SpringerBriefs in Molecular Science

Biobased Polymers

Series editor

Patrick Navard, CNRS/Mines ParisTech, Sophia Antipolis, France



Published under the auspices of EPNOE*Springerbriefs in Biobased polymers
covers all aspects of biobased polymer science, from the basis of this field starting
from the living species in which they are synthetized (such as genetics, agronomy,
plant biology) to the many applications they are used in (such as food, feed,
engineering, construction, health, ...) through to isolation and characterization,
biosynthesis, biodegradation, chemical modifications, physical, chemical, mechan-
ical and structural characterizations or biomimetic applications. All biobased
polymers in all application sectors are welcome, either those produced in living
species (like polysaccharides, proteins, lignin, ...) or those that are rebuilt by
chemists as in the case of many bioplastics.

Under the editorship of Patrick Navard and a panel of experts, the series will
include contributions from many of the world’s most authoritative biobased
polymer scientists and professionals. Readers will gain an understanding of how
given biobased polymers are made and what they can be used for. They will also be
able to widen their knowledge and find new opportunities due to the multidisci-
plinary contributions.

This series is aimed at advanced undergraduates, academic and industrial
researchers and professionals studying or using biobased polymers. Each brief will
bear a general introduction enabling any reader to understand its topic.

*EPNOE The European Polysaccharide Network of Excellence (www.epnoe.eu)
is a research and education network connecting academic, research institutions and
companies focusing on polysaccharides and polysaccharide-related research and
business.

More information about this series at http://www.springer.com/series/15056


https://www.epnoe.eu/
http://www.springer.com/series/15056

Majda Sfiligoj Smole - Silvo Hribernik -
Manja Kureci€ - Andreja Urbanek Krajnc -
Tatjana Kreze - Karin Stana Kleinschek

Surface Properties

of Non-conventional
Cellulose Fibres

@ Springer



Majda Sfiligoj Smole

Faculty of Mechanical Engineering
University of Maribor

Maribor, Slovenia

Manja Kureci¢

Faculty of Mechanical Engineering
University of Maribor

Maribor, Slovenia

Tatjana Kreze

Faculty of Mechanical Engineering
University of Maribor

Maribor, Slovenia

Silvo Hribernik

Faculty of Mechanical Engineering
University of Maribor

Maribor, Slovenia

Andreja Urbanek Krajnc

Faculty of Agriculture and Life Science
University of Maribor

Hoce, Slovenia

Karin Stana Kleinschek

Faculty of Mechanical Engineering
University of Maribor

Maribor, Slovenia

ISSN 2191-5407 ISSN 2191-5415 (electronic)
SpringerBriefs in Molecular Science

ISSN 2510-3407 ISSN 2510-3415  (electronic)
Biobased Polymers

ISBN 978-3-030-10406-1 ISBN 978-3-030-10407-8 (eBook)
https://doi.org/10.1007/978-3-030-10407-8

Library of Congress Control Number: 2018965435

© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2019

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-10407-8

Contents

1

2

3

Introduction . . . . ... ... ... 1
References. ... ... . . . ... 3
Anatomy of Plant Fibres . . ... ... ...... ... ... .. ... ... .... 7
2.1 Morphological Characteristics of Technical
and Ultimate Plant Fibres . . . .. ....... ... ... ... ........ 10
2.2 Crystalline—Amorphous Structure of Different
Types of Cellulose Fibres. .. ......... ... ... ... ... .... 12
References. .. ... ... . . . 14
Non-conventional Plant Fibres . . . . .. ... ... ... ... ......... 17
3.1 Dicotyledonous Fibre Plants . . . .......................... 19
311 Quinoa . ... 19
312 Nettle . ..o 20
3,13 Mulberry. . ... 21
304 HOD - 23
3.1.5 The Fibre Plants of the Pea Family ................. 24
3.1.6  Loofah ........ ... .. ... .. 27
307 OKra. .. 28
3.1.8  Babylon Willow . . ....... .. ... . ... ... ....... .. 28
3.1.9 0 Cassava ... 29
3110 Khimp ..o 30
3.1.11 Balm-Leaved Archangel ......................... 30
3.2 Monocotyledonous Fibre Plants .. ........................ 31
32,1 Agave. . ... 31
3.2.2  Fibre Plants of the Palm Family (Arecaceae)........... 32
323 Cotton GrasS. . . .. ..ov e 34
3.24  Fibre Plants of the Grass Family (Poaceae)............ 34
References. .. ... . . ... . 41



vi

Contents
Structure and Properties of Non-conventional Cellulose Fibres . . . .. 49
4.1 Chemical Composition of Non-conventional Cellulose Fibres . . . . . 49
4.2 Surface Properties .. ........... ... . . 52
4.2.1  Surface Morphology . .......... . ... ... ......... 52
422  Sorption Properties . ................ .. . .. ... ... 54
References. .. ... ... .. . . ... 57
Cellulose Nanofibres . . . .. ........ .. ... ... ... ... ... ... .. ... 61
5.1 Non-wood Lignocellulosic Sources for CNCs .. .............. 64
References. . ... ... . . 69
Preparation of Cellulose Nanocrystals CNC from Nettle,
Weeping Willow, Balm-Leaved Archangel, Lucerne
and Spanish Broom . ............ ... ... ... ... ... ... ... .... 73
6.1 Extractionof Fibres . . .............. ... ... .. ... ... .. ... 74
6.2 Fibres’ Properties . . . .. ... 76
6.2.1  Mechanical Properties . .......................... 76
6.2.2  Morphological Properties . . . ...................... 77
6.2.3  Structural Characteristics . .. ...................... 79
6.3 Preparation of CNC . ... ... ... ... . ... .. . ... 81
6.3.1  Surface Morphology of Nano-Crystalline Cellulose . . . . . . 81
6.3.2  Properties of Nano-Crystalline Cellulose . . .. .......... 84
References. ... ... . . ... 85
Conclusion . . ... . .. 87

References. . . ... ... . 88



About the Authors

Majda Sfiligoj Smole is a Professor in the field of material science. She obtained
her doctoral degree at the Karl Franzens University in Graz, Austria, in the field of
physical chemistry. At the Faculty of Mechanical Engineering, University of
Maribor, she lectured in natural and man-made fibres, structure of materials, sus-
tainable materials and nanotechnology. From 2012 to 2016, she was the Head of the
Chair for Textile Materials and Design at the Faculty of Mechanical Engineering,
University of Maribor. Her main research topic is on study of fibre structure—
properties relationships and fibres’ modification for their functionalization.
Recently, her research was focused mainly on nanotechnological modification of
textiles and sustainable textile materials. She has published more than 160 scientific
articles, conference papers, monographs and book chapters and is a co-author of
three patents. In addition, she is a Member of the European network of excellence
for polysaccharides EPNOE and European Textile Technology Platform.

Silvo Hribernik is a Scientific Associate at the Faculty of Mechanical Engineering
and Faculty of Electrical Engineering and Computer Science, University of
Maribor, working on several national and international basic and applied projects.
He finished his graduate study in 2005 in the field of eco-textile engineering and
doctoral study in 2010 in the field of textile technology, both conducted at the
Faculty of Mechanical Engineering in Maribor, Slovenia. During this time, he also
performed research work as a Visiting Scientist at Institute of Chemistry in
Ljubljana and at the Fraunhofer Institute in Potsdam, Germany. He has so far
published several scientific papers in JCR journals, has co-authored chapters in
monographs, as well as participated and presented at a number of international
conferences. Main area of his research is the development of fibre-based functional
materials with the implementation of nanotechnology and is comprised of several
research interests; study of materials’ structure; synthesis of nanoparticles, with
special attention to magnetic and conductive particles; study and development of
coating and adsorption processes.

vii



viii About the Authors

Manja Kure€i¢ is an Assistant Professor at the Faculty of Mechanical
Engineering, University of Maribor. She has 14 years of experiences in the field of
nanostructured materials, i.e. nanocomposites (particles and hydrogels) and
nanofibrous membranes (electrospun), that can find applications in biomedical area,
water purification and other technical applications, as well as their modification and
characterization. Her bibliography consists of more than 100 units, among others:
24 reviewed papers, more than 45 conference published lectures and posters, 10
international/national projects reports and 4 invited lectures. In addition, she is a
co-inventor of five Slovenian patents.

Andreja Urbanek Krajnc is an Assistant Professor for botany at the Faculty of
Agriculture and Life Sciences, University of Maribor. From 1996 to 2004, she
studied biology/botany at the Karl Franzens University Graz, Austria. The pro-
motion in Dr. rer. nat. in plant physiology and cell biology at the Karl Franzens
University Graz was in 2004. Between 2007 and 2009, she was a postdoc
researcher at the Faculty of Agriculture and Life Sciences University of Maribor,
Slovenia. Her main areas of research are structural botany, plant cell biology, tree
physiology, physiology of agricultural plants (environmental impacts, mineral
nutrition, biotic stress and physiological disorders). She collaborates tightly with the
experts in the field of horticulture, plant breeding and animal production by ana-
lysing metabolites, especially antioxidants and signal molecules as stress markers in
plants regarding food safety and health benefits.

Tatjana KreZe is a Professor at the Faculty of Mechanical Engineering, University
of Maribor, and the Vice Dean for Quality at the Faculty of Mechanical
Engineering. She teaches renewable materials, structure and properties of fibre
forming polymers, cellulose fibres, testing of textile materials and standardization.
She has published 34 original scientific papers, 2 chapters in a scientific mono-
graph, 1 professional monograph and she has 427 pure citations (Scopus). She is a
member of EURATEX—European Technology Platform for the Future of Textiles
and Clothing and of Commission for Quality and standardization at Chamber of
Commerce and Industry of Slovenia; Technical Committee SIST/TC Textile and
textile products and Technical Committee SIST/TC Care labelling of textiles at
Slovenian institute for Standardization.

Karin Stana Kleinschek is a Professor at the Faculty of Mechanical Engineering,
University of Maribor, where she teaches various courses on polymer chemistry and
materials, surface characterization of polymeric materials and textile chemistry.
From 2011 to 2015, she was a Vice Rector for Research and Development of the
University of Maribor. From 2004 to 2016, she was the Head of the Institute of
Engineering Materials and Design, Faculty of Mechanical Engineering, University
of Maribor, and is the Head of the Laboratory for Characterization and Processing
of Polymers (LCPP), which is a part of the institute. She is a member of various
scientific organizations (as Member of the Scientific Committee of International
Conferences of Polymer Characterization POLYCHAR, Member of the



About the Authors ix

Electrokinetic Society Scientific board, Member of the EPNOE-ACS Conference,
etc.). She is Vice President for Research of the European Polysaccharide Network
of Excellence (EPNOE)—BIC Association. Since 2013, she is a Member of the
European Academy for Science and Art and from 2014 Associate Member of
Slovenian Academy of Engineering. Since October 2016, she is a Visiting Professor
at TU Graz, ICTM. Her fields of expertise are surface modification and charac-
terization of polymeric materials with special attention on polysaccharides and its
usability in biomedical applications. Her scientific bibliography consists of more
than 950 units (180 peer reviewed scientific papers). She participates and coordi-
nates numerous national as well as international projects. In addition, she acts as
thesis adviser and member of organizing committees.



Abbreviations

0

I8
{-potential
AMBET
BFF
CB
CBN
CI
CMF
CNC
CNF

d
DLVO
DP
FTIR
L
LCA
my
MAPP
MCC
MG

PVA

Scattering angle

Wavelength

Zeta potential

Alkali-assisted microwave plus biological enzymatic technique
Borassus fruit fibre

Cassava bagasse

Cassava bagasse nanofibres

Crystallinity index

Cellulose microfibrils

Cellulose nanocrystals

Cellulose nanofibrils

Diameter
Derjaguin—Landau—Verwey—Overbeek theory
Degree of polymerization
Fourier-transform infrared spectroscopy
Length

Life cycle assessment

Mass of sample after exposure to 65% RH
Maleated polypropylene

Microcrystalline cellulose

Giant Miscanthus

Mass of absolute dry material

Moisture sorption

Pineapple leaf fibre

Polydispersity index

Pea hull fibre

Poly(lactic) acid

Polypropylene

Plasticized starch

Poly(vinyl alcohol)

xi



xii

RH
SCB
SEM

TEM
VC
WAXS

XRD
zp

Relative humidity

Sugarcane bagasse

Scanning electron microscopy

Temperature

Transmission electron microscopy

Variation coefficient

Wide-angle X-ray scattering

Crystallinity index determined by X-ray diffraction
X-ray diffraction

Zeta potential

Abbreviations



List of Figures

Fig. 2.1 The origin of plant fibres. a Schematic drawing of a succulent
leaf in cross-section representing sclerenchymatic bundle caps
as a source of leaf fibres. b Ananas comosus leaf cross section.
¢ Schematic drawing of a primary stem anatomy with bundle
caps. d Cross-section of Urtica dioica stem. e Schematic
drawing of a secondary stem anatomy representing bark fibres
in secondary phloem. f Cross-section of a one-year old
mulberry (Morus Alba) branch representing bark fibres.

g Eriophorum vaginatum seed head with seed fibres.

h Micrography of Eriophorum vaginatum seed fibres ... ... ... 9
Fig. 2.2 SEM and light microscope image of the cross-section

and longitudinal view of a coconut fibre . . ...... ... ... ... . 10
Fig. 2.3 Light microscope image of the cross-section and longitudinal

view of cotton fibres . .. ... .. L L 10
Fig. 24  Cross-section of a hemp stem with fibre bundles. ... ......... 11
Fig. 2.5  Longitudinal view of a technical fibre isolated from a ryegrass

(Lolium) stalk (350x and 500x)......................... 12
Fig. 3.1  SEM image of quinoa fibres isolated by alkaline treatment

(1% NaOH at a temperature of 100 °C; treatment time 1 h) .... 19
Fig. 3.2 Cross-section of anettle stem .. ......................... 21
Fig. 4.1 SEM image of hemp and rye-grass fibres .. ................ 52
Fig. 42  SEM image of quinoa fibres isolated by chemical treatment

(NaOH) and water retted . . .. ........... ... ............. 52
Fig. 43  Sorption diagrams of fibres isolated

from nettle (a) and quinoa (b). . ........... ... .. ... ... ... 56
Fig. 6.1  Cross-section of a hemp stem with fibres’ bundles . .......... 74
Fig. 6.2 Retted stems of nettle, Spanish broom, balm-leaved

archangel and lucerne .. ........ ... ... ... ... . ... ... ..., 75
Fig. 6.3 SEM images (500 and 2500x) of nettle (Urtica dioica) . . . . . . . 77

Fig. 6.4  SEM images (500 and 5000x) of balm-leaved
archangel (Lamium orvala) .. ....... ... .. ... .. ... ..... 78

Xiii



Xiv

Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

6.5
6.6
6.7

6.8
6.9

6.10

6.11

6.12

6.13

6.14

6.15

List of Figures

SEM images (500 and 2500x) of Spanish broom

(Spartium junceum) . . .......... ... ... ... . ... 78
SEM images (500 and 5000x) of weeping willow

(Salix babylonica) . ............ .. .. 78
SEM image (500 and 2500x) of lucerne (Medicago sativa) . ... 79
SEM image (500 and 2500x) of hemp (Cannabis sativa). . . . . . 79

X ray diffraction diagrams of nettle (Urtica dioica), Spanish
broom (Spartium junceum), balm-leaved archangel (Lamium
orvala) and lucerne (Medicago sativa), weeping willow

(Salix babylonica) and hemp (Cannabis sativa). . ............ 80
SEM image of CNC extracted from nettle (Urtica dioica),
(the magnification 10.000 and 60.000, respectively) .......... 82

SEM image of CNC extracted from balm-leaved archangel

(Lamium orvala), (the magnification 10.000 and 60.000,

respectively). . .. ... 82
SEM image of CNC extracted from Spanish broom

(Spartium junceum), (the magnification 15.000 and 80.000,
respectively). . ... ... 82
SEM image of CNC extracted from weeping willow

(Salix babylonica), (the magnification 10.000 and 60.000,

respectively). . ... ... 83
SEM image of CNC extracted from lucerne (Medicago sativa),
(the magnification 15.000 and 60.000, respectively) .......... 83

SEM image of CNC extracted from hemp (Cannabis sativa),
(the magnification 10.000 and 60.000, respectively) . ......... 83



List of Tables

Table 4.1

Table 4.2
Table 4.3

Table 4.4
Table 5.1
Table 6.1

Table 6.2

Table 6.3

Chemical composition of some non-traditional

cellulose fibers .. ..... ... .. ... .. . .. ... 50
Fibres’ length and diameter. . . .......................... 51
Moisture sorption properties of fibres isolated from nettle,

hemp, sorghum, ryegrass, quinoa and corn-stalks . .. ......... 55
Contact angles of fibres isolated from nettle and quinoa. . . .. .. 56
Properties of nanocellulose from different plant origins ... .. .. 68

Linear density and mechanical properties of nettle

(Urtica dioica), Spanish broom (Spartium junceum),

balm-leaved archangel (Lamium orvala) and lucerne

(Medicago sativa), weeping willow (Salix babylonica)

and hemp (Cannabis sativa) . . .......... ... ... . 76
Apparent crystallinity (%) x., of alkaline treated and bleached

fibres extracted from nettle (Urtica dioica), Spanish broom
(Spartium junceum), balm-leaved archangel (Lamium orvala)

and lucerne (Medicago sativa), weeping willow (Salix

babylonica) and hemp (Cannabis sativa) . ................. 81
Nano-particles’ sizes of nettle (Urtica dioica), Spanish broom
(Spartium junceum), balm-leaved archangel (Lamium orvala)

and lucerne (Medicago sativa), weeping willow

(Salix babylonica) and hemp (Cannabis sativa) . ............ 84

XV



Abstract

Sustainability based on healthy ecosystems and environments is the target idea of
today’s development, and therefore, it is necessary to follow the same objectives
also when studying fibres for new and additional applications; consequently,
renewable natural materials with high added value are intensively researched.

An overview of some natural plant sources of cellulose fibres, which have not
traditionally been used for the mass production of fibres, is given in the manuscript.
Recent research results of fibre properties isolated from non-conventional plants are
described. Besides, potential applicability in the field of nanocrystalline cellulose of
some of these fibres is reviewed.

In addition, a study of fibres extracted from nettle (Urtica dioica), Spanish
broom (Spartium junceum), lucerne (Medicago sativa), weeping willow (Salix
babylonica), balm-leaved archangel (Lamium orvala) and therefrom-derived
nanocrystalline cellulose is presented and compared to hemp (Cannabis sativa)
fibres.

Keywords Sustainable materials - Cellulose fibres - Non-conventional cellulose
fibres - Properties - Nettle (Urtica dioica) + Spanish broom (Spartium junceum) -
Balm-leaved archangel (Lamium orvala) - Lucerne (Medicago sativa) weeping
willow (Salix babylonica) « Nanocrystalline cellulose
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