween the diffraction peaks to be negligible. The
amorphous part of the intensity was obtained by
measuring the scattering of the compound on
amorphous form. This amorphous diffractogram
was then scaled by a factor ¢(s), where s=2sin /4,
to bring it below the diffractogram of the partly
crystalline compound. The scale factor c¢(s) was
allowed to vary continuously throughout the
s-interval to meet the requirement that the crys-
talline diffraction intensity should be zero between
some of the diffraction peaks (the diffractograms
touch at several points).

In the present work, lignin was chosen as the
amorphous standard (c.f. Andersson et al. 2003).
Because of the small crystallite sizes, the tails of
the diffraction peaks extended far from the peak
positions as illustrated in Figure 3a. This had the
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Figure 3. Determination of the crystalline cellulose contents in
the hemp fibres measured with the Segal method (a), the Ru-
land-Vonk method (b), Rietveld refinement ic) and Debye
calculation (d). For b, ¢ and d the obtained fits for the amor-
phous and crystalline diffraction are shown.
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effect that the actual background level was well
below the diffraction curve of the partly crystalline
cellulose sample for practically all scattering an-
gles. The use of a continuously varying scale factor
seemed incorrect in the light of Figure 3a, so in
this study, it was chosen to use a constant scale
factor ¢ to make the background touch the dif-
fractogram in one point/interval only (Figure 3b).
Assuming that the intensity I(s) at a given angle is
the sum of the crystalline Ieg(s) and amorphous
Iam(s) contributions, the sample crystallinity was
calculated from:

XCR = / f(_'R(J) X 52(!1.\‘/ I{S} -Szd.i (3)

S iy

The integration limits were in this work chosen so
only the part of the diffractogram containing vis-
ible crystalline intensity was used, i.e. so=0.11 A
(20=10°) and s,=0.99 A™" (20=50°).

Method 3: Rietveld refinement

The Rietveld method (Rietveld 1967, 1969) uses
the full diffraction pattern in a least-squares fitting
procedure to simultaneously fit unit cell, crystal
structure, peak profile parameters, background,
etc. The method requires knowledge of the crystal
structure (unit cell, space group and atomic coor-
dinates) as starting parameters. It is today the
dominant method for obtaining structural infor-
mation from powder diffraction data (Young
1993).

Refinements were performed with a modified
LHMPI Rietveld program (Howard and Hill
1986) with the cellulose Iff crystal structure
including thermal parameters from Nishiyama
et al. (2002) as input. The best fit for all samples
was obtained by refining one scale factor, 10
Chebyshev background parameters, 2 Voigt peak
profile parameters, 2 cell dimensions (a and b) and
one preferred orientation parameter along the 0k0-
direction (Figure 3c), giving a total of 17 refined
parameters for all samples. The full-width half
maximum parameters were fixed to values corre-
sponding to those from a LaBg standard. The use
of a Voigt profile function made it possible to
estimate the crystallite dimensions relative to a
given direction (here the fibre direction 00/), but,
because of the preferred orientation effects and the
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minimal size of the crystallites the estimates be-
came quite poor, especially along the fibre direc-
tion. Finally the sample crystallinity was
calculated using Equation 3 as outlined in Method
2, assuming that the fitted background comprised
the amorphous contribution to the diffractogram.

Correct cell parameters of cellulose If are
essential to a proper fit. Both the Rietveld refine-
ments of the present study and former studies of
the cellulose If crystal structure (Sarko and
Muggli 1974; Woodcock and Sarko 1980; Simon
et al. 1988; Sugiyama et al. 1991; Koyama et al.
1997; Finkenstadt and Millane 1998; Nishiyama
et al. 2002) indicated large variations in the
apparent unit cell dimension. It is clear that the
true unit cell dimensions of cellulose 1ff are con-
stant at constant temperature. The observed unit
cell dimensions, however, are sensitive to the type
of radiation (X-rays/neutrons/electrons), method
(powder/fibre diffraction) and preparation meth-
od. In particular, the recorded 20-values depend
on the actual penetration depth of the radiation,
which directly affect the calculated/refined unit cell
dimensions and strongly correlate to the 26 zero-
shift. Due to remaining preferred orientation ef-
fects, reflections unique to the c-direction were still
severely suppressed. In fact, the cellulose diffrac-
tion patterns contained only three strong diffrac-
tion peaks, all of which have /=0 (Figure 2).
Several combinations of refined parameters were
tried with the different samples with the objective
to obtain the best possible fit of the crystalline
diffraction. The final choice was to refine the a-
and h-axis parameters and the preferred orienta-
tion parameter. The 26 zero-shift was fixed to zero,
the c-axis parameter to 10.35 A and the gamma
angle to 96.5°, which are average values given in
the literature (Figure 1).

Method 4: Debye calculations

The basis of this method is the Debye formula
(Debye 1915), which states that the diffracted
intensity from a collection of atoms can be calcu-
lated as the sum over all interatomic distances r;:

sin(2ﬁs + r,-;)
2ns - rij

1s) = S f()(s) (4)
i

where s is defined as before and f{s) is the
atomic form factor of atom i. Thus, the method
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requires a full set of atomic positions for a whole
crystal, not just for one unit cell. Consequently, the
effects from crystallite size and shape were inherent
to the calculated diffractograms. A program was
written to calculate the diffractograms for cellulose
18 crystallites of different shapes and sizes exploit-
ing the structural parameters including thermal
parameters of Nishiyama et al. (2002). Both ellip-
tical, cylindrical and box shaped crystallites, each
consisting of an assembly of entire unit cells, were
tested. The best correspondence to the experimental
peak profiles was obtained if the diffractograms
were simulated for crystallites of cylindrical shape
with the cylinder axis along the fibre direction. To
obtain a size distribution, the diffractogram was
added to the intensities simulated for cylinders with
radii of +1 A. The simulated diffractograms were
then fitted to the experimentally obtained patterns
by means of a scale factor and a continuously
varying background consisting of a 9th order
Chebyshev polynomial (Figure 3d).

As with Rietveld refinements it was essential to
use correct unit cell dimensions. Therefore, a
number of simulations varying a and b simulta-
neously in steps of 0.05 A were carried out. These
diffractograms were fitted to the experimentally
obtained diffractograms to determine the a and b
parameters that best fitted the given sample. The
length of the c-axis was fixed to 10.35 A as argued
for the Rietveld refinements (Figure 1). The crys-
tallite size was identified from comparisons to
simulated diffractograms with known crystallite
dimensions, and the sample crystallinity was
determined from the fitted background level using
Equation 3 as outlined under Method 2.

Results
Chemical composition

The results of the chemical composition are pre-
sented in Table 1. The method that offered the
best distinction between cellulose and hemicellu-
lose, and thereby the best determination of these
components, was the strong acid hydrolysis. The
complex carbohydrates, cellulose and hemicellu-
lose were hydrolysed into monomeric sugars, cel-
lulose to glucose and hemicellulose to xylose,
arabinose, galactose and mannose, which were
subsequently determined by HPLC. Klason lignin
is the insoluble residue after the sample prepara-
tion with H,SOy4. The agricultural fibre analysis
gave approximately the same cellulose and hemi-
cellulose results with a lower standard deviation
(Table 1), but the method is more laboriously
demanding and in some cases unspecific. In com-
parison, the comprehensive plant fibre analysis
gave unrealistically high contents of hemicellulose
in the purified cellulose samples (filter paper and
Avicel cellulose). Obviously, some cellulose was
extracted in the hemicellulose extraction step of
the comprehensive plant fibre analysis, a solution
of NaOH and boric acid, making this step unspe-
cific for hemicellulose. For Avicel cellulose, the
reproducibility in this step was further complicated
by the relatively small particle size of the Avicel
cellulose, which resulted in extended dissolution,
swelling and recrystallization of cellulose 1 into
cellulose I1 (confirmed by X-ray diffraction).
However, the first step in the comprehensive plant
fibre analysis is recommended also in the strong

Table 1. Chemical composition of the plant materials measured by the three methods (g/100 g dry matter) and arranged according to:
Results from comprehensive plant fibre analysis/agricultural fibre analysis/strong acid hydrolysis. The pooled standard deviations are
shown for each method and component. Numbers in bold are results from the strong acid hydrolysis.

Material Cellulose Hemi-cellulose  Lignin Pectin Wax Walter Residual® Minerals
g/100 g g/100 g g/100 g g/l00g  g/l00g extractives  g/100 g g/100 g
g/100 g

Corn stover 33/32/33 333121 14/6/19 /- 3/-/- 10/-/- /24/20 7
Norway spruce 49/58/49 30/18/20 17/19/29 3/-/ /- -/5/2 0

Hemp fibres 64/68/63 14/10/10 5/3/6 5/~ 0/~ 8/~ 11417 4

Filter paper 86/93/84 10/6/6 1/0/0 2/—/- of={- 1~/ -/1/8 0

Avicel cellulose -"195/87 —bid/4 1/0/0 1—f- 1/~f- -/0/10 0
Standard deviation 1.4/0.5/3.1 0.7/0.7/2.1 0.5/0.7/0.5 1.0/~/- 0.1/-/- 1.3/-f- -/0.5/2.8 0.1

“Residual from agricultural fibre analysis and strong acid hydrolysis = pectin + wax + water extractives."The swelling of the
relatively small particles resulted in partial extraction of cellulose in the hemicellulose extraction step making the separation of these

components impossible.
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acid hydrolysis for specific extraction of wax,
water-soluble components and pectin by ethanol,
which is otherwise included in Klason lignin. The
gravimetric extraction steps in the comprehensive
plant fibre analysis resulted in consistent contents
of 0—1 g/100 g dry matter (DM) for pectin, wax
and water extractives in the purified cellulose
samples, content levels that were within the
unceriainty limits. In the other samples, the con-
tent of pectin, wax and water extractives were |-
5 g pectin/100 ¢ DM, 0-3 g wax/100 g DM and
1-10 g water extractives/100 g¢ DM (Table 1).

Crystallinity determinations

The results of the crystallinity and the crystallite
dimensions are presented in Tables 2 and 3 and
shown graphically in Figure 4.

Method 1: The Segal method

The Segal method (Segal et al. 1959) was very
straightforward and fast to use, but the sample
crystallinity of 47-83 g/100 g DM (Table 2) were
found to be higher than the cellulose contents
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(Table 1) for both corn stover and hemp fibres
(Figure 4). There are several reasons for these
unrealistic results. Most importantly the cellulose
crystallites are so small that peak overlap is bound
to occur in the region around 18° for cellulose If,
giving too high values of /sy (Figure 3a). The fact
that /5y was overestimated due to preferred ori-
entation added another element of uncertainty to
the system. When comparing diffractograms for
cellulose samples originating [rom different species
there is also the effect that both the apparent cell
parameters and the crystallite sizes vary consider-
ably from species to species (Table 3). This results
in large variations in the Iy levels, making the
Segal method very unreliable when comparing
sample crystallinities in general. None of these
points have been mentioned in the original work
by Segal et al. (1959), where the method was used
only for differently purified cellulose samples all
originating from cotton. Since it is a simple
method, it has been extensively utilized up to this
day (Alexander 1969; Buschle-Diller and Zeronian
1992: Mwaikambo and Ansell 1999; De Souza
et al. 2002), but the mentioned limitations and
assumptions make it unreliable and incorrect.

Table 2. Sample crystallinity (g/100 g dry matter) with pooled standard deviations calculated for each X-ray diffraction method.

Material Peak height Amorphous Rietveld Debye
ratio segal standard (Ruland-Vonk) refinement calculation
g/100 g DM g/100 g DM g/100 g DM g/100 g DM

Corn stover 47 39 37 32

Norway spruce 47 56 33 32

Hemp fibres 77 49 60 69

Filter paper 83 72 57 61

Avicel cellulose 62 67 41 39

Standard deviation 1.5 1.4 1.6 2.0

Table 3. Crystallite dimensions of the cellulose in the plant materials calculated by Rietveld refinement and Debye calculation (A).

Numbers in parenthesis = standard deviations.

Material Rietveld refinement Debye calculation
Length” [A] Diameter [A] Length* [A] Diameter” [A]
Corn stover 36(4) 3001) 100 22(2)
Norway spruce 60(6) 30(1) 150 342)
Hemp fibres 24(2) 43(1) 50 36(2)
Filter paper 62(2) 60(1) 150 52(2)
Avicel cellulose 64(3) 39(1) 100 38(2)

“Along 00/, "Standard deviations arise from the *1 A distribution of the erystallite radii used in the simulations.

Risg-PhD-11

113



Method 2: Ruland—Vonk method

The Ruland-Vonk method as applied in the
present study has the great advantage that it is a
purely experimental approach to the determina-
tion of the sample crystallinity, giving values of
39-72 g/100 g DM (Table 2). However, for all the
samples studied the scaled amorphous background
touched the diffractogram somewhere in the 20-
interval between 7 and 13°, thus in the low angle
region, where the intensity is most poorly deter-
mined due to the fine adjustment of slits and the
effects of axial divergence (Figure 3b). Therefore,
besides the subjective definition of the scale factor,
the Ruland-Vonk method is very sensitive to
instrumental inaccuracies. It should be added that
the amorphous standard material must be chosen
50 as to resemble the amorphous components in
the samples. In the light of these observations the
Ruland—Vonk method is difficult to apply to
comparative studies of samples of different origin.
Despite the problems mentioned above, the Ru-
land -Vonk method has been widely accepted as
one of the best ways to determine the sample
crystallinity in plant fibres during more than a
decade (Fink and Walenta 1994; Sao et al. 1994,
1997).

Method 3: Rietveld refinement

During the last 30 years, Rietveld refinement has
become the dominant method for refining struc-
tural information from powder diffraction when a
preliminary structural model is known. Until re-
cently such a model was not available for cellu-
lose. However, with the publication of the
cellulose Iff crystal structure (Nishiyama et al.
2002), Rietveld refinement has become a feasible
method for obtaining information about crystal-
lite size and sample crystallinity from diffraction
data. As soon as a minimum set of parameters has
been found, it is straightforward to carry oul
refinements for a series of diffraction patterns with
any of the Rietveld refinement programs available
(Figure 3c).

The decision of which parameters to refine was
not trivial for cellulose, since severe peak overlap
gave very few resolved peaks (Figure 3a). The
limited number of resolved peaks restricted the
number of refinable parameters and resulted in
large correlations between some of these. As
already mentioned, the unit cell dimension in the
c-direction was intimately linked to the preferred
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orientation. The unit cell lengths along the & and
the b axis correlated strongly with the 26 zero shift,
and were in average fitted to 8.01 A and 8.21 A,
respectively (Figure 1), Furthermore, the back-
ground level was greatly affected by the choice of
peak shape lunction, since the peak tails extended
very differently with different peak shape func-
tions. However, bearing these correlations in
mind, it was possible to find a common minimum
set of refinement parameters suitable to all of the
samples. That made the Rietveld refinement
method consistent and straightforward to use,
giving values of sample crystallinity in the range
33-60 g/100 g DM (Table 2).

Method 4: Debye calculation

As for the Rietveld refinements, the Debye calcu-
lation method requires that the cellulose crystal
structure is known. While the entire Rietveld
refinement procedure was implemented into one
refinement program, the Debye calculation meth-
od required two different programs, one to simu-
late the diffractogram and one to fit the simulated
diffractogram to the experimental data and deter-
mine the quality of the fit (Figure 3d). Every time
a parameter such as the cell dimensions, the crys-
tallite size or shape was changed, a new diffrac-
togram had to be calculated by the simulation
program and imported into the fitting program.
The simulations are usually computationally hea-
vy, scaling as the number of atoms in the crystal-
lites squared. For crystallites as small as those of
cellulpse (diameter = 22-52 A; length = 50
150 A, Table 3) the simulation time was. however,
no more than | min per diffractogram on a stan-
dard PC, so the bottleneck lies more in finding an
appropriate set of parameters, systematically
varying them and comparing the resulting dif-
fractograms to the experimental diffraction pat-
terns. Nevertheless, the Debye calculation method
has one great advantage over the Rietveld refine-
ment approach: The crystallite dimensions are not
fitted by analytical peak profile functions but are
included explicitly in the simulations. This fact
made the Debye calculation method an excellent
reference method for sample crystallinity deter-
minations, giving values in the range 32-69 g/
100 g DM (Table 2). It offered the most reliable
estimate of the crystalline part of the diffraction
pattern, but due to the computing efforts it is less
suited as a standard method.
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Discussion

Many earlier studies on crystallinity excluded the
determination of the chemical fibre compesition,
so in fact only the sample crystallinity was deter-
mined and not the actual cellulose crystallinity.
The strong acid hydrolysis was found superior for
determination of the cellulose content due to
chromatographic  differentiation between the
monomers in  cellulose and  hemicellulose
(Table 1). The cellulose content in the examined
samples was used to determine the cellulose crys-
tallinity (g/100 g cellulose), which was used to
evaluate the four investigated methods for crys-
tallinity determination. However, all the three
analysis methods seemed reliable when they are
used to determine the mass balance over wet oxi-
dation experiments with for example, wheat straw
and hemp fibres as raw materials resulting in
process recoveries of cellulose in the range 90-
110% (Thygesen et al. 2003, 2004; Thomsen et al.
2005). Enzymatic hydrolysis resulted in up to 85%
conversion of cellulose into glucose in pre-treated
corn stover and pre-treated wheat straw, which
seem reasonable. Based on these observations, the
chemical analysis methods give reasonable results
within an uncertainty interval of 10% of the mea-
sured value.

The best experimental mode in the X-ray dif-
fraction experiments was reflection geometry
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during the measurements to avoid air scattering
and obtain higher intensity, since the reflected and
not the penetrated X-ray photons were counted
(Figure 2). The use of side-loaded samples resulted
in close to random orientation of the sample fibres
so the ratio between the diffraction peak intensities
was similar to the peaks in the diffractogram cal-
culated by the Debye method. Therefore, the use
of reflection mode for X-ray powder diffraction
and side loading of samples are prerequisites for a
reliable and optimal crystallinity determination.
The present comparative study showed that the
most consistent and reliable methods for sample
crystallinity determinations were the Rietveld and
Debye methods. Both methods took full account
of the overlapping and widely broadened difirac-
tion peaks of cellulose (Figure 3a). The sample
crystallinity determined by the Rietveld refine-
ments and the Debye calculations were consistent
and corresponded to realistic cellulose crystallini-
ties below 100 g/100 g cellulose, cf. Figure 4. The
Debye method was found an excellent reference
method, but required extensive computation, and
programs are not generally available. Rietveld
refinement on cellulose was after some initial
considerations concerning the parameter set,
straightforward to carry out and gave consistent
results. Combined with the facts that the cellulose
Iff crystal structure has been established (Nishiy-
ama et al. 2002) and that Rietveld refinement
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programs arc available, the Rietveld method
should be the preferred method for sample crys-
tallinity determinations of plant fibre samples. The
Segal and Ruland -Vonk methods do not consider
the effect of peak overlap contributing to the
apparent background. As a result, the Segal and
Ruland-Vonk methods will generally underesti-
mate the sample crystallinity, compared both to
the cellulose contents of the samples (Table 1 and
Figure 4) and the Debye and Rietveld methods.
However, the Ruland -Vonk method is still a ro-
bust method and if the peak overlap effect on the
apparent background is taken into consideration,
it may still be the preferred method when the true
amorphous background can be determined
experimentally.

Rietveld refinement and Debye calculations
gave in addition, an estimate of the crystallite
dimensions (Table 3). Reliable determination of
the microfibril length was not possible by the Ri-
etveld method due to the weak 004 reflection and
peak overlaps. A more reliable determination was
obtainable by the Debye method due to the man-
ual fitting of the peaks. Bardage et al. (2004) have
by transmission electron microscopy measured the
microfibril diameter to 50 A in Norway spruce
pulp fibres, which is on the same level as deter-
mined by the Debye method in this study for filter
paper (52 ):\} and higher than for raw Norway
spruce (34 A) (Table 3). The determined crystallite
diameter was thereby comparable or smaller than
the microfibril diameter.

The results for cellulose content and crystallinity
of the five samples are presented in Table 4 and
compared in Figure 5. The corn stover and the
hemp fibres are both plant-based and showed a

high cellulose crystallinity of 90-100 g/100 g cel-
lulose (full drawn line in Figure 5).

The Norway spruce sample had a cellulose
crystallinity of 67 g/100 g cellulose (Table 4),
which is comparable to previous findings in fresh
Norway spruce (5171 g/100 g cellulose) by X-ray
diffraction (Andersson et al. 2003). The cellulose
crystallinity was on the same level in filter paper
(65 /100 g cellulose) and was also comparable to
the crystallinity of 68 g/100 g cellulose that has
been measured in pine kraft pulp by "C-NMR by
Liitia et al. (2003). The cellulose crystallinity of
wood based materials was thereby found to be on

= Corn stover + Hemp fibres
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® Avicel cellulose -e— Andersson etal 2003

@ Liitiaetal,, 2003
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Figure 5. Sample crystallinity determined by Rietveld refine-
ment compared to the cellulose contents measured by strong
acid hydrolysis. The relationship for plant based materials (full
drawn line) and the relationship for wood based materials
(dotted line) are shown.

Table 4. Cellulose crystallinity (g/100 g cellulose) and contents (g/100 g dry matter) of cellulose, crystalline cellulose, amorphous
cellulose and residual material, measured by the optimal methods: Strong acid hydrolysis and Rietveld refinement.

Material Cellulose Cellulose Sample Amorphous Residual content
erystallinity content crystallinity cellulose content
2/100 g cellu. g/100 g DM 2/100 g DM 2/100 g DM

Corn stover 100 33 33 0 67

Norway spruce 67 49 3 16 51

Hemp fibres 96 63 60 3 37

Filter paper 68 84 57 27 16

Avicel cellulose 47 87 41 46 13

MNorway spruce” 51-71 45 23-32 13-22 55

Pine kraft pulp” 68 76 52 24 24

“Andersson et al. (2003): Fresh Norway spruce analysed with X-ray powder diffraction and calculated with the Ruland -Vonk
method."Liitia et al. (2003): Norway spruce pulp analyzed with "C-NMR.
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the same level, when determined by X-ray dif-
fraction and by '*C-NMR, and the pulping pro-
cess had only slight effect on the cellulose
crystallinity. The present data as well as the liter-
ature data are shown in Figure 5 and related by
the dotted line, indicating a cellulose crystallinity
of 60-70 g/100 g cellulose.

The Avicel cellulose originating from unspeci-
fied plant fibres had a low cellulose crystallinity
(47 g/100 g cellulose), which shows that the very
fine milling and hydrolysis during the cellulose
purification decreased the cellulose crystallinity
(Figure 5), compared to the plant fibres.

It should be mentioned that the improved
methods for determination of cellulose content
and cellulose crystallinity are fundamental for
further investigations on how the cellulose micro-
structure affects the fibre strength and the enzy-
matic hydrolysis of cellulose to glucose. According
to this investigation, the cellulose crystallinity is
90-100 g/100 g cellulose in plant-based fibres and
6070 g/100 g cellulose in wood based fibres
(Figure 5). Corn stover is a promising raw mate-
rial for ethanol production and hemp [ibres are
interesting for fibre production. The high crystal-
linity in corn stover indicates that enzymatic
hydrolysis for bioethanol production requires a
high dosage of exoglucanase enzymes. The high
content of cellulose and high crystallinity in hemp
fibres indicates a high performance for strong
composites.

Conclusions

e Among the investigated techniques, the best
experimental mode was reflection geometry for
the X-ray diffraction experiments to avoid air
scattering, and using side-loaded samples to
reduce the effect of preferred orientation.

e The Rietveld method was preferred for sample
crystallinity determinations, since it took full
account of the overlapping and widely broad-
ened diffraction peaks of cellulose and gave
consistent results.

® An accurate method for determination of the
cellulose content is needed for determination of
the cellulose crystallinity (g/g cellulose) in plant
fibres. Strong acid hydrolysis followed by
chromatographic measurement of monomers
was chosen as the best of the tested methods.

Risg-PhD-11
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e According to the novel methods, plant based
materials have cellulose crystallinity of 90-
100 g/100 g cellulose and wood-based materials
have 60-70 g/100 g cellulose.

e Reliable methods for the determination of
cellulose content and cellulose crystallinity are
fundamental for further investigations on how
the cellulose microstructure affects the fibre
strength and for the development of methods
for enzymatic hydrolysis of the cellulose.
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ABSTRACT

Aligned epoxy-matrix composites were made from hemp fibres defibrated with the fungi
Phlebia radiata Cel 26 and Ceriporiopsis subvermispora previously used for bio pulping
of wood. The fibres produced by cultivation of P. radiata Cel 26 were more cellulose
rich (78% w/w) than water-retted hemp due to more degradation of pectin and lignin.
Even though the crystalline cellulose content in the fibres remained intact during water
retting, the fibre bundle strength decreased, which shows that degradation of other
components like pectin reduced the fibre strength. The defibrated hemp fibres had higher
fibre stiffness (88-94 GPa) than the hemp yarn (60 GPa), which the fibre twisting in
hemp yarn might explain. Even though mild processing was applied, the obtained fibre
strength (643 MPa) was similar to the strength of traditionally produced hemp yarn (677
MPa). The fibre strength and stiffness properties are derived from composite data using
the rule of mixtures model. The hemp fibre tensile strength increased linearly with
cellulose content to 850 MPa for pure cellulose. The fibre stiffness increased also versus
the cellulose content and cellulose crystallinity and reached a value of 125 GPa for pure
crystalline cellulose.

KEY WORDS

A: Phlebia radiata Cel 26, Ceriporiopsis subvermispora
B: Fibre composition, cellulose crystallinity

C: Epoxy-matrix composites, mechanical properties
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INTRODUCTION

Previous studies have indicated that plant fibres used with aligned fibre arrangement in
composite materials have good potential as reinforcement agents due to their low density
and high stiffness (Joseph et al., 1996; Hepworth et al., 2000a, 2000b; Hautala et al.,
2004). Hemp fibres are an obvious choice among plant fibres due to their high cellulose
content, which is expected to result in higher fibre strength (Klinke et al., 2001).
Cellulose is of major interest since it is a partly crystalline polymer with potentially high
strength (8 GPa; Lilholt & Lawther, 2000). However, the strength of elementary hemp
fibres is only 800-2000 MPa (Madsen et al., 2003) and the effective fibre strength is in
some cases further reduced when the fibres are used as reinforcement in composite
materials (500-700 MPa; Mieck et al., 1996; Madsen & Lilholt, 2003). It is suspected
that the fibre damage introduced during processing of hemp for making yarn and finally
composite processing decreases fibre strength. It is therefore of interest to determine the
potential for hemp fibres in composites using mild processing conditions to reduce fibre
damage.

Parenchyma cells rich in pectin and hemicellulose are located between the fibre bundles
(Garcia-Jaldon et al., 1998) and bind the hemp bast onto the stem surface. This binding
must be degraded by defibration before fibres useful for strong composites can be
obtained (Thygesen et al., 2005a). A common defibration method is water retting, in
which the hemp is placed under water and attacked by microorganisms originating from
the stem surface (Rosember, 1965; Meijer et al., 1995). However bacteria and fungi
producing cellulose-degrading enzymes will be present and degrade parts of the fibre
cellulosic material. Defibration with pectin-degrading enzymes has also been tested on
hemp fibres and found incapable of epidermis degradation. This insufficient and rather
irregular defibration process results in very rough fibre bundles (Thygesen et al., 2002).
Steam explosion has also been tested resulting in fibres with increased cellulose content
of 80 g/100 g dry matter (DM) (Thygesen, 2006). However, very short fibre bundles
were obtained, that were difficult to align. In addition the high temperature (185°C) and
rapid pressure release during steam explosion caused mechanical and thermal damage to
the fibres resulting in lower tensile strength (Madsen et al., 2003). Biological defibration
methods have the disadvantage of being slow (5 — 14 days) but an advantage of forming
long fibre bundles that are easy to align. Defibration of hemp with defined filamentous
fungi has the advantage of producing a specific attack of chemical components in the
fibres. Also fungi form hyphae, which can penetrate the epidermis and release enzymes
at the sites for desired degradation, resulting in a targeted attack. For example, bio-
pulping of wood has been performed using the white rot fungus Ceriporiopsis
subvermispora (Akhtar et al., 1992) and various fungi have been used for defibration of
flax (Henriksson et al., 1997), but the produced fibres have not been tested as
reinforcement agents in composite materials.

In this study, aligned hemp fibres were used in composites to investigate the effects of
defibration on fibre tensile strength and stiffness. Epoxy was used as matrix material in
the composites since it reacts with hydroxyl groups on the plant fibres resulting in
covalent fibre-matrix binding (Obrien & Hartman, 1971) although this reaction may be
partly hindered by a waxy film on the fibre surface (Bos et al., 2004). When the
composites were characterised, the air-filled voids (porosity) were taken into account in
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the calculation of volume fractions of matrix and fibres and the determination of fibre
strength and stiffness. The hemp fibres were produced by biological defibration
procedures since these are expected to be physically and thermally mild compared with
steam explosion. The fibres were peeled from the hemp stems by hand to avoid
mechanical decortication, which is expected to damage the fibres. Hemp fibres were
defibrated by the fungi Phlebia radiata Cel 26 and C. subvermispora and by water
retting and finally compared with raw hemp bast. P. radiata is a white rot fungus, which
can perform simultaneous degradation of cellulose, hemicellulose, lignin and pectin. In
contrast, the mutant P. radiata Cel 26 does not appear to degrade cellulose to any
significant degree (Nyhlen & Nilsson, 1987; Thygesen et al., 2005a). Fungal incubations
were followed by investigation of the fibres with light microscopy and by analysis of the
nutrient poor growth medium. Commercial hemp yarn was used as traditionally
produced fibres and compared with the mildly defibrated hemp fibres. The chemical
composition, crystallinity and tensile strength of the defibrated hemp fibres were
measured to correlate the fibre properties with the obtained composite data.

MATERIALS AND METHODS

Raw materials

Hemp (Cannabis sativa L., cultivar Felina 34) was grown in Denmark and the middle
sections of the stems were used directly for peeling of fibres or defibration (Thygesen et
al., 2005a). Hemp yarn with a tex-value of 47 g/km was used [Linificio e Canapificio
Nazionale, Italy]. A low viscosity epoxy system (SPX 6872 & SPX 6873; LM-Glasfiber
A/S) that incorporates a slow hardener was used as matrix material with a density of
1.136 g/em’.

Defibration of hemp and preparation of fibres for composites

Raw hemp bast of 1-4 mm width was peeled by hand from 25 cm long hemp stem
pieces. The bast was then wetted in water and aligned before vacuum drying (Hepworth
et al., 2000a). Water retting was performed with 20 kg hemp stems in 750 litre water at
35°C for 4 days. Water retted hemp fibres were separated from the stem core, wetted in
water and aligned followed by vacuum drying. The fungi Ceriporiopsis subvermispora
(Akhtar et al., 1992) and Phlebia radiata Cel 26 (Nyhlen & Nilsson, 1987), used for
fungal defibration, were stored and pre-cultivated on 2 % (w/v) malt agar plates at 20°C.
For inoculation, mycelia from one agar plate was homogenised into 100 ml water. Water
containing 1.5 g/l NH4NOs, 2.5 g/l KH,POy, 2 g/l K;HPOy, 1 g/l MgSO,4-7 H,O and 2.5
g/l glucose was used as growth medium in the cultivation experiments (Thygesen et al.,
2005a). The cultivation experiments were performed on small, medium and large scale
(Table 1). The growth medium and hemp stem pieces were sterilised in rectangular glass
containers at 120°C for 30 min. When the containers were cooled to ambient
temperature, the mycelia suspension was added aseptically and the cultivation
experiments were conducted at 28°C for 7-31 days. Following fungal defibration, the
hemp stem pieces were brushed in water to remove epidermal and fungal material from
the stem surface and to separate the fibres from the woody cores of the stems. Fibres
from 100 g hemp stems were boiled for 5 minutes in 400 ml neutral detergent containing
3 g/l sodium dodecyl sulphate, 1.86 g/l EDTA (C;oH4N,Na,05:2H,0), 0.455 g/l
Na,HPO,, 0.68 g/l sodium tetraborat (Na,B;07-10H,O0) and 1 ml/l
ethylenglycolmonoethylether (Goering and van Soest, 1970) to obtain clean fibres and
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kill the fungus. The fibres were thereafter washed in water and aligned into a planar
sheet followed by vacuum drying. The yield of fibres from the original hemp stems was
determined by 2-3 repetitions at the small, medium and large scale.

Table 1. Overview of the experimental conditions used for fungal defibration of hemp
and for water retting of hemp

Hemp Stem length  Mycelium  Medium? Time Dry matter
¢ DM' cm ml days g/l medium

Fungal defibration

Small scale 54 6 10 75 ml NS 7-31 72
Medium scale 45 6 70 625 ml NS 14 72
Large scale 90 25 140 1000 mINS 14 90

Other methods

Water retting 20000 25 None 750 | water 4 27
1: DM = Dry matter

2: NS = Nutrient solution as a growth medium

Analysis of the culture broth and the plant fibres

In the fungal culture broth solution, the peroxide content was measured with an analysis
stick placed for 1 sec in the solution. The stick was withdrawn from the solution; after 5
sec the content of H,O, was measured on a colour scale [Peroxide 100; Quantofix at
Macherey-Nagel in Germany]. The pH-value of the culture broth was measured using a
pH-electrode.

Determination of cellulose crystallinity in the plant fibres was done by X-ray diffraction.
The raw fibre samples were cut into small pieces in a knife mill with a 0.5 mm sieve.
The milled samples (0.5 g) were wetted with distilled water and side loaded into a
sample holder to reduce the effect of preferred orientation and thereby get the correct
ratio between the diffraction peak areas. The samples of 2 mm thickness were air dried
overnight before the diffractograms were recorded. The cellulose crystallinity was
measured with X-ray diffraction in reflection mode. A Philips PW1820/3711
diffractometer with Bragg-Brentano scattering geometry, copper K,-radiation and
automatic divergence slits was employed. Data were collected in the 20-range 5° — 60°
with a step size of 0.02° and a counting time of 20 sec per step. The reflection mode
intensities were corrected for the effects of the automatic divergence slit. The
diffractograms were divided into crystalline and amorphous contributions by Rietveld
refinement. The crystalline diffraction was fitted with the diffraction pattern of Cellulose
IB and polynomial fitting was used to determine the amount of amorphous diffraction
from amorphous cellulose, hemicellulose, lignin, pectin and ashes (Thygesen et al.,
2005b).

Before the comprehensive plant fibre analysis, the samples were milled into particles that
could pass a 1 mm sieve. This plant fibre analysis method is a gravimetric method for
fibres from agricultural plants and wood (Browning, 1967; Thygesen et al., 2005b).
Double repetition was used with 4 g fibers passing through the procedure. At first wax
was Sohxlet extracted in chloroform for 1 h. Water-soluble components were extracted
in 400 ml water for 30 minutes at 25°C. Pectin was extracted in 300 ml 3% EDTA
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solution (pH 4) for 4 h at 85°C. Lignin was oxidized and extracted in chlorite solution
for 1 h at 75°C (300 ml water+10 g NaClO,+1 ml 100% acetic acid). Hemicellulose was
extracted in 100 ml 12% NaOH+2% H;BO; solution for 90 minutes at 25°C. After each
step the suspension was filtrated on pre-weighed glass filters and the filter cake washed
in water. The contents were determined from the dry matter loss in the extraction steps
by drying overnight at 60°C and weighing after each step. The mineral content was
determined by incineration of 1 g raw sample at 550°C for 3 h.

Tensile tests on fibre bundles (15 mm long /) were done with a 3 mm test span /g, at a
strain rate of 1.7x10™ s™ using an Instron 5566 with pressley clamps [Type: Stelometer
654 from Zellweger Uster] (Thygesen et al., 2005a). Following fracture the fibre pieces
of 15 mm were weighed wy. The number of repetitions was at least 13 for each sample.
The failure stress oy, was calculated based on the failure force F;, and the fibre density

pf:

F . : _
o, = fu =F, x r Py Equation 1
’ Af ’ w,

The fibre density for the investigated hemp fibres and hemp yarn is 1.58 g/em’® (Madsen
2004; Thygesen 2006). The maximum density for pure and fully crystalline cellulose is
in the range 1.61 to 1.64 g/cmS, based on crystallographic information (Nishiyama et al.,
2002; Thygesen et al., 2005b).

Preparation of composites

The fibre bundles of 6 — 25 cm length were wetted in water and aligned by carting with a
comb. In cases of short fibre pieces (6 cm), the aligned fibres were placed on top of each
other in three layers with different fibre-end positions to allow stress transfer between
the fibres and reduce movement of the fibres in the epoxy flow when the lay-up was
being compressed. The hemp yarn composites were made both by hand carting and
filament winding (Madsen & Lilholt, 2003). The fibre content in the composites was
controlled by the displacement rate during winding. The frame was displaced at a rate
that allowed 11 rotations/cm. The epoxy resin (SPX 6872) and hardener (SPX 6873)
were mixed in a ratio of 100 g resin to 36 g hardener and poured over the fibres and left
for 5 — 10 minutes to allow impregnation. Spacers of 1.5 mm thickness were used to
control the laminate thickness. Tape was placed beside the fibres to avoid fibre
movement. Finally, a steel plate was placed on the mould and excess resin with air
bubbles was squeezed out with clamps. The lay-up was pre-cured at 40°C for 16 hours
and thereafter cured at 120°C for 6 hours.

Analysis of the composites

Standard dumb-bell-shaped tensile test specimens (180 x 20 mm with gauge section of
25 x 15 mm) were cut from the laminates. Tensile tests were performed at room
temperature on an Instron machine with crosshead speed of 1 mm/min. The strain was
measured with two extensometers placed on each side of the test specimens.

Composite structure and fibre bundle size were investigated by SEM-microscopy.
Composite pieces were polished on the side perpendicular to the fibre direction using
wetted silicon carbide paper [Struers, Denmark] in a series of decreasing roughness
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(P#320 for 0.5 min, P#500 for 1 min, P#1000 for 2 min and P#4000 for 4 min). Air-dried
pieces were sawed into 4 mm long pieces, mounted on stubs using double-sided
cellotape and coated three times with platinum [Agar high resolution sputter coater]. The
coated samples were observed using a Philips XL30 ESEM scanning microscope. The
fibre bundle transverse section area was determined with Image Pro software.

Calculation of composite composition and mechanical properties

The laminate volumes v, were calculated based on average values of the thickness ¢,
measured at 15 points, the length /. measured at 3 points and the width b, measured at 3
points, where the subscript ¢ denotes composite.

v, =t,xb xI Equation 5

The fibre weight in the laminates wy were calculated from the weight of fibres wyq, in
the prepared laminate with fibre length /;y,,,. The fibre length was reduced from I, to
l., when the laminates were cut into specimen length (/=18 cm). The subscript /' denotes
fibres.

[ .
We =W, on X l—c Equation 6a

f,start

In the composites with wound yarn (filament), wy was calculated using the number of
rotations/cm frame displacement #,, number of filaments pr. rotation n, and the filament
linear density Tex

w, = (2nr xb, x ns)x (Tex X l(,) Equation 3b
The matrix weight w,, was calculated based on w, and wy, where the subscript m denotes
matrix.

W, =W, =W, Equation 7

The volume fractions of matrix ¥, and fibres /'y were calculated based on the densities of
matrix p,, and of fibres (o = 1.58 g/cm’; Madsen, 2004; Thygesen, 2006).

w, :
Vf = Equation 5a
pfvc
w
Vv, =—= Equation 5b
pmvc

Assuming that on a macroscopic scale a composite material can be divided into three
components, fibres, matrix and porosity, the volume fraction of porosity ¥, (p denotes
porosity) can be calculated as

V,=1-V, -V, Equation 6

The composite strain exerted during tensile testing & was calculated as the average of two
extensometer recordings. The tensile strength (ultimate stress) o, and stress during
testing o, were calculated as:
_F
L=
bC x tC

o Equation 7a

The stiffness (E-modulus) of the composites E. was calculated by linear regression of o,

versus £ between 0% and 0.1%.
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do
E = ( "j Equation 7b
de )._o-01%

Pure epoxy sheets were tested to obtain a stress-strain curve for the matrix material,
which was fitted to a second order polynomial, giving E,=2.93 GPa and /=32.5 GPa
(Figure ):

o, (6‘) =E xe—kxé&’ Equation 8

The fibre strength o5 was calculated with the rule of mixtures using the matrix stress o,
at the strain of composite failure &, and the fibre stiffness £y was calculated using E,,
(Hull & Clyne, 1996). With porosity in the composites, o, and E, are reduced to a larger
extent than caused by the reduction of Vr and V,,; this is due to the potential stress
concentrations originating at the porosities, and is taken into account by the term (1-7,)"
(Toftegaard & Lilholt, 2002). Based on detailed investigation of the composites in this
study, it was chosen to use n,=2.1 and ng=1 for correction for porosity (Thygesen, 2006).
The fibre strength oy, and the fibre stiffness Eyare thus calculated from Equation 9.

O = (V/ X0 g + Vm X0y (gu )Xl - Vp )”n =0y (1 - Vp )n” hnd O = e — V”l o (8” ) Equation %

Vf
E -V xE .
Ec = (V/ X E./' + Vm X mel - prﬁ = Ecp(l - Vp)nﬁ A E./' = Wimxm Equation 9b
f
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Figure 1. Stress versus strain for epoxy sheets and composites with 33% (v/v) P. radiata
defibrated hemp fibres, to show the fracture strain (g,) and stress (c) of matrix (c,),
composite (c.,) and fibres (o).
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RESULTS

The effect of defibration on hemp fibres

The defibration of hemp by cultivation of P. radiata resulted in hemicellulose, pectin
and lignin degradation, and the cellulose content in the fibres increased to 78% after 14
days of cultivation (Table 2). The content of crystalline cellulose in the fibres increased
from 60 to 66 g/100 g dry matter (DM) due to the increased cellulose content after the
fungal cultivation (Table 2). However the cellulose crystallinity decreased from 94 to 84
g/100 g cellulose due to conversion of crystalline cellulose into its amorphous form. The
recovery of cellulose was 87% after 14 days using medium scale cultivation (Table 3) so
there appeared to be decay of crystalline cellulose. Using small-scale experiments for 31
days there was no further cellulose decay due to the constant fibre yield (Table 3).
Previous observations with transmission electron microscopy have also shown the fibre
wall to remain intact (Thygesen et al., 2005a). The fibre bundle strength was reduced
from 950 MPa in raw hemp bast to 820 MPa after the fungal defibration (Table 2).

The defibration of hemp fibres by cultivation of C. subvermispora resulted in cellulose
degradation as shown by the cellulose recovery of 87% after 14 days cultivation (Table
3) and by further reduction of the fibre yield after 31 days cultivation (Table 3). The
fungus formed a lot of mycelia above the water surface, while hemp stem pieces below
the surface were not colonised and the obtained cellulose content was 72% (Table 2).
The fungus grew well with low and medium scale cultivation resulting in reduction of
pH from 6 to 4.6 (Table 3). The fibre bundle strength was reduced by the cultivation to
780 MPa (Table 2). At large-scale cultivation, sterilisation was insufficient resulting in
lower fibre yield after 14 days cultivation (27 g/100 stem) and unchanged pH in the
culture broth (Table 3).

Lignin degradation was obtained during the cultivation of P. radiata on the hemp due to
peroxidase enzymes, as suggested by the presence of H,O, in the cultivation broth (Table
3). Smaller hemp fibre bundles were also obtained by cultivation of P. radiata
(3x10°um?) than by water retting and by C. subvermispora cultivation (Table 2), due to
the greater degradation of the lignin rich middle lamellaec between the fibres. Water
retting was a faster process than fungal defibration (Table 1) due to the lacking of
sterilisation and the higher temperature (35°C). However, a more variable quality was
obtained due to inhomogeneous colonisation by bacteria and fungi resulting in lower
fibre bundle strength (590 MPa, Table 2) and unchanged cellulose crystallinity (Figure
3).
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Table 2. Chemical composition, structural properties and strength in fibres from hemp

Raw hemp Hemp fibres defibrated with: Hemp yarn
bast Water retting  C. sub. P. rad.
Chemical composition
Cellulose % wiw 64 74 72 78 83
Hemicellulose % wiw 15 12 14 13 11
Lignin Y%ww 4 5 5 3 1
Pectin %ww 6 3 4 2 1
Water soluble Y%wiw 6 3 3 3 1
Wax % wiw 1 2 1 1 2
Ash Y%ww 4 2 2 1 1
Structure and strength
Sample crystallinity % w/w 60 68 63 66 68
Cellulose crystallinity % w/w 94 92 88 84 82
Fibre bundle 10° um?* 160 10 50 3 1
transverse section
Fibre bundle strength MPa 950 £230 590+ 260 780+ 170 820+ 100 660+ 100

Notes: - 14 days at medium scale (Table 1).

- Comprehensive fibre analysis used for determination of chemical composition.

Sample crystallinity

- Cellulose crystallinity =

Cellulose content
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Figure 2. Yield of hemp fibres after small-scale cultivation with P. radiata and C.

subvermispora versus time.
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Figure 3. Sample crystallinity determined by Rietveld refinement compared to the
cellulose content measured by comprehensive fibre analysis. The relationship for plant
based materials (full drawn line) and wood-based fibres (grey dotted line) are shown.
The black dotted line shows the tendency for decreasing cellulose crystallinity versus the
cellulose content in the fungal defibrated hemp fibres.

Table 3. Process results obtained by fungal defibration of hemp and by water retting of
hemp

Fibre yield' Cellulose recov.”> pH® H,0,

g/100 g /100 g mg/l
Fungal defibration

C.sub. P.rad. C.sub. P.rad. C.sub. P.rad. C. sub. P. rad.
Small scale 30/75  27/70 85 85 4.6 5.0 Not analysed
Medium scale 30/78  28/71 87 87 5.1 52 0 1-5
Large scale 27/70  23/58 79 71 6.8 4.9 0-1 1-5
Standard dev. 1.5/3.8 2.1/52 4.2 6.4 0.14 0.15
Other methods
Water retting ~ 27/68 79 Not analysed Not analysed

1: Fibre yield (g fibres/100 g stem)/(g fibres/100 g raw bast)

" Cellulose recovery (g cellulose/100 g cellulose in raw bast) = Cellulose content in treated fibres x Fibre yield

Cellulose content in raw hemp
3: pH = 6.310.3, in the growth medium when the fungal cultivation experiments were started.
4: Standard deviation was calculated as a pooled estimate based on 2-3 repetitions for small,
medium and large scale.

Composition of the obtained composites

The obtainable fibre content in the composites decreased versus the fibre bundles
transverse section area from 35% v/v with hemp yarn of 1><103urn2 to 26% v/v with raw
hemp bast of 160x10°um® (Table 2; Table 4). This was due to the more uniform
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transverse section of the small hemp yarn fibres and P. radiata defibrated hemp fibres as
shown in Figure 4c-d. The larger raw hemp fibres and water retted hemp fibres had a
more irregular structure and could therefore not be packed so tightly (Figure 4a-b).

The porosity content in the composites was 2 — 6% v/v with hemp yarn, 2 — 5% v/v with
fungal defibrated hemp fibres and 5 — 9% v/v with water retted hemp (Table 4). The data
for detailed measurements of V¢ and V,, are shown in Figure 5. The porosity content
generally increased with increasing fibre content, due to the fibre lumens and to voids at
the fibre-matrix interface. Porosity was present to the highest extent in the composites
reinforced with raw hemp bast and in the composites with water retted hemp fibres, due
to the long distance of epoxy penetration through the epidermis on the fibre bundle
surface (Figure 4a-b). This resulted in incomplete impregnation of the fibre bundles
resulting in gaps between the matrix and the fibres and within the fibre bundles. Smaller
and fewer gaps were found in the composites with hemp yarn and with fungal defibrated
hemp fibres for which the epidermis had been removed, as seen by scanning electron
microscopy in Figure 4c-d. The epoxy seemed therefore to impregnate these fibres
better, resulting in lower porosity content.

Table 4. Physical and mechanical properties of the laminates reinforced with the
defibrated hemp fibres and hemp yarn. Consideration of porosity was done with n.=2.1
for the composite tensile strength 6., and ng=1.0 for the composite stiffness E..

Fibre type and V-obt V,range g-average — Gp-average  Gg° E
defibration % v/v % v/v % MPa MPa GPa
Raw hemp bast Lay-up 26 6-7 0.9 23 535+ 117 78=x12
Water retted hemp  Lay-up 31 5-9 0.7 19 586+ 108 88+ 12
C. sub. defibrated  Lay-up short 28 3-5 0.7 18 434 + 63 77 £15
hemp Lay-up” 536 88
P. rad. defibrated  Lay-up short 2-4 0.8 22 521 £80 82+13
hemp Lay-up 32 3-5 0.9 25 643111 94=x15
Wound 35 2-6 1.8 43 728 + 44 60+4
Hemp yarn
Lay-up 3-4 1.6 39 677192 61+£7
Norway spruce’' Mature wood 26 74 340 41

1: Mechanical properties for dry Norway spruce (Picea abies), with a bulk density of 0.40 g/cm® and a cell wall
density of 1.50 g/cm® after correction of the bulk tensile strength (88 MPa) and stiffness (11 GPa) for porosity

(Boutelje & Rydell, 1986; Klinke et al., 2001).

2: Values for “Lay-up short” are multiplied by 1.234 for strength and multiplied by 1.144 for stiffness to consider

the effect of short fibre length, see text for details.

3: Standard deviations are determined for the results obtained for the individual test specimens (6 — 8

specimens/laminate) and 3 — 4 laminates/fibre type.
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a: Raw hemp bast

P. rad. treated hemp

Figure 4. SEM microscopy photos of transverse composite sections recorded at low and
high magnification with the defibrated hemp fibres. The small inset pictures have a scale
bar length of 200 um and the background pictures 20 um.

Composite mechanical properties

The tensile strength and stiffness of the fabricated composites, corrected for porosity are
presented in Figure 6 and 7, respectively. The terms 6., and E., are calculated from the
measured strength and stiffness (o, and E.) using n,=2.1 and ng=1 in Equation 9.
Finally, the fibre strength and stiffness determined from o, and E, are calculated from
Equation 9 and presented in Table 4.

Filament winding and hand lay-up were used for preparation of fibre sheets for
impregnation in epoxy leading to the procedures for composite fabrication. These two
fabrication techniques were compared using hemp yarn. The curve for composite tensile
strength versus fibre volume fraction showed a slightly higher slope with the wound
fibres than with the lay-up of fibres (Figure 6a). The calculated fibre tensile strength with
the wound hemp yarn was therefore higher (728 MPa) and also with lower standard
deviation (44 MPa) than with the hand lay-up of hemp yarn (677 £ 92 MPa, Table 4).
The failure strain of these composites were 1.6 — 1.8% and based on this the failure stress
of the epoxy matrix was 39 — 43 MPa (Table 4). For composite stiffness versus the fibre
content, the curves for the wound fibres and the lay-up of fibres showed similar slopes
(Figure a). The determined fibre stiftness did not therefore appear to be much affected by
the preparation method, and the determined fibre stiffness was 60 — 61 GPa (Table 4).
For both fibre tensile strength and stiffness, the standard deviation obtained with hand
lay-up was twice the standard deviation obtained with filament winding.
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Long fibres that pass through the entire test specimen length (18 cm long) were in
general used in the fabricated composites except with the hemp fibres defibrated with C.
subvermispora, which were only obtained as short fibres (6 cm long). The effects of fibre
length on composite strength and stiffness were therefore investigated with the fibres
produced by cultivation of P. radiata obtained at both fibre lengths. The curves for
composite strength versus fibre volume fraction were slightly steeper with long fibres
than with short fibres (Figure 6a). The effective fibre strength was therefore higher when
the long fibres were used than when the overlapping short fibres were used (643
MPa/521 MPa = 1.23, Table 4). This is expected due to the high probability of
composite fracture near the fibre-end positions of the short fibres. The curves for
composite stiffness versus fibre volume fraction were also slightly steeper with long
fibres than with short fibres (Figure 7a). The increase in calculated fibre stiffness when
using long fibres as reinforcement instead of short fibres was 94 GPa/82 GPa = 1.14
(Table 4).

The hemp fibres produced in the fungal cultivation experiments were compared based on
results obtained with composites reinforced with fibres of short length (6 cm). The curve
for composite strength was slightly steeper with the fibres produced by defibration with
P. radiata than with C. subvermispora (Figure 6a). The defibration of hemp by
cultivation of P. radiata resulted therefore in a higher calculated fibre strength (521
MPa) than the cultivation of C. subvermispora (434 MPa) (Table 4). This was in
agreement with the measured fibre bundle strength that was also found to be highest for
the P. radiata defibrated hemp fibres. The curves for composite stiffness versus fibre
volume fraction were also slightly steeper with the fibres produced by cultivation of P.
radiata than C. subvermispora (Figure a). The defibration of hemp with P. radiata
resulted therefore in higher fibre stiffness (82 GPa) than the C. subvermispora
cultivation (77 GPa) (Table 4).

In order to compare the fungal defibrated hemp fibres with water-retted hemp and raw
hemp bast, it was necessary to correct for the effect of short fibre length on the fibre
strength and fibre stiffness. This correction was performed with the ratios previously
determined for hemp fibres that were defibrated using P. radiata (1.23 for fibre tensile
strength and 1.14 for fibre stiffness). These corrected values for the hemp fibres
defibrated by C. subvermispora cultivation are 536 MPa for fibre strength and 88 GPa
for fibre stiffness (Table 4).

For raw hemp bast and water-retted hemp (Figure 6b), the curves for composite strength
versus Vy were less steep than for the hemp fibres produced by cultivation of P. radiata
(Figure 6a). The raw hemp bast and the water-retted hemp fibres had therefore lower
tensile strength of 535 MPa and 586 MPa, respectively than the P. radiata defibrated
hemp (643 MPa) (Table 4). The failure strain of hemp fibre composites except the hemp
yarn composites was 0.7 — 0.9% and based on this the failure stress of the epoxy matrix
was 18 — 25 MPa (Table 4). The highest composite strengths obtained using raw hemp
bast, water retted hemp or P. radiata defibrated hemp, as reinforcement were 122 MPa,
153 MPa and 174 MPa, respectively without consideration of porosity (o). The
composites with hemp fibres produced by cultivation of P. radiata were strongest due to
the low porosity content, the high fibre strength and the higher obtainable fibre content.
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The curves for composite stiffness versus fibre volume fraction were also steeper for the
hemp fibres produced by cultivation of P. radiata (Figure a) than the curves for raw
hemp bast and water retted hemp (Figure b). The raw hemp bast and the water-retted
hemp fibres had therefore lower stiffness of 78 GPa and 88 GPa, respectively than the
hemp fibres produced by cultivation of P. radiata (94 GPa) (Table 4). The highest
composite stiffness obtained using raw hemp bast, water retted hemp or P. radiata
defibrated hemp, as reinforcement were 20 GPa, 26 GPa and 30 GPa, respectively
without consideration of porosity (E.). Cultivation of P. radiata for defibration of hemp
fibres resulted thereby both in the highest composite strength and highest composite
stiffness. Based on obtainable composite strength and stiffness, the best defibration
method was cultivation of P. radiata followed by water retting and then by cultivation of
C. subvermispora. It was determined that the hemp fibres tensile strength and stiffness
were affected by the defibration methods at 90% probability using analysis of variance
(F-test with number of samples = 4 and number of repetitions = 23 for Fy ).

B Raw hemp bast

Vo [% viv]

Figure 5. Porosity content in the composites versus fibre volume fraction.
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DISCUSSION

The defibration of hemp fibres by cultivation of P. radiata resulted in fibres with higher
cellulose content than water retted hemp and pectinase treated hemp (Thygesen et al.,
2002) due to increased degradation of pectin and lignin. The cellulose crystallinity
tended to decrease with the cellulose content obtained by the fungal treatments (Figure
3) showing that during processing part of the crystalline cellulose is converted into its
amorphous form. A similar chemical composition to P. radiata defibrated hemp has been
obtained by wet oxidation (Thygesen et al., 2002; Thomsen et al., 2005), which is also an
oxidative process resulting in decreased cellulose crystallinity (Thygesen, 2006).

The machine winding and hand lay-up techniques resulted in roughly the same
composite strength (Figure 6a), showing that the hand lay-up technique results in the
same optimal fibre alignment generally obtained by machine (Madsen & Lilholt, 2003).
The fibre length was an important parameter for both calculation of the fibre strength and
stiffness due to the high risk of composite failure near the fibre ends, when these are
located in the strained specimen section. Therefore, the calculated fibre strength
decreased by 1.23 times for composites based on the short fibre length (Figure 6a) and
further reduction might occur if the fibre ends are not at random positions.

The fibre strength and stiffness were in general compared based on back calculation
from composite data since this involves identical test specimens, accurate measurement
of the force and accurate measurement of the strain. However this will cause inaccuracy
due to the effect of fibre length and fibre-matrix interface. The advantage with the fibre
bundle tensile test is that the fibre strength is measured in a more direct manner.
However since the test samples are small and of variable size and geometry it was
decided to rely on the composite data.

The composite strength for the laminate with 35% v/v hemp yarn (230 MPa; Figure 6a),
was slightly lower than for flax yarn based composites (251 MPa; Vi = 43% v/v)
(Madsen & Lilholt, 2003). However the calculated fibre strength was lowest in the flax
yarn (575 MPa). The lower strength in composites with P. radiata defibrated hemp
fibres (174 MPa, Figure 6a) was due to the lower cellulose content, the lower fibre
content (32 % v/v) and the lower failure strain of the fibres resulting in lower matrix
stress of 25 MPa compared with 39 — 43 MPa (Table 4). Investigations reported by
Hepworth et al. (2000b) with raw hemp bast and water retted hemp in epoxy-composites
have shown much lower composite strength (80 — 90 MPa) using 20% v/v fibres leading
to a fibre strength of 290 — 340 MPa, which can be due to incomplete fibre alignment.
The composite stiffness has been found to 27 GPa in composites containing 43 % v/v
flax fibres (Madsen & Lilholt, 2003). This corresponds to a fibre stiffness of 58 GPa,
which is close to the stiffness for hemp yarn that was calculated in this study (60 GPa).

Even though the hemp fibres were handled with mild methods like hand peeling and
fungal defibration, a higher calculated fibre strength than 643 MPa was not obtained,
which is similar to the strength of traditionally produced hemp yarn (677 MPa). The
similar results are surprising and indicate that the final fibre strength is not very
dependent on the defibration method applied (Table 4).
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The hemp fibres and the Norway spruce had tensile strength approximately linearly
increasing versus the cellulose content showing that pure cellulose has 850 MPa in
tensile strength (Figure a). Previous investigations by Klinke et al. (2001) have shown
that the strength of pure cellulose is 600 MPa and that the fibre strength increases with
cellulose content squared. The different conclusion in this study is due to that aligned
fibres were used as reinforcement, which makes it easier to calculate the correct fibre
properties than when randomly orientated fibres are used. The determined strength of
pure cellulose was about 10% of the theoretical strength reported by Lilholt (2002).
Therefore, strength reduction seems to occur from the molecular level to the single fibre
level (8000 MPa —1200+400 MPa; Madsen et al., 2003) and from the single fibre level
to the fibre assembly level (1200+400 MPa — 643+111 MPa). Single fibres are
presumably weakened due to flaws like kinks inside the fibres (Bos et al., 2002), weak
interface between the fibre wall concentric lamellae (Thygesen et al., 2005a) and
insufficient binding strength between the reinforcing cellulose, hemicellulose, lignin and
pectin (Morvan et al., 1990). The fibre damage introduced by the fungal defibration is
mainly caused by enzymatic degradation of pectin and lignin. This may lead to
degradation of the inter microfibril bonding in the fibres (Thygesen et al., 2005a).

Fibre assemblies are weakened due to variations in single fibre strength as explained by
Weibull analysis (Lilholt, 2002) describing the fact that the fibre bundle strength is
always lower than the average strength of the same fibres (Coleman, 1958). For flax and
cotton fibres, the bundle efficiency has been found as 0.46 — 0.60 indicating that the
effective strength of many fibres in for example a composite is roughly half the single
fibre strength (Bos et al., 2002; Kompella & Lambros, 2002). It has also been suggested
that mild handling and defibration result in high single fibre strength but with larger
scatter, counteracting the higher fibre strength in fibre assemblies (bundles) (Bos et al.,
2002). These facts explain the similar strength in the composites with traditionally
produced hemp yarn and mildly defibrated hemp fibres. This investigation shows thereby
that the effective fibre strength is 677 MPa in hemp yarn and 643 MPa in the P. radiata
defibrated hemp fibres (Table 4) which is within a narrow range, and high compared to
literature data on hemp fibres (300-800 MPa) and similar to literature data for flax fibres
(500-900 MPa) (Lilholt & Lawther, 2000).

Fibre stiffness increased with the cellulose content in the fibres obtained by the fungal
defibration and water retting. A linear dependence on the crystalline cellulose content
could be established (Figure 8b). The hemp yarn had lower stiffness than implied from
the cellulose content, which may be due to the high twisting angle introduced during the
spinning process. It has been stated, that increasing twisting angles decrease fibre
stiffness (Page et al., 1977). The wood fibres had lower stiffness, which can be explained
by the low cellulose crystallinity (60 — 70%) compared with the hemp fibres (90 — 100%)
(Figure 3; Thygesen et al., 2005b). Amorphous cellulose, hemicellulose, lignin and
pectin are expected to have lower stiffness than crystalline cellulose, which are linear
molecules orientated in the test direction resulting in high stiffness. In contrast, the plant
fibre stiffness appeared to increase linearly versus the cellulose content to 125 GPa for
pure crystalline cellulose.
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This investigation showed that the effective fibre stiffness is 61 GPa in hemp yarn and
94 GPa in the P. radiata defibrated hemp fibres (Table 4) which is high compared to
literature data on hemp fibres (30-60 GPa), flax fibres (50-70 GPa) and glass fibres (72
GPa) (Lilholt & Lawther, 2000). The high stiffness and low density of the defibrated
hemp fibres compared with glass fibres makes hemp a good alternative to glass fibres for
material construction.
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are indicated.

Risg-PhD-11 139



CONCLUSIONS

Cultivation of P. radiata Cel 26 on hemp stems resulted in fibres with higher cellulose
content than water retting of hemp due to more effective degradation of pectin and
lignin. The cellulose crystallinity tended to decrease with the cellulose content obtained
by the fungal treatments showing that during processing part of the crystalline cellulose
is converted into its amorphous form.

Even though the hemp fibres were handled with mild methods like hand peeling and
fungal defibration, a fibre strength higher than 643 MPa was not obtained, which is
similar to the strength of traditionally produced hemp yarn (677 MPa). The fibre strength
and stiffness properties were derived from composite data using the rule of mixtures
model.

The effective fibre stiffness was 94 GPa in the P. radiata defibrated hemp fibres which is
high compared to literature data on flax - (50-70 GPa) and glass fibres (72 GPa). The
high stiffness and low density of the defibrated hemp fibres compared with glass fibres
makes hemp a good alternative to glass fibres for material construction.

The calculated plant fibre strength appeared to be linearly dependent on cellulose content
and independent on cellulose crystallinity and microfibril angle. Pure cellulose had the
estimated effective strength 850 MPa that is about 10% of the strength on the molecular
level.

The calculated plant fibre stiffness appeared to increase linearly with cellulose content,
decrease with microfibril angle and increase with cellulose crystallinity. Pure crystalline
cellulose had an estimated stiffness of 125 GPa.
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