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Preface

Recently, there has been a growing interest in the use of cellulose and cellulose-
based paper in organic, flexible, printed, and wearable electronics, not only as a
paper substrate but also as active materials or components in composite materials,
where cellulose provides mechanical strength and favorable three-dimensional
microstructure. Paper is a form of 2D material that is chemically processed from
cellulose fibers. One should note that cellulose is the most abundant and renewable
natural polymer on earth. Cellulose is the major constituent in all plants. However,
cellulose is known to be in higher concentration in a plant stem than in its leaves.
Moreover, cellulose is found in various sources, not only limited to plants (wood,
annual crops, and residual agricultural waste) but also in marine animals (tunicates),
algae, fungi, bacteria, invertebrates, and even amoeba. Over the last three decades,
scientists have explored different ways to incorporate the unique properties of paper
into electronics and sensorics. Due to its remarkable physical properties, mechani-
cal strength, special surface chemistry, large area-to-volume ratio, optical transpar-
ency, excellent biological properties of cellulose, low cost, and solution
processability, nanocellulose is widely used as a support for electronically active
materials in applications, such as chemical, physical, optical, and biosensors and
electronic devices for biomedicine, environment monitoring, healthcare, and energy
technologies.

By now, especially in recent years, a lot of books have been published on nano-
cellulose and its applications. Among them are the following: N. Lin, G. Zhu (eds.)
Surface Modifications of Nanocellulose, Elsevier, 2024; L. Hu, F. Jiang, C. Chen
(eds.) Emerging Nanotechnologies in Nanocellulose, Springer, 2023; A.Z. Yaser,
M.S. Sarjadi, and J. Lamaming (eds.) Cellulose, Taylor and Francis, 2023; V. Kumar,
S. Saran, A. Pandey, C. R. Soccol (eds.) Bacterial Cellulose, Taylor and Francis,
2023; M. Shabbir (ed.) Regenerated Cellulose and Composites, Springer Nature,
2023; R. Oraon, D. Rawtani, P. Singh, C.M. Hussain (eds.) Nanocellulose Materials,
Elsevier, 2022; A. Barhoum (ed.) Handbook of Nanocelluloses, Springer, 2022;
S.M. Sapuan, M.N.F. Norrrahim, R.A. Ilyas (eds.) Industrial Applications of
Nanocellulose and Its Nanocomposites, Woodhead Publishing, 2022; J.H. Lee (ed.)
Paper-Based Medical Diagnostic Devices, Springer Nature, 2021; W.R. de Araujo,



vi Preface

T.R.L.C. Paixdo (eds.) Paper-Based Analytical Devices for Chemical Analysis and
Diagnostics, Elsevier, 2021, and others. However, most of these books are focused
on the synthesis of nanocellulose, its properties, and its use in specific areas, such as
biomedical and environment applications. In addition, as a rule, these books are not
systematic in the choice of topics for chapters and consistency in the presentation of
the material included in the book. In addition, detailed analysis of the various sen-
sors, such as gas and humidity sensors, electrochemical sensors, physical sensors,
optical sensors, and biosensors that can be made from and on the paper, is practi-
cally absent from these books. The same situation is observed with paper-supported
devices, such as transistors, light diodes, memory, supercapacitors, solar cells, bat-
teries, and RFID tags, designed for applications in electronics and energy technol-
ogy. In this regard, it is impossible to get a complete picture of the possibilities of
paper for the development of various efficient paper-based and paper-supported
flexible and wearable devices. Therefore, we decided to close this gap and publish
the book The Handbook of Paper-based Sensors and Devices that provides com-
plete information both about cellulose in its various states and about the manufac-
turing and application of paper-based and paper-supported various flexible sensors,
wearable monitoring systems, and flexible electronic, optoelectronic, and photo-
electronic devices. We hope that our attempt to prepare such book was successful.

For convenience of practical use, this Handbook is divided into three parts:
Vol. 1: Materials and Technologies, Vol. 2: Sensors, and Vol. 3: Biomedical and
Environment Engineering, Electronics, and Energy Technologies.

Chapters in Handbook of Paper-based Sensors and Devices. Vol. 1: Materials
and Technologies describe the physical, chemical, and electronic properties of cel-
lulose, which give rise to an increased interest in this material. The different aspects
of nanocellulose research, such as the synthesis of different morphological forms by
various methods, various surface modification methods (chemical and physical),
composite synthesis by various methods, and development of its hydrogels and
aerogels, are discussed. Cellulose can also be synthesized in pure and highly crys-
talline microfibrillar form by bacteria. This specific form of nanocellulose, called
bacterial cellulose, is discussed in a special chapter of this volume. An analysis of
new trends in development of nanocellulose-based papers such as conductive, trans-
parent, magnetic, thermoconductive, hydrophobic, and fire-resistant papers is also
given. It is shown that paper is a versatile, flexible, porous, and eco-friendly mate-
rial that can be used as a substrate for the development of low-cost electronic devices
and various sensors. The analysis performed suggests Taxxe that, based on the
results obtained, a new type of paper can be developed, which, depending on the
processing, allows using the same locally modified substrate as a substrate for elec-
tronic circuits, as a matrix for an electrolyte, a dielectric, or an element that provides
the device required functionality. Various technologies that are used in the develop-
ment and fabrication of paper and paper-based devices are also discussed in detail
in this volume. Criteria for choosing paper in the manufacture of sensors and elec-
tronic devices are also discussed in this book. Thus, this volume combines a general
introduction to cellulose and basic techniques and technologies developed for
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fabrication of paper-based sensors and electronic devices. I am confident that this
information will be cognitive and interesting for readers.

The second volume Sensors is entirely devoted to the consideration of different
types of sensors that can be developed based on the paper. These sensors include
electrical, physical, optical, electrochemical, and biosensors. The book describes
these sensors, analyzes the functional materials used in their manufacture, and dis-
cusses their advantages and disadvantages. Great attention in this volume is also
paid to the consideration of areas such as healthcare, medical diagnostic, environ-
ment monitoring, and agriculture, where these sensors can be used with increased
efficiency. For example, it is shown that the development of microfluidic paper-
based sensors provides the potential for portable medical tests that can be used
anywhere in the world, especially in resource-restricted countries. The analysis car-
ried out in this volume shows that such technological innovations, i.e., the creation
of intelligent and self-powered paper-based analytical devices, can open the way for
paper materials to become key players in the ongoing Internet of Things (IoT) revo-
lution. Finally, the challenges encountered in developing paper-based sensors and
approaches that can be used to overcome the problems are analyzed.

The title of the third volume of Biomedical and Environment Engineering,
Electronics and Energy Technologies indicates that this volume is focused on con-
sidering the application of paper and nanocellulose in such fields as biotechnology,
new biomaterials, water treatment, food industry, electronics, and energy technolo-
gies. Cellulose and cellulose-based membranes can be used to absorb organic and
inorganic toxins, filter bacteria, viruses, and ionic contaminants, photocatalytic dye
removal, and detect aqueous toxins. It is shown that a large number of different
devices can be developed based on paper, such as supercapacitors, batteries, fuel
cells, generators, actuators, RFID tags, light diodes, thin film transistors, and solar
cells, which have such important functional properties as bendability and increased
efficiency. As it is known, flexibility and stretchability of electronics are crucial for
next-generation electronic devices that involve skin contact sensing and therapeutic
actuation. The chapters in this volume provide also a comprehensive overview of
the manufacture, parameters, functional materials used, and applications of these
devices. The book presents also the latest achievements, highlights new perspec-
tives, and describes approaches based on the use of cellulose and paper in the devel-
opment of green technologies and green electronics. Finally, the book highlights a
number of challenges associated with developing paper-based devices.

Thus, the present three-volume book The Handbook of Paper-Based Sensors and
Devices is the first one, devoted to consideration of all aspects of paper-based
devices from synthesis of nanocellulose and paper fabrication to discussion of fea-
tures of manufacturing various flexible sensors and electronic devices on paper sub-
strates and their application in various fields. Combining this information in three
volumes dedicated to a specific topic “materials and technologies,” “sensors,” and
“bio- and environment engineering, electronics and energy technologies” could
help readers in searching required information on the interested subject. This makes
these books, which present interdisciplinary discussions of nanocellulose and paper-
based sensors and devices across a wide range of topics, very useful and easy to use.
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We believe that these books will enable the reader to understand the present sta-
tus of paper-based sensors and devices and the role of paper in the development of
new generation of sensors and electronic devices for various applications with
enhanced efficiency. Well-known experts with extensive experience in the develop-
ment of nanocellulose-based technology and paper-based sensors and electronic
devices are involved in writing chapters for these books. Based on the content, it can
be argued that this handbook can become a valuable reference for material scien-
tists, biologists, doctors, and biochemical engineers, as well as for engineers work-
ing in the field of chemistry, biomedicine, biotechnology, ecology, electronics,
agriculture, and food industry. This book will also be of interest for university and
college faculties, post-doctoral research fellows, and senior graduate students carry-
ing out research in the field of chemical sensing, biosensing, biomedicine, biomate-
rials, environment protection, and remediation. I hope very much that in these books
everyone might find a specific information which could be of interest and useful in
his/her area of scientific and professional interests.

Finally, I thank all the authors who contributed to these books. I am grateful that
they agreed to participate in this project and for their efforts to prepare these chap-
ters. This project would not have been possible without their participation. I am also
very grateful to Springer for the opportunity to publish this book with their help. I
am also grateful to the Moldova State University (research program no. 011208) for
supporting my research. I am also grateful to my family, primarily my wife Irina,
who always supports me in all my endeavors.

Chisinau, Moldova Ghenadii Korotcenkov
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Flexible Devices: Introduction Creck o

Yin Long and Zhiqiang Zhai

1.1 Introduction to Flexible and Stretchable Electronics

Flexible electronics, an emerging technology compatible with movable parts and
arbitrarily curved surfaces, is expected to be a new application paradigm for large-
area electronics. The rapid development of ultrathin sensors and actuators, elec-
tronic and optoelectronic devices, and soft biocompatible packaging layer designs
is expected to significantly expand the range of applications for flexible electronics
from the curved panels and foldable displays described above to flexible systems
with curved surfaces and interfaces with complex geometries.

Flexible electronic technology, with its unique advantages, is gaining attention to
address resource scarcity and environmental pollution (Ismail & Hanafiah, 2019).
This technology integrates with fields like the Internet of Things, aerospace, health-
care, intelligent robotics, and industrial automation, facilitating more convenient
and comfortable human-object interactions (Hu et al., 2023). Flexible sensors, cru-
cial components of flexible electronic devices, are vital for data acquisition (Zhang
et al., 2023a). Especially with the rapid advancement of real-time physiological
monitoring, noninvasive medical diagnostics, sports rehabilitation, and human-
computer interaction necessitate high-performance flexible sensors for wearable
devices. Despite significant technological breakthroughs, challenges such as inad-
equate sensitivity (Zhang et al., 2023a), poor flexibility (Chen et al., 2023), complex
fabrication processes (Fayomi et al., 2017), high costs (Senawi & Sheau-Ting,
2016), and electronic contamination from widespread use persist (Pariatamby &
Victor, 2013).
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Fig. 1.1 Timeline of developments in materials, processing and applications for flexible electron-
ics. Reprinted from Corzo et al. (2020). Published 2020 by Frontiers with open access

Wearable sensor systems with ultrathin, low-modulus, lightweight, highly flexi-
ble, and stretchable surfaces that form conformal contacts with organs or skin sur-
faces can provide new opportunities for human activity monitoring and personal
healthcare. These wearable sensor systems can include various types of small physi-
cal sensors (temperature, pressure, and strain sensors), transmission modules, and
self-contained power supplies, thereby facilitating low-cost wearable unobtrusive
solutions for recording the electrophysiological activity that the human body gener-
ates on an ongoing basis.

In recent years, the rapid development of novel sensing materials, fabrication
processes, and electrical sensing technologies has facilitated significant progress in
the realization of flexible and stretchable sensor and electronic devices (see Fig. 1.1)
with unique and advantageous properties such as transparency, high sensitivity,
extreme thinness, ultra-lightweight, high flexibility and stretchability, super confor-
mity, low cost, and large-area technology compatibility.

1.2 Construction Strategies for Flexible Electronic Materials
and Devices

In the development of flexible wearable sensors, the selection of a suitable flexible
substrate is fundamental to achieving optimal electromechanical and biological
properties. Flexible substrates provide the necessary platform for integrating a vari-
ety of functional materials, while also ensuring comfort and adaptability to human
skin or clothing. Commonly used flexible substrates include metal foils, polydimeth-
ylsiloxane (PDMS), polyimide (PI), polyethylene terephthalate (PET), and thermo-
plastic polyurethanes (TPU) and emerging flexible carbon-based, gel-based
materials (see Chap. 2). These substrates have a range of properties such as



1 Flexible Devices: Introduction 5

flexibility, stretchability, biocompatibility, and durability that are critical for practi-
cal applications in sports and health monitoring.

1.2.1 Materials

To construct effective flexible and stretchable electronics, functional materials must
meet several critical requirements.

Bendability Materials should withstand repeated bending without significant
changes in their physical or electrical properties. Stretchability: They need to be
able to stretch and return to their original shape without losing functionality.
Adhesion: Strong adhesion between different layers is crucial for maintaining
structural integrity and performance over time. Biocompatibility and durability are
especially important for wearable devices, as these properties ensure that the devices
are safe and long-lasting when in contact with the skin. Processability refers to the
ability to easily process the material into desired shapes and sizes without compro-
mising its properties.

Materials that most fully satisfy these requirements include certain types of poly-
mers, carbon-based materials, and metal nanomaterials. Polymers such as
polydimethylsiloxane (PDMS) and thermoplastic polyurethane (TPU) offer excel-
lent flexibility and biocompatibility. Carbon-based materials like graphene and car-
bon nanotubes provide high conductivity and mechanical strength while remaining
lightweight and flexible. Metal nanomaterials, including silver nanowires and gold
nanoparticles, can achieve both conductivity and flexibility, making them ideal for
flexible electronics.

Several strategies can enhance the bendability of materials used in flexible
electronics:

Transition from Bulk Materials to Nanomaterials: Using nanomaterials instead of bulk
materials allows for greater flexibility due to their smaller size and higher surface area-to-
volume ratio. Thickness Reduction: Thinner materials naturally have better flexibility and
can bend more easily without breaking or degrading. Microstructuring and Perforation:
Creating microstructures or perforations within the material can increase its flexibility by
allowing parts of the material to move independently. Composite Materials: Combining
different materials can result in composites that combine the best properties of each com-
ponent, such as elasticity from polymers and conductivity from metals or carbon materials.

In constructing flexible wearable sensors, material and structure are critical for
electromechanical and biological properties. Suitable materials, structures, and pro-
cessing techniques must be chosen to meet performance requirements for practical
applications, especially in human sports and health monitoring. Metal-based,
carbon-based, polymer and composite materials perform well in wearable health
monitoring fields, including strain, temperature, humidity, and gas detection, as
well as electrophysiological monitoring.
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Metals are widely used in flexible wearable sensors due to their high mechanical
strength, electrical conductivity, and non-toxicity. Traditional metals like gold (Au),
silver (Ag), and copper (Cu) are common in surface bioelectrodes, but their Young’s
modulus limits flexibility (Luo et al., 2017). Recently, metal nanomaterials and
metal-based conductive fibers have overcome rigidity and become soft and stretch-
able for wearable health monitoring. Carbon and its derivatives are widely used in
wearable devices due to their low cost, high conductivity, large specific surface area,
chemical stability, and good mechanical properties. Common carbon materials
include carbon nanotubes (CNTs), carbon black (CB), graphene, graphite, carbon
fibers, and activated carbon (AC). For example, CB mixed with styrene-butylene-
styrene (SEBS) triblock copolymers forms sensors for monitoring wrist activity,
pulse wave, and heart rate. Polymer-based materials are widely used in wearable
sensors due to their processability, stable mechanical properties, high ion mobility,
elasticity, and strong corrosion resistance (Li et al., 2021). Several examples of
polymers used in flexible electronics are shown in Fig. 1.2. Hydrogels are notable
for their biocompatibility, Young’s modulus similar to human skin, stimulus-
responsive properties, and self-healing ability (Cherukhin and Xin, 2019). More
detailed information on functional materials used in the development of flexible
devices can be found in Qiao et al. (2023) and Chap. 22.

1.2.2 Structure

The peculiarity of producing bendable devices lies in the fact that flexible and wear-
able electronics typically do not require components at the nanometer scale. This
characteristic allows for the use of simpler and more cost-effective manufacturing
technologies, significantly reducing the overall cost of the developed devices. Such
technologies include printing techniques, stamping and mossing, transfer printing,
and textile manufacturing methods.

These production methods leverage existing industrial capabilities, making it
possible to manufacture flexible and wearable devices on a larger scale while main-
taining affordability and performance.

Clever structural design significantly enhances the performance and capabilities
of wearable flexible devices. By utilizing innovative structures, traditionally non-
ductile materials, such as metals, can become scalable and optimized for various
applications including electromechanical and biological devices. The structural
designs can be categorized into one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) structures (Fig. 1.3). These structures are often designed as
twisted, helical, or entangled and are used to create fabric-type or fiber-type sensors.
These sensors exhibit excellent electrical conductivity, tensile properties, and
breathability and can be attached directly to clothing or skin to sense various physi-
cal changes like strain, pressure, bending, and twisting (Fig. 1.3a).

Two-dimensional structures refer to in-plane designs such as microstructures,
serpentine sinuous structures, and fiber mesh structures. These structures enhance
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Fig. 1.2 Application of polymer nanomesh in flexible sensors. (a—c) Preparation process of the
on-skin nanomesh electronics: (a) preparation of Au nanomesh conductors using PVA nanomesh
as template. PVA meshes are dissolved by spraying water so that nanomesh conductors can adhere
to the skin. (b) Picture of nanomesh conductor attached to the fingertip (scale bar represents 1 mm)
and the SEM image of the nanomesh conductor after dissolving PVA nanomesh (scale bar repre-
sents 5 pm). This electrode can not only be used as a pressure sensor to realize touch sensing but
also to monitor EMG, and the test results are almost the same as those of Ag—AgCl gel electrodes.
The nanomesh can also be used to measure the skin impedance; (c) on-skin wireless sensor system
based on the on-skin nanomesh electronics for touch sensing (scale bar represents 3 mm). (d)
Preparation of the polyurethane (PU)/CNT/AgNWs strain sensor, and the SEM images of PU
nanomesh, PU/CNT nanomesh, and PU/CNT/AgNWs nanomesh. (a—c¢) Reproduced with permis-
sion from Miyamoto et al. (2017). Copyright 2017: Springer Nature. (d) Reproduced from Wang
et al. (2022). Published 2023 by Springer with open access

the performance of wearable health monitoring devices (Fig. 1.3b) (Miao et al.,
2020; Seager et al., 2013). Microstructures include various microscale designs like
hemispherical arrays, micro pyramids, and nano-springs, which improve sensitivity,
elasticity, and electromechanical properties. Serpentine sinuous structures, often
made from metals like gold or silver, increase the flexibility and extensibility of
device interconnections, enhancing sensing performance (Fig. 1.3c) (Yue
etal., 2012).

Three-dimensional structures extend beyond planar designs and include origami
structures, paper-cutting structures, pre-stretching release-driven 3D structures, and
cavity structures. These designs improve the sensor’s ability to adapt to the human
body, enhancing signal quality (Fig. 1.3e—g). Origami and paper-cutting techniques
create complex, reversible shapes, improving material deformation and skin contact
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from Luo et al. (2021), Copyright 2021: Elsevier. (¢) Reprinted with permission from Yin et al.
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(Ghoneim et al., 2014; Ismail & Hanafiah, 2019; Pariatamby & Victor, 2013). These
unique structural designs address challenges in sensor mechanical toughness, signal
decoupling, accuracy, and sensitivity (Cataldi et al., 2017; Xiang et al., 2023).

1.2.3 Device Process

The preparation of functional components for wearable devices depends on their
structural characteristics, with different processes suited to 1D, 2D, and 3D struc-
tures. One-dimensional linear structures are typically prepared using wet spinning
and electrostatic spinning. Two-dimensional structures can be prepared using coat-
ing technology, deposition technology, and printing technology. Coating technology
includes methods like spin coating, spraying, and dip-coating. Three-dimensional
structures are usually prepared using micro-nanofabrication and printing tech-
niques. These methods encompass photolithography, laser processing, anodic
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Fig. 1.4 A fully flexible
standalone integrated
silicon electronic system
with microprocessor,
memory, BLE transceiver,
antenna, an array of micro
lithium-ion batteries, solar
cells, and sensors with
light actuator. Reprinted
from Bonnassieux et al.
(2021). Published 2021 by
IOP Publishing with open
access

aluminum oxide templating, folding methods, self-assembly technology, 3D print-
ing technology, 4D printing technology, direct laser writing, and roll-to-roll tech-
nology. Each of these techniques offers unique advantages and is selected based on
the specific requirements of the structure being fabricated. How far we have come
in the development of flexible electronics can be judged by the image shown in
Fig. 1.4.

1.3 Flexible and Stretchable Electronics Applications

Flexible and stretchable electronics, with their unique ability to bend, twist, and
stretch without compromising functionality, are expected to revolutionize a wide
range of fields. These advances are expected to have a significant impact on health-
care, consumer electronics, renewable energy, and automotive and industrial
applications.

Flexible electronic skin can mimic the sensing ability of human skin, enabling
real-time detection of environmental parameters such as humidity, pressure, and
temperature. Applications include medical diagnostics, where e-skin can provide
continuous health monitoring for patients, enhancing telemedicine and personalized
medicine. In soft robotics, e-skin gives robots tactile sensitivity, improving interac-
tion with delicate objects and environments. Wearable sensors integrated with
machine learning algorithms provide precise physiological monitoring, tracking
heart rate, breathing, sleep patterns, and physical activity. These devices can moni-
tor patients remotely, enabling individuals to proactively manage their health.
Additionally, wearable devices support human-computer interaction through
advanced gesture and voice recognition technology, facilitating intuitive control of
digital environments. Sports training also benefits from continuous performance
tracking to help athletes optimize their training regimens.

Flexible displays are a leap forward in visual interfaces, offering lightweight,
body-contour-adaptable screens. These displays can be seamlessly integrated into
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smartwatches, foldable smartphones, and augmented reality (AR) glasses to enhance
the user experience in consumer electronics. In healthcare, flexible displays can
display biosignals directly on the skin, providing instant feedback for diagnosis.
Flexible solar cells open up new possibilities for renewable energy solutions.
Lightweight and moldable, flexible solar cells are ideal for portable electronics and
can be integrated into clothing or accessories for on-the-go power generation.
Flexible solar panels can be deployed in remote areas to power off-grid systems,
contributing to sustainable development.

In summary, flexible and scalable electronics offer transformative potential
across multiple industries, addressing challenges related to human-centered design,
sustainability, and technology integration. As material science and manufacturing
technologies continue to advance, these technologies will play an increasingly
critical role in shaping the future of everyday life.

1.3.1 Wearable Intelligent Sensing Systems

Wearable sensing systems and machine learning are rapidly evolving fields with the
potential to transform daily life. Wearable sensors are compact, lightweight devices
worn on the body to monitor physiological and environmental parameters. These
systems are used in health monitoring, sports training, and human-computer inter-
action, with their technology advancing rapidly and expanding across various com-
mercial and medical applications (Han et al., 2023). Machine learning (ML), a key
branch of artificial intelligence, enables computers to learn from experience and
process complex, multivariate data, making it a powerful tool for interpreting and
applying sensor data. ML plays a central role in fields such as autonomous naviga-
tion, financial analytics, and medical diagnostics (Sarker, 2021).

Integrating machine learning with wearable sensing systems offers several key
advantages. First, it improves data processing accuracy by analyzing real-time sen-
sor data for more precise predictions and decision-making. Second, ML enhances
personalization by analyzing user habits and preferences to offer tailored
recommendations.

1.3.1.1 Human-Computer Interaction

Gesture recognition is a key component of human-machine interaction (HMI), com-
monly used across various applications. Traditional gesture recognition often relies
on visual technology, which can be affected by ambient lighting and environmental
factors (Xiang et al., 2023; Yang et al., 2021a, 2021b). However, wearable sensors
combined with machine learning offer a more reliable alternative. Liang et al.
(2019) proposed a method for fusing multi-sensor datasets using a hierarchical sup-
port vector machine (HSVM) algorithm (Fig. 1.5). This approach was validated
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Fig. 1.5 Schematic of wearable pressure sensor-based machine learning algorithm for gesture
recognition. Reprinted from Liang et al. (2019). Published 2019 by Wiley-VCH with open access

with a system that integrated radar and pressure sensor data, achieving classification
accuracies of 76.7% and 69.0%, respectively (Feng et al., 2021).

Speech recognition technology enables computers to transcribe and understand
human speech, but it faces challenges such as background noise and sound propaga-
tion issues. Machine learning algorithms can improve the performance of wearable
systems for enhanced speech recognition accuracy (Fig. 1.6).

1.3.1.2 Physical Signs Monitoring

Wearable sensors are increasingly used to monitor key physiological signals, such
as heart rate, respiration, sleep quality, and physical activity. These signals are
essential for assessing an individual’s health and are invaluable in medical and
healthcare applications (Ahmad et al., 2002; Klosowski et al., 2014). When inte-
grated with machine learning algorithms, wearable sensors can analyze physiologi-
cal data, predict health outcomes, and extract meaningful insights. This combination
enables remote patient monitoring and empowers individuals to manage their health
more effectively (Kozierski et al., 2017). Respiratory monitoring, which measures
parameters like respiratory rate, tidal volume, and expiratory flow rate, plays a criti-
cal role in diagnosing and managing respiratory diseases (Eren et al., 2019; Hara
et al., 2015; Wang, 2024). Wearable respiratory sensors offer a noninvasive, conve-
nient means of monitoring these parameters, facilitating early detection of condi-
tions like restrictive and obstructive lung diseases. Researchers developed a
computational fluid dynamics-assisted mask sensor network (Fig. 1.7a) that com-
pensates for facial variability and environmental factors, ensuring accurate respira-
tory signal collection. This system achieved 100% accuracy in recognizing breathing
patterns with machine learning assistance.

Electrocardiographic (ECG) monitoring is a standard technique for assessing
heart function by measuring the electrical signals of the heart. Machine learning
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Fig. 1.6 User identification and object recognition. (a) Smart wearable systems for human motion
monitoring and remote emergency rescue; (b) smart gloves with haptic feedback; (c) object recog-
nition by a robotic gripper equipped with dual-mode tactile sensors. (a) Reprinted from (Dong K
et al., 2020), Published 2020 by Springer Nature with open access. (b) Reprinted from (Zhu et al.,
2020). Published 2020 by AAAS with open access. (¢) Reprinted with permission from (Li et al.,
2021), Copyright 2020: Elsevier

models can analyze ECG signals to assist in diagnosing heart diseases and detecting
abnormalities (Buysman, 1978; Prinzmetal et al., 1956), while Shen et al. (2019)
developed a 50-layer convolutional network algorithm that detected atrial fibrilla-
tion (AF) from photoplethysmogram (PPG) signals, even in the presence of motion
artifacts, achieving a 95% detection accuracy.

This innovation enables enhanced analysis for a variety of applications in phar-
maceuticals, life sciences, food screening, environmental monitoring, and biode-
fense (Chu et al., 2024; Liu et al., 2022; Niu et al., 2024).
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Fig. 1.7 Vital signs monitoring. (a) Mask sensor network; (b) smart mask with integrated self-
powered respiratory sensor; (¢) ECG sensor placed behind the ear; (d) circumferential wearable
diagnostic device. (a) Reprinted with permission from Fang et al. (2022). Copyright 2022: Wiley-
VCH. (b) Reprinted with permission from Zhang et al. (2022). Copyright 2022: ACS. (c) Reprinted
from Li et al. (2023a). Published 2017 by IEEE with open access. (d) Reprinted from Kwon et al.
(2020). Published 2020 by JMIR Publication with open access

1.3.2 E-Skin

Electronic skin (e-skin) refers to wearable sensors designed to mimic the sensory
capabilities of human skin, enabling the detection of environmental parameters such
as humidity, pressure, and temperature, and providing real-time feedback (Fig. 1.8a).
Since the 1970s, researchers have been developing e-skin, and recent advancements
have made it a promising technology for various applications, particularly in medi-
cal diagnostics, soft robotics, smart prosthetics, and human-computer interaction
(Dong et al., 2018; Zhao et al., 2018).

E-skin typically consists of two key components: a flexible substrate and con-
ductive fillers. The substrate provides mechanical flexibility, while the conductive
fillers enable the sensor to detect changes in environmental conditions. Flexible film
substrates, such as polydimethylsiloxane (PDMS), polyamide, and polyethylene
terephthalate (PET), are commonly used due to their ease of manufacture and excel-
lent flexibility. For instance, PDMS (Fig. 1.8b) is frequently utilized in the construc-
tion of high-sensitivity e-skin sensors, although its low compressibility and slow
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Fig. 1.8 (a) E-skin with different matrices; (b) PDMS matrix e-skin; (¢) hydrogel based e-skin.
(a) Reprinted from Ge et al. (2019). Published 2019 by Springer Nature with open access. (b)
Reprinted with permission from Park et al. (2014). Copyright 2014: Wiley-VCH. (c¢) Reprinted
with permission from Liao et al. (2019). Copyright 2019: Wiley-VCH

recovery time can limit its overall performance in some applications (Tan & Xu
2023; Zou et al., 2018). Hydrogels, which possess an elastic modulus similar to
human skin, are another promising material for e-skin. Their high-water content and
biocompatibility make them ideal for wearable sensors that require skin-like
properties (Fig. 1.8c).

Despite their advancements, e-skin devices face several challenges. They must
endure dynamic environments involving bending, twisting, and stretching without
losing functionality. To address these challenges, e-skin needs to be highly adhe-
sive, stretchable, and able to self-heal, while also maintaining biocompatibility
and biodegradability, particularly in biomedical applications where the sensors
may be in direct contact with human skin or implanted inside the body. Natural
polymers, such as chitosan, are increasingly used as substrates because of their
biodegradability and good cellular compatibility (Fig. 1.9b) (Chen et al., 2022b).

These advancements in material science and fabrication techniques have signifi-
cantly improved the performance and applicability of E-skin, moving it closer to
becoming a versatile tool for health monitoring and other advanced applications.
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Fig. 1.9 E-skin biocompatibility: (a) Complex composite structures: EGaln/gluten/silk protein
hydrogel networks combining the benefits of metals, proteins, and hydrogels for creating biomedi-
cal applications with unique physical and chemical properties; (b) an advanced experimental
device for detecting heartbeat signals directly from the epicardium (outer layer of the heart) of
living mice was demonstrated. A small incision in the chest exposes the heart, allowing direct
access to the epicardium without damaging the underlying myocardium, and a highly sensitive
flexible electrode device that captures the subtle electrical activity associated with each heartbeat,
providing precise measurements of heart rate, contractility, and other important physiological
parameters; (¢) EGalnA e-skin adhesion to rabbit skin wound. (a, ¢) Reprinted from Chen et al.
(2022a). Published 2022 by Springer Nature with open access. (b) Reprinted with permission from
Zhao et al. (2021). Copyright 2021: Elsevier

1.3.3 Display Technologies and Their Integration
with Wearable Sensors

In modern electronic devices, displays are central to human-machine interaction,
providing visual feedback and enabling user input (Bi et al., 2023; Brady et al.,
2006). With advancements in technology, they have evolved from basic visualiza-
tion tools to smart interfaces embedded in wireless sensor networks. This shift is
evident in the Internet of Things (IoT), where smart displays serve as hubs, collect-
ing data from connected devices and providing real-time feedback to users
(Aggarwal et al., 2017; Bi et al., 2023). Recent trends focus on enhancing the inte-
gration of electronic devices with the human body for improved mobility, conve-
nience, and interaction.
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However, current smart displays remain rigid and heavy, limiting their compati-
bility with the soft, flexible nature of the human body. The next generation of dis-
plays is expected to be lightweight, flexible, and adaptable to body contours,
resembling “skin-like” interfaces (Park et al., 2018; Zhang et al., 2023b). Progress
in deformable sensor technology is paving way for light-emitting devices that can
endure significant deformation and be worn directly on the body.

1.3.3.1 User Interactive Displays

Advancements in materials and device design have enabled displays to be more
closely integrated with the human body, leading to the development of user-
interactive displays that were previously impossible with traditional rigid systems
(Aggarwal et al., 2017; Park et al., 2018; Zhao et al., 2020). For instance, Wang
etal. developed an interactive active-matrix organic light-emitting diode (AMOLED)
display (Fig. 1.10a, b), akin to an electronic skin, that instantly visualizes pressure
applied to the display in multiple colors. Figure 1.10a, b show a fabricated multi-
color AMOLED display and the same display in a curved form with all pixels acti-
vated (Molina-Lopez et al., 2019), respectively (Fig. 1.10c). The use of CNTs and

d
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L
=

Fig. 1.10 User-interactive display. (a) Digital photograph of a user-interactive multicolor
AMOLED display. (b) Photograph of activated and bent. (¢) Schematic of the user-interactive
AMOLED display circuitry. (d) Photographic image showing only localized luminescence of the
pressed site. (e) Conceptual illustration of a user-interactive display for direct visualization of
electrical conductance. (f) Construction of a user-interactive display showing a schematic (left)
and corresponding high-resolution cross-sectional transmission electron microscope image show-
ing layer information (right). (a—d) Reprinted with permission from Wang et al. (2013). Copyright
2013: Springer Nature. (e, f) Reprinted from Kim et al. (2017a). Published 2017 by Spanger
Nature as open access
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organic materials provided a high degree of flexibility, enabling individual pixels to
withstand mechanical bending with a radius as small as approximately 4 mm
(Sanguantrakul et al., 2024).

1.3.3.2 Sensor-Integrated Smart Displays for Health Monitoring

Smart display systems can visualize user biosignals for healthcare applications,
integrating wearable sensors to display biological information on the user’s skin in
real time (Fig. 1.11a). Koo et al. (2017) recently demonstrated a health monitoring
smart display capable of visualizing electrocardiogram (ECG) signals on the skin in
real time (Fig. 1.11b) (Sanguantrakul et al., 2024). The developed system comprises
a stretchable electrode that measures the ECG signals, which are then amplified
using a CNT amplifier. The measured and amplified ECG signals are visualized
through color-tunable OLEDs on the skin (Fig. 1.11c). Information is visualized by
color changes depending on the shape of the retrieved signal (Fig. 1.11d). The rest
of the system’s electronic sensor and amplifier components are also micron-thin and
provide a highly conformal fit to the skin. The ECG sensor is designed with a
stretchable snake pattern, enabling a fully wearable system for real-time health
monitoring of ECG signals (Bai et al., 2022).

a Cardiac signal b [stretchabie electrode Pseudo-CMOS CNT [comiumbh OLED
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Fig. 1.11 Sensor-integrated smart display for health monitoring. (a) Schematic diagram showing
the concept of a smart display for health monitoring. (b) Schematic diagram illustrating the ECG
display procedure. (¢) Digital photograph showing the color-tuned emission of a wearable OLED
based on the shape of the ECG signal retrieved from the user. (d) Digital photograph of a QD-LED
display integrated with a wearable electronic device. (e) Digital photograph of the capacitive touch
sensor. (a—c) Reprinted with permission from Koo et al. (2017). Copyright 2017: ACS. (d, e)
Reprinted with permission from Kim et al. (2017b). Copyright 2017: Wiley-VCH
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1.3.3.3 Display for Assisted Pulse Oximetry

Wearable light-emitting devices are suitable for noninvasive biomedical sensing
applications such as light sources and user-interactive displays (Fig. 1.11e). Specific
examples include photoplethysmography (PPG) and pulse oximetry. PPG is based
on the variation of light absorption with blood flow (Zhang et al., 2023b). After
mounting a device consisting of a light source and photodetectors on a thin part of
the body (e.g., fingertips), the system measures the change in absorbance of trans-
mitted or reflected light as blood is pumped to the periphery with each cardiac cycle.
Pulse oximetry is a PPG-based method for monitoring blood oxygen saturation,
measuring the absorbance of two different wavelengths of light (Kim et al., 2022).

1.4 Challenges and Innovative Strategies

Wearable electronic devices necessitate a combination of thinness, lightweight con-
struction, flexibility, and durability to align with human physiology and psychology
while meeting personalized needs. However, these characteristics pose significant
challenges in terms of mechanical robustness, managing hard and soft interfaces,
and ensuring stretchability.

1.4.1 Mechanical Properties

Mechanical robustness is critical for flexible sensors to resist external and internal
challenges. Strategies to address these challenges are as follows:

1. Use tough materials to absorb/disperse energy and reduce damage, thus enhanc-
ing the resistance to deformation. For example, a PDMS-MPU-IU with high
tensile strength (1200%) and mechanical toughness (12,000 mJ/m?) has been
employed in electronic skin for monitoring daily human activities(Cui, 2019).

2. Structural optimization to better withstand external forces. For instance, a nano-
lattice with MEA, surface folds, and high toughness obtained by depositing
CoCrNiTi exhibits high energy absorption (60 MJ/m?) and can endure more than
50% strain (Fig. 1.9b) (Li et al., 2023b).

1.4.2 Multiple Signal Decoupling

As wearable sensors become thinner and more flexible, they face the challenge of
multiple signal response crosstalk arising from coupling and external signal inter-
ference. Flexible materials produce responses to various stresses, leading to signal
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interference. And the applied pressure also transmits to unstressed areas, triggering
signal responses there. Moreover, changes in sweat and temperature can further
interfere with signal detection, affecting the accuracy of pressure and strain signals.

To address these issues, one approach is to optimize material responses by using
single-stimulus-responsive materials to reduce interference. For example, a MXene/
Ag nanowire film integrated with microcontrollers was used to make precise pres-
sure sensors for prosthetics, robotics, and artificial blood vessels (Cheng et al.,
2015). Another strategy is to improve structural design to minimize inter-structural
coupling.

1.4.3 Signal Stability and Accuracy

In flexible wearable sensors, signal stability and accuracy are of crucial importance
due to the challenges of signal drift in long-term wear or complex environments.
Several strategies can enhance stability. These are (i) selection of optimal technol-
ogy and environmentally stable materials (Davoodi et al., 2020) and (ii) instrumen-
tal compensation of the observed drift in the characteristics of flexible sensors. For
example, Wang et al., (2020) demonstrated this by incorporating a compensated
thermistor with a similar shape and material as the sensing resistor into a Wheatstone-
bridge feedback circuit, compensating for temperature and strain effects. These
strategies, as illustrated in Fig. 1.12, offer the opportunity to significantly improve
signal stability in flexible wearable sensors. Flexible film encapsulation also plays a
crucial role by providing a biocompatible, inert, waterproof, and mechanically
robust layer to protect sensitive components, reducing noise and signal drift (Adams
et al., 2015).

1.4.4 Environmentally Friendly and Biosafety

Environmental protection, greenness, and degradability are key priorities in today’s
society, especially in the design and manufacturing of wearable sensors. Materials
used in wearable sensors should be recyclable and biodegradable to minimize envi-
ronmental impact. Paper-based sensor technology offers a promising solution, pro-
viding low-cost, biodegradable, and biocompatible substrates that are
environmentally friendly. These sensors help reduce electronic waste, improve
energy efficiency, and promote sustainable development.

Biosafety is another crucial aspect, directly affecting the safety, reliability, and
user comfort of wearable devices. To ensure long-term wearability, wearable sen-
sors must be biocompatible, avoiding toxicity, allergies, immune reactions, or dis-
comfort when in contact with the skin. To enhance user experience, sensors should
be thin, light, miniaturized, and highly integrated, as well as ergonomic, breathable,
water-resistant, and strongly adhesive. Advanced processing techniques, such as
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Fig. 1.12 Strategies to improve signal stability. (a, b) Use of environmentally stable materials.
Sensor with surface-embedded graphene (SEG) coating as opposed to sensor with surface-
deposited graphene (SDG) coating was found to be insensitive to humidity (a); the same order of
sensitivity to temperature resulted in both types of sensors (b). (¢, d) Circuit compensation. Results
indicate that the temperature and strain effects can be tremendously eliminated using the proposed
compensation method, which is fast, self-sustained, and expedient to realize. (a, b) Reprinted with
permission from Davoodi et al. (2020). Copyright 2020: ACS; (¢, d) Reprinted with permission
from Wang et al. (2020). Copyright 2020: ACS
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micro-nano processing and 3D printing, are essential to achieve these design goals
(Chen et al., 2018; Cui, 2019).

1.5 Summary and Outlook

This chapter has introduced the fundamental construction strategies for flexible and
stretchable electronics, covering key aspects such as materials, structure, and device
processing. We have explored the selection of flexible electronic materials, includ-
ing common substrates, conductive fillers, and their combinations, as well as their
applications in sensors and wearable devices. Significant progress has been made in
the use of flexible electronics for wearable intelligent systems, human monitoring,
and e-skin technologies. The integration with display technologies has opened new
avenues for user interaction and health monitoring. However, challenges remain in
the areas of mechanical properties, signal stability, and environmental compatibil-
ity, which must be addressed for these technologies to reach their full potential.

As flexible electronics continue to advance, concerns regarding biosafety and
environmental impact have become increasingly important. The use of synthetic
polymers and metals in traditional flexible devices may raise potential environmen-
tal risks and biocompatibility issues. To address these concerns, the emerging con-
cept of paper-based sensors offers a promising solution. Paper-based sensors are
environmentally friendly, biodegradable, and can be engineered to retain the neces-
sary flexibility and stretchability for diverse applications. These sensors, combined
with innovative sensing technologies, present a sustainable alternative for health
monitoring and environmental sensing, and hold great promise for future develop-
ments in flexible electronics. The shift toward paper-based materials could play a
key role in reducing the ecological footprint of electronic devices while maintaining
their performance and functionality.
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2.1 Introduction

2.1.1 Flexible Electronic Devices

Traditional electronics is based on rigid substrates such as circuit boards, semicon-
ductor wafers, and glass substrates, which lack flexibility and are unsuitable for
wearable, conformal, and flexible electronic applications (Ling et al., 2018;
Logothetidis, 2008; Zou et al., 2018). Thin-film devices can be bent, folded,
twisted, compressed, stretched, and shaped into various forms while still delivering
high electrical performance, reliability, and integration (Ling et al., 2018). Materials
used in these technologies need to offer high flexibility as well as excellent physi-
cal and chemical characteristics (Zou et al., 2018). Examples of semiconductors
include amorphous silicon (a-Si), organic semiconductors, perovskites, gallium
nitride (GaN), and gallium arsenide (GaAs). Common materials used as electrodes
include thin metal layers, graphene, carbon nanotubes (CNTs), conductive
polymers (such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), and polyaniline (PANI)), liquid metals, and metal nanowires (Liu
et al., 2023b, 2024; Sun & Rogers, 2007). Apart from finding new materials for
manufacturing, designing specialized flexible and stretchable structures is equally
crucial (Zou et al., 2018). Flexible substrates, like polymer films (such as polyeth-
ylene terephthalate (PET) and polyethylene naphthalate (PEN)), graphene-based
substrates, Ecoflex (a platinum-catalyzed silicone), liquid crystal polymer (LCP),
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paper, metal foils, and biodegradable materials, are promising to replace the rigid
ones (such as Si and glass). When combined with printing-based manufacturing,
these materials enable low-cost, roll-to-roll (R2R) processing for mass production
(Logothetidis, 2008). In general, plastic foils and thin metal foils are considered the
most common flexible alternatives to rigid glass substrates (Zardetto et al., 2011).
Flexible electronic technology offers a wide variety of applications in cutting-edge
technological areas, such as wearable and flexible sensors (such as fitness trackers
and smartwatches and smart clothing) (Anwer et al., 2022; Jiang et al., 2021),
healthcare and medical devices (such as implantable electronics, sensors for diag-
nostics, and electronic bandages) (Cusack et al., 2024), foldable and rollable dis-
plays (such as smartphones, flexible OLED, and e-paper displays) (Burns et al.,
2005; Kim et al., 2023), e-skin and soft robotics (Hu et al., 2023), prosthetics and
assistive technologies (Khoshmanesh et al., 2021), smart packaging (Biji et al.,
2015), internet of things (IoTs) (Aouedi et al., 2024), electromagnetic interference
(EMI) shielding (Wang et al., 2022), radio-frequency identification (RFID) tags
(Zhang et al., 2022), flexible antennas (Kirtania et al., 2020), flexible batteries (Zhu
et al., 2024), and flexible solar cells for outdoor and indoor applications (Aftab
et al., 2024; Chakraborty et al., 2024); all of these have generated significant
interest in the scientific and industrial world. Many advancements have been made
in research, and some related products have already been designed and
manufactured.

2.2 Parameters for Substrate Selection

Substrates play a critical role in achieving high-performance devices, as their prop-
erties directly impact the overall performance. The following are some key require-
ments for flexible substrates in electronic devices.

2.2.1 Optical Properties

Transparency is essential for applications where light must either pass through, such
as in photovoltaics and photodetectors, or exit, such as in displays and lighting
(Zardetto et al., 2011). For example, bottom-emitting displays typically require
more than 85% total light transmission (TLT) in the 400-800 nm wavelength range,
with haze levels below 0.7% (Cheng & Wagner, 2009; MacDonald, 2015). In pho-
tovoltaic applications, the substrate should allow maximum light transmission,
ideally exceeding 90% in the visible and near-infrared range (Jung et al., 2019).
Additionally, substrates for liquid-crystal displays (LCDs) must have low birefrin-
gence (Cheng & Wagner, 2009).



2 Conventional Substrates for Flexible Devices 29
2.2.2 Electrical and Magnetic Properties

Most substrates for flexible electronics are insulating. This guarantees electrical
isolation of the components. However, electrodes need to be deposited to enable
conductivity. Metals are the preferred materials. If transparency is required, trans-
parent conductive oxides (TCOs) are commonly used to create transparent conduc-
tive electrodes (TCEs). High conductivity is a crucial role in applications where
efficient electrical flow is key, such as flexible circuit boards, sensors, displays,
photovoltaics, EMI shielding, and energy storage systems. TCOs are typically
deposited on the substrate to create TCEs. In some cases, metallic substrates, such
as stainless steel or titanium, or polymers filled with graphitic particles are used to
make the substrate conductive. In addition, for specific applications, certain mag-
netic properties might be required to support the formation of a magnetic field, as in
magnetoresistive sensors and EMI shielding (Chen et al., 2023a; Pradhan
et al., 2022).

2.2.3 Thermal Properties

For flexible substrates like polymers, the ability to withstand high temperatures is
critical. The glass transition temperature (T,) must match or exceed the maximum
fabrication process temperature (T,.x) (Dong et al., 2021a). Furthermore, the coef-
ficient of thermal expansion (CTE) should be sufficiently low to match that of the
deposited layers, typically inorganic materials with low CTEs, in order to prevent
cracking or detachment during thermal cycling. High thermal conductivity is also
crucial for efficiently cooling circuits that handle high electrical currents.
Dimensional stability during processing is also important for plastic substrates
(Cheng & Wagner, 2009; Dong et al., 2021a; MacDonald, 2015).

2.2.4 Mechanical Properties

A key requirement for substrates in flexible electronics is mechanical flexibility,
which allows them to adapt to various conditions such as bending, stretching, and
folding (Zardetto et al., 2011). This allows the substrates to withstand significant
stress and strain without permanent deformation or loss of functionality, such as
maintaining conductivity, which could be compromised if cracks form in brittle
TCO films (Jung et al., 2019; Kim & Park, 2013). To achieve this, flexible substrates
should have a low Young’s modulus and high bending strength, enabling them to
effectively release stress while maintaining their original performance (Subudhi &
Punetha, 2023).
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2.2.5 Chemical Properties

During the solution-based processing, the substrates are exposed to various chemi-
cals, such as gases and solvents, and must therefore be chemically stable. For exam-
ple, some polymers have poor resistance to organic solvents. This chemical
weakness can be addressed by applying a solvent barrier (such as a layer of
amorphous resin) to protect the underlying substrate (Castro-Hermosa et al., 2019;
Jankowski et al., 2012). In addition, substrates must be a good barrier against
oxygen (<1072 to 10~ cm*/m?/day) and moisture (<1073 to 10~° g/m*/day) perme-
ation depending on intrinsic stability of the device stack and applications (Cheng &
Wagner, 2009).

2.2.6 Surface Roughness

In thin-film electronics, the surface roughness needs to be much lower than the
thickness of the films being applied. For example, in photovoltaic devices, high
surface roughness can increase the risk of electrical short circuits due to nonuniform
surface coverage. However, some roughness over longer distances is acceptable for
these devices (Cheng & Wagner, 2009). For the substrates with large roughness, the
surface can be smoothed through planarization processes for polymer substrates or
polishing for metal substrates (Skafi et al., 2024; Jung et al., 2019).

2.3 Flexible Substrates

2.3.1 Polymers as Substrate

Polymer-based materials are becoming increasingly important among the various
flexible substrates used in emerging flexible electronics, particularly in displays and
photovoltaics. In film substrate form, they enable the creation of lightweight, bend-
able, foldable, and potentially rollable optoelectronic devices, enabling new appli-
cations and installation possibilities that traditional rigid devices cannot achieve. As
mentioned above, to replace glass, polymer substrates must offer similar properties,
such as transparency, dimensional stability, oxygen and moisture barrier, solvent
resistance, thermal stability, low CTE, and a smooth surface. Additionally, some
applications may require a conductive layer. However, no plastic film provides all
these properties, so polymer substrates that replace glass are typically multilayer
composite structures. Despite their advantages, plastic substrates are less thermally
and dimensionally stable than glass and are more prone to oxygen and moisture
permeation. Listed below are some commonly used flexible polymer substrates for
flexible electronics. Table 1 summarizes their key properties, while Fig. 2.1 illus-
trates examples of their applications in flexible electronics.
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Fig. 2.1 Examples of applications of flexible polymer substrates in flexible electronics. PI: Semi-
transparent and flexible surface acoustic wave (SAW) devices on polyimide (PI). Reproduced from
ref. (Jin et al., 2013). Published 2013 by Springer Nature with the terms of the Creative Commons
Attribution CC BY 4.0; PET: Flexible transistor arrays with integrated circuits on polyethylene
terephthalate (PET). Reproduced with permission from ref. (Li et al., 2020). Copyright 2020:
Springer Nature; PC: Flexible perovskite solar cells (PSCs) on polycarbonate (PC). Reproduced
with permission from ref. (Skafi et al., 2024). Copyright 2024: John Wiley and Sons; PEN: Flexible
top-emitting quantum-dot (QD) based light-emitting diodes (TQLED) fabricated on polyethylene
naphthalate (PEN). Reproduced from ref. (Baek et al., 2023). Published 2023 by IOP with the
terms of the Creative Commons Attribution CC BY-NC 4.0; PDMS: Flexible motion sensor on
CNT/polydimethylsiloxane (PDMS) composite. Reproduced from ref. (Du et al., 2020). Published
2020 by MDPI with the terms of the Creative Commons Attribution CC BY 4.0; PU: MXene-silver
nanowire (AgNW) composite transparent conductive film (TCF) with polyurethane (PU) as sub-
strate for electromagnetic interference (EMI) shielding application. Reproduced with permission
from ref. (Bai et al., 2021). Copyright 2021: Elsevier; FG: Flexible PSCs on flexible glass (FG).
Reproduced from ref. (Castro-Hermosa et al., 2020). Published by CelPress with the terms of the
Creative Commons Attribution CC BY-NC-ND 4.0

2.3.1.1 Polyethylene Terephthalate (PET)

PET is a commercially available thermoplastic polymer resin that belongs to the
polyester family. Depending on its thickness, PET can range from stretchable and
flexible to rigid, and it is notably lightweight. PET, particularly in the film form
(~0.4-500 pm), has become the transparent substrate of choice due to its low cost
(six times cheaper than PEN), good thermal stability, spin ability, UV stability, and
moisture resistance (Faraj et al., 2011; Park et al., 2018b; Zardetto et al., 2011). PET



32 Z. Skafi and T. M. Brown

has a melting temperature (T,,) of 70-110 °C and a T, of 115-258 °C depending
also on the use of heat stabilizers (see Table 2.1) (Hassan et al., 2022). These
properties make it suitable for various processing conditions without significant
deformation. PET substrates are used in a wide range of flexible electronic applica-
tions, such as printed electronics (Batet et al., 2023), sensors (Na et al., 2016), and
thin-film photovoltaics (Dagar et al., 2018). They are also highly desirable for dis-
play technologies, including organic light-emitting displays (OLEDs) (Gasonoo
et al., 2023), resistive touch screens (Emamian et al., 2017), and electrowetting
displays (Wang & Chen, 2020). This is largely due to their excellent optical proper-
ties, with over 85% optical transmission in the visible range, and their mechanical
flexibility under bending or buckling conditions (Faraj et al., 2011). One of the chal-
lenges with PET is its natural shrinkage at temperatures above its T,. However, this
can be managed by blending it with highly heat-resistant bio-based polyesters (Park
et al., 2020).

2.3.1.2 Polyethylene Naphthalate (PEN)

PEN is a type of polyester that is derived from naphthalene-2,6-dicarboxylic acid
and ethylene glycol. It is emerging as a valuable substrate for flexible electronics,
offering several advantages over traditional options like PET. With a higher T,,
shrinkage resistance, greater strength, higher modulus, improved crystallinity, and
better oxygen and moisture barrier properties, PEN offers enhanced durability and
the ability to withstand higher processing temperatures (see Table 2.1) (Hassan
et al., 2022; Zardetto et al., 2011). These features make it an ideal substrate in

Table 2.1 Properties of different polymer flexible substrates materials

Substrate PET PEN PC PI PDMS |PU

Glass transition temp. (T, 70-110 | 120-155| 145 155-360 | —125 80

<)

Melting temperature (T, 115-258 | 269 115-160 |250-452 | — 180

<)

Coefficient of thermal 15-33 20 75 8-20 310 153

expansion (CTE) (ppm °C™")

Density (g cm™) 1.39 1.36 1.20-1.22 | 1.36-1.43 | 1.03 1.18

Working temp. (°C) —50to - —40 to Upto400 —45t0 | 130
150 130 200

Water adsorption (%) 04-0.6 | 0.3-04 |0.16-0.35 | 1.3-3 >0.1 0.2

Solvent resistance Good Good Poor Good Poor Good

Transparency Good Good Good Poor Good Good

Dimensional stability Good Good Fair Fair Good Good

Ultimate elongation (%) 90 85 12 80 50-500 |300-800

Surface roughness (nm) 30 15 74 30 - -

Source: Reproduced with permission from ref. (Hassan et al., 2022). Copyright 2022: John Wiley
and Sons
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applications requiring robust mechanical and thermal properties, such as OLED
displays (Li et al., 2021), printed electronics, and biosensors (Lamanna et al., 2020).
Furthermore, its low surface roughness makes it suitable for high-performance thin-
film devices, such as photovoltaics (Deng et al., 2023) and transistors (De Oliveira
etal., 2016). However, its increased cost compared to PET may limit its widespread
adoption and market potentioal (Serrano et al., 2020; Sierros et al., 2010). Despite
this, PEN remains a highly attractive option for advanced flexible electronics due to
its superior performance characteristics.

2.3.1.3 Polycarbonate (PC)

PC, a type of thermoplastic, has a relatively high glass transition temperature, low
moisture absorption, and excellent transparency (~90% in the visible spectrum). It
is also flexible, lightweight, and cost-effective. It offers similar transparency to
materials like PET (~90%) and PEN (~88.7%) (Patel & Wolden, 2013; Skafi et al.,
2024). PC is used in electronic devices, including flexible transparent conductive
films (TCFs) (Jeong et al., 2024), smart windows (SWs) (Alenazi, 2023), and EMI
shielding (Astarlioglu et al., 2024), and solar cells (Skafi et al., 2024). Additionally,
PC is gaining popularity in many countries for applications such as electronic IDs
(e-IDs), e-passports, and e-resident permits, as it significantly improves the security
of identification documents. This makes it a viable option for smart cards and ID
cards. Despite these advantages, PC has some limitations, including poor chemical
resistance (due to weak intermolecular forces and lack of crosslinks between the
linear polymer chains), high moisture permeability, and potential surface rough-
ness. To address these challenges, research has focused on improving PC’s chemical
resistance and surface smoothness using resin-based solvent resistance and pla-
narization layers (Skafi et al., 2024). Furthermore, to reduce moisture permeability,
researchers have suggested applying ultra-high permeation barriers (Castro-
Hermosa et al., 2019; Erlat et al., 2005).

2.3.1.4 Polyimide (PI)

PI is known for its excellent thermal stability, mechanical robustness, chemical
resistance, and electrical insulation properties. It is used in electronic devices, such
as flexible circuit boards (Wang et al., 2020), antennas (Cang et al., 2021), solar
cells (Koo et al., 2020), and sensors (Sahatiya et al., 2016). PI’s ability to withstand
high temperatures, with an operating range from —269 °C to 400 °C, makes it ideal
for use in processes like sputtering and e-beam evaporation. Its strong adhesion to
metal coatings and photoresists further enhances its suitability for microfabrica-
tion, allowing direct patterning on the material (Chen et al., 2021a, 2023b; Park
et al., 2018a; Sahatiya et al., 2016). Despite these advantages, PI has certain limita-
tions. For instance, traditional PI, like Kapton, absorbs visible light and has an
amber hue, which restricts its use in transparent devices. This issue has been
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addressed by synthesizing colorless polyimides using fluorinated dianiline, making
them suitable for optoelectronic applications like displays (Park et al., 2018a;
Spechler et al., 2015). Additionally, the high CTE of commercial PI films can cause
internal stress when bonded to metals or inorganic materials, leading to warping
and delamination. To solve this, research has focused on reducing the CTE of PI to
better match that of metallic materials, improving device durability under thermal
cycling. Another challenge is PI’s hydrophobic and inert surface, which hinders the
deposition of functional materials in processes involving water-based solutions.
However, recent developments in mild, environmentally friendly surface modifica-
tion techniques have made it possible to reduce PI's surface inertness without com-
promising its structural integrity (Fang & Tentzeris, 2018). By addressing these
limitations through innovations in chemical composition and processing tech-
niques, PI continues to play a critical role in the advancement of flexible electronics.

2.3.1.5 Polydimethylsiloxane (PDMS)

PDMS, a polymeric organo-silicon compound, has become a key material in flexi-
ble electronics due to its unique properties. PDMS offers several advantages over
traditional plastic substrates, like PET (Chen et al., 2018; Sharma et al., 2021;
Sharma & Chung, 2023; Qi et al., 2021). One of its main strengths is its high flexi-
bility and stretchability, making it particularly suitable for stretchable and wearable
electronics (Qi et al., 2021). PDMS also demonstrates high resilience to thermal
stress, along with good chemical stability, biological compatibility, and transpar-
ency. These characteristics make it ideal for applications like flexible sensors (Cui
et al., 2016), antennas (Salleh et al., 2023), electronic skins (Farman et al., 2023),
and microfluidic systems (Li et al., 2013). However, a major limitation of PDMS is
its poor adhesion to conductive materials like silver inks, which can result in crack-
ing and delamination under strain. To overcome this, improving the adhesion of
conductors is crucial. Surface modification methods, such as using silver-flake-
based conductors, single-walled carbon nanotubes (SWCNTSs), or stretchable con-
ductors like liquid metallic alloys (e.g., Galinstan), can help expand the range of
PDMS applications (Deng et al., 2024; Sondhi et al., 2018; Su et al., 2023).

2.3.1.6 Thermoplastic Polyurethane (TPU)

TPU has gained attention in flexible electronics due to its high elasticity, good flex-
ibility, chemical stability, ease of processing, and cost-effectiveness (Chen et al.,
2021b). Its low Young’s modulus offers high stretchability and tensile strength
(Pursula et al., 2018), making it ideal for applications, such as flexible strain sen-
sors (Zhou et al., 2024), smart textiles (Griggs et al., 2024), EMI shielding (Wang
et al., 2023), and on-skin healthcare electronics (Cho et al., 2024). TPU’s good
compatibility with conductive materials, such as silver nanowires (AgNWs) and
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carbon nanomaterials, enhances conductivity. However, its low modulus and high
thickness (often above 100 pm) can limit its conformability on curved surfaces like
skin (Pursula et al., 2018). To address this, research has focused on optimizing the
structure of TPU-based sensors through both macro- and microstructural design
improvements, which enhance the flexibility and conductivity of the composite
materials (Chen et al., 2021b). For example, modifying the surface of TPU with
polyvinylpyrrolidone (PVP) enhances bonding with conductor (Zhao et al., 2024),
preventing slippage during stretching and improving durability.

2.3.2 Ultra-Thin Glass as Substrate

Flexible glass is a promising material for flexible electronics due to properties like
low surface roughness, dimensional stability, thermal stability (up to 700 °C), and
good barrier properties against moisture and oxygen. With a water vapor transmis-
sion rate (WVTR) below 7 x 1075 g/m?*day, it offers a strong alternative to tradi-
tional polymer substrates like PET and PEN. It is also highly transparent, even at
shorter wavelengths where PET and PEN typically absorb light (Castro-Hermosa
etal., 2020; Wang et al., 2019). Its thin and flexible form, with thicknesses as low as
0.1 mm, makes it ideal for roll-to-roll (R2R) manufacturing, enabling large-scale,
high-throughput production of devices (Garner et al., 2017a, b), including displays
(Garner et al., 2013), sensors (Dadhich et al., 2023), and photovoltaics (Castro-
Hermosa et al., 2020). However, flexible glass faces challenges in mechanical han-
dling and processing, especially at larger sizes, which can reduce device conformality
and increase the risk of breakage during production. To overcome these issues,
polymer coatings have been developed to enhance mechanical stability, and ultra-
thin glass options, such as Corning® Willow® Glass, have been introduced (Castro-
Hermosa et al., 2020; Plichta et al., 2003). These advancements retain the benefits
of traditional glass while adding the flexibility required for next-generation elec-
tronics. With its superior mechanical, thermal, and barrier properties, flexible glass
is set to play a key role in advancing lighter, thinner, and more durable flexible
electronics.

2.3.3 Metal Foils as Substrates

Metal foils offer an alternative to plastic films in flexible electronics, especially
when high-temperature processing is needed, such as in the fabrication of inorganic
thin-film solar cells (e.g., a-Si, CIS, CIGS) and silicon transistors. These foils,
including materials like stainless steel (SS) and titanium, provide exceptional elec-
trical conductivity, chemical resistance, and serve as superior barriers to moisture
and oxygen compared to plastic substrates. However, SS foils, compared to glass,
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Table 2.2 Properties of metal foil substrate materials

Optical Surface
Tha | CTE transmission Chemical Moisture | roughness (as

Substrate (°C) | (ppm/K) | (visible) sensitivity | uptake (%) | received)
Stainless steel | 900 |10 Opaque OK ~0 ~1 pm
(430)
Stainless steel | — 17 Opaque OK ~0 ~1 pm
(304)
Kovar 800 |5-6 Opaque High ~0 ~10 nm
(nickel-cobalt
ferrous alloy)
Copper - 17 Opaque High ~0
Aluminum - 24 Opaque High ~0

Source: Reproduced with permission from ref. (D’ Andrade et al., 2015). Copyright 2015: Elsevier

have a higher surface roughness due to the forging processing. Therefore, to use
metallic foils with high surface roughness effectively, planarization or chemical
mechanical polishing approaches can be employed to enhance the performance and
reliability of flexible electronic devices made with these substrates (Hu et al., 2012).
Thin metal foils, typically less than 125 pm thick, are flexible, making them ideal
for applications like emissive or reflective displays, which do not require transpar-
ent substrates. In addition, metal foils show excellent dimensional stability with no
shrinking or extension during processing. However, metal substrates need to be
coated with insulating layers, such as SiN, or SiO:, to provide circuit isolation, with
additional functions like serving as an adhesion layer and a barrier against chemi-
cals used in the manufacturing process (Cheng & Wagner, 2009; Palavesam et al.,
2018; Zardetto et al., 2011). Table 2.2 summarizes the key properties of various
metal foil substrate materials.

2.4 Flexible Electronic Devices Based on Polymer Substrates

The most common flexible substrates for fabrication of flexible electronic devices
are lightweight and thin polymer materials. Among various polymer substrates,
PET and PEN are substrates of choice in flexible electronics, making lightweight,
bendable, stretchable, and compatible devices with markets and applications that
cannot be achieved with rigid devices. In recent years, flexible electronics have
gained significant interest in applications like flexible solar cells, flexible displays,
flexible transistors, flexible sensors, flexible integrated circuits, electronic skins,
and many other fields. Figure 2.2 illustrates recent advancements in flexible elec-
tronics utilizing PET and PEN substrates.



2 Conventional Substrates for Flexible Devices 37

Flexible organie solar cell Perovskite solar module

Ay
— ]
——  Active Layar
k — rioTess =
R, — PTiAg by

Flexible organic module

Flexible and stretchable
organic ligh emitting diode

. (OLED)
MHWM

Polymer substrates
for flexible
electronics

Flexible \
piezoresistive/piezoclectric

pressure sensor

Flexible transistor

— PET substrate

= sourcs/dran. <

— didecitic I
e

Flexible organie
X-ray sensor

Fig. 2.2 Recent advancements in flexible electronics using conventional polymer substrates, i.e.,
polyethylene terephthalate (PET) and polyethylene naphthalate (PEN). Flexible organic solar
cells: Reproduced with permission from ref. (Ye et al., 2023). Copyright 2023: John Wiley and
Sons. Flexible organic module: Reproduced from ref. (Shen et al., 2023) with permission from
John Wiley and Sons. Perovskite solar module: Reproduced with permission from ref. (Zhang
et al., 2024a). Copyright 2024: John Wiley and Sons. Flexible and stretchable organic light-
emitting diode (OLED): Reproduced from ref. (Nam et al., 2024). Published 2024 by Springer
Nature with the terms of the Creative Commons Attribution CC BY 4.0. Flexible transistors:
Reproduced from ref. (Zhang et al., 2024b). Published 2024 by Wiley with the terms of the Creative
Commons Attribution CC BY 4.0. Flexible X-ray sensor: Reproduced with permission from ref.
(Bashiri et al., 2024). Copyright 2024: John Wiley and Sons. Flexible piezoresistive/piezoelectric
pressure sensor: Reproduced with permission from ref. (Kumari et al., 2024). Copyright 2024:
American Chemical Society

2.4.1 Flexible Solar Cells

Flexible solar cells are supposed to be the foremost commercialization option of
solar cells because the devices can be prepared by a roll-to-roll printing process and
are suitable for mass production. More importantly, flexible solar cells prepared on
ultrathin and lightweight polymer substrates can meet the demands from the emerg-
ing market of flexible electronics and find applications that cannot be achieved with
conventional photovoltaic devices. As mentioned above, PET and PEN are the most
prevalent plastic substrates used in flexible solar cells. Ye et al. (2023) reported the
highly efficient and most flexible organic solar cells (OSCs) to date on PET by
incorporating a ductile oligomeric acceptor (DOA) into the polymer donors (Pp)
and small molecule acceptors (SMAs) photoactive film with a power conversion
efficiency (PCE) of 17.91%. The best performing flexible cells demonstrated good
mechanical stability by retaining 98% of the initial PCE after 2000 consecutive
bending cycles (Ye et al., 2023). Additionally, large-area flexible OSCs on PET
substrate, with 30 cm? modules utilizing PM6:Qx-1 as the photoactive layer,
achieved a record PCE of 12.20% (Shen et al., 2023). The ability to be printed and
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integrated on a variety of flexible substrates in different forms, combined with their
lightweight, thin, and flexible nature, positions perovskite solar cells (PSCs) at the
forefront of new-generation photovoltaic for a variety of different applications. By
suppressing the crack formation and delamination using pentaerythritol triacrylate
as a crosslinker in both the interface and bulk perovskite, the highest PCE of flexible
PSCs is 24.9% (certified 24.48%) (Wu et al., 2024). For flexible perovskite mod-
ules, a certified record efficiency of 20.20% was achieved in January 2024 through
the perovskite/hole transport layer (HTL) passivation strategy (Zhang et al., 2024a).
Because of stability concerns and permeability of plastic substrates, a good market
of entry is represented by indoor photovoltaic. Examples of flexible cells for indoor
applications under artificial light include flexible PSCs on PET substrates, achiev-
ing a PCE of 32.5% under illumination of a cool white LED lamp (6500 K) at
1000 1x (Skafi et al., 2023). More recently, the highest efficiency for PET-based
cells reached 41% under illumination from a warm white LED lamp (3000 K) at
1000 1x (Zhang et al., 2024a). The development of flexible photovoltaic technolo-
gies under both indoor and outdoor conditions is important as it brings flexible solar
cells closer to commercialization, leading to lower manufacturing costs and easier
integration into various applications, such as wearable technology or integrated
buildings (Kim et al., 2021).

2.4.2 Flexible Displays

Displays have remarkably transitioned over the past decade from flat-panel liquid
crystal displays (LCDs) to thin frameless displays, such as the self-luminous dis-
plays made of organic light-emitting diodes (OLEDs), quantum dot LEDs (QLEDs),
and micro-LEDs (WLEDs). Given the critical trends in electronic devices, such as
portability, user-friendliness, and multifunctionality, flexible displays have attracted
significant interest (Kim et al., 2023). The most prevalent display technologies in
the market currently are LED and OLED. These technologies are known for their
lightweight nature, efficiency, thin device structures, and flexible components, mak-
ing them suitable for commercial and human-comfortable applications, such as
curved displays, foldable smartphones, rollable televisions, smart textiles, and
wearable electronics (Nam et al., 2024). However, the future direction of the display
industry relies on free-form displays capable of three-dimensional (3D) deforma-
tion and stretching, enabling functionalities such as multi-foldable, slidable, rolla-
ble, and stretchable screens. Stretchable displays, which can deform like human
skin, can have potential applications such as artificial skin, electronic skin (e-skin),
and feelable displays. To achieve these capabilities, these displays should be fabri-
cated on elastic polymer substrates, like ultrathin PET films (Kim et al., 2023; Nam
et al., 2024). Recently, Nam et al., reported a stretchable and water-resistant OLED
on a thin PET film (12 pm) using vacuum evaporation, thin film encapsulation, and
a nonselective laser patterning process. The fully encapsulated devices were fabri-
cated by a 12-pm PET film, which was coated with a 6.5-pm-thick layer of acrylic
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adhesive and laminated on top of the device. The mechanical stability and durability
tests of these OLEDs displayed excellent stretchability, withstanding up to 95%
strain and enduring 100,000 stretch-release cycles at 50% strain. Additionally, the
effective protection of encapsulation layer was confirmed through operational life-
time and water-resistant storage lifetime measurements (Nam et al., 2024). Putting
together flexibility of the display medium (electrophoretic) and the active-matrix
backplane, Burns et al. demonstrated one of the first applications of flexible e-books,
i.e., e-paper displays, via solution/printing-based manufacturing of polymer-based
thin film transistors on low-cost PET flexible substrates. Using a novel multilayer
pixel architecture, displays with an aperture ratio exceeding 85% was achieved and
could be bent to a radius of curvature of 5 mm (Burns et al., 2005).

2.4.3 Flexible Transistors

Flexible transistors are electronic components that can switch or amplify electrical
signals, but unlike traditional rigid transistors, they are fabricated on flexible sub-
strates. Low temperature thin-film transistors (TFTs) can be made using materials
such as carbon-based materials (such as graphene and CNTs), low-dimensional
materials such as silver nanoparticles (Ag NPs) and Ag NWs, metal oxide materials
(such as zinc oxide NWs (ZnO NWs) and zirconium oxide (ZrO,)), and organic
materials (such as pentacene, P3HT, and PEDOT:PSS) (Zhang et al., 2023). Many
developments in the application of flexible transistors for the fabrication of flexible
electronics have been reported, including uses in radio-frequency identification
tags, bio-sensor interface circuits, microprocessors, and displays (Jakher & Yadav,
2024; Shi et al., 2023). Following that, Zhang et al. (2024b) fabricated a flexible
field-effect transistor (FET) by directly integrating self-aligned crystalline, large-
area in-plane silicon nanowire (SiNW) multi-channels onto large-area flexible PET
substrates. They used a reliable transfer technique that preserved the original posi-
tioning and alignment of the NWs. The FETs displayed a high switching state cur-
rent ratio >10°, a low subthreshold swing of 175 mV dec™!, and excellent durability
at a small bending radius of 0.5 mm over 1000 bending cycles. The proposed strat-
egy opens the way for the development of flexible displays, wearable electronics,
and smart sensors by semiconductor NW channels, offering the advantage of low
manufacturing costs (Zhang et al., 2024b).

2.4.4 Flexible Sensors

Over the past decade, flexible sensors have become the key elements in flexible
wearable electronics and biomedical applications (Shen, 2021; Zazoum et al.,
2022). Flexible sensors find applications in three areas, including human activity
monitoring (such as motion monitoring and emotion recognition), artificial
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intelligence (such as human-machine interfaces and electronic signatures), and
healthcare (such as breath monitoring, wound healing monitoring, and joint motion
monitoring). Conventional electronic sensors, typically made from metals or semi-
conductors, often lack the sensitivity and stretchability required for monitoring
physiological signals, making them unsuitable for such applications. In contrast,
flexible sensors offer high biocompatibility, enable real-time monitoring, and pro-
vide additional benefits. Depending on the application, high flexibility may be
required, like for joint motion monitoring, or high sensitivity, as in pulse monitor-
ing, while achieving both simultaneously remains a big challenge (Liu et al., 2023a;
Zazoum et al., 2022). A recent study by Bashiri et al., published in November 2024,
developed a highly sensitive and flexible sensor based on P3HT:0-IDTBR, depos-
ited onto conductive Kapton substrates. The Kapton-based sensors demonstrated
precise resolution of multiple 50-pm-wide X-rays, with a full-width half-maximum
(FWHM) of (51.6 £+ 1.9) um, across energy ranges of 47-87.5 keV and dose rates of
0.21-0.45 kGy s™'. While sensors fabricated on PET exhibited unreliable X-ray
responses and significant FWHM broadening due to reverse polarity signals gener-
ated by the PET substrate. This study confirms the limitation of PET substrates for
flexible radiation detectors, providing the first evidence of their quantitative and
spatial challenges caused by radiation-induced charge generation (Bashiri
et al., 2024).

Recently, a flexible piezo-resistive/piezoelectric sensor based on ZnO NWs has
been developed on a PET substrate coated with indium tin oxide (ITO). This sensor
showed a significant change in resistance, ranging from 100 Q to 2400 €, under
relaxation and bending conditions, respectively. The I-V curves of the ZnO
NW-based flexible pressure sensor demonstrated a shift in current conduction from
24.40 mA to 0.30 pA when bent to 95.5° at +5 V, compared to when it was flat.
Experiments showed improved sensitivity, attributed to the lower defect density in
the CVD-grown NWs, in contrast to those made with hydrothermally grown nanow-
ires. The fabrication method reported in this study is time-efficient and enables the
creation of high-performance devices suitable for flexible and wearable technology
(Kumari et al., 2024).

2.5 Unconventional Substrates for Flexible Electronics

As mentioned earlier, plastic substrates are the most common choice in flexible
electronics. However, there is increasing interest in alternative materials that can
improve foldability, stretchability, and compatibility, while also addressing the
environmental risks associated with non-recyclable substrates. As a result, options
such as biodegradable films, textiles (Wei et al., 2024), and paper (Castro-Hermosa
et al., 2017; Dong et al., 2021b) are gaining more attention. Some biodegradable
materials and plastics have been reported in the literature for fabricating flexible
electronic devices such as regenerated cellulose or cellophane (Li et al., 2019), silk
film (Wen et al., 2021), transparent wood film (Ma et al., 2024), starch-based
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materials (Dong et al., 2024; Xiang et al., 2022), poly(lactic acid) film (Prontera
et al., 2022), and chitosan film (Kumar et al., 2020). These advancements highlight
the potential of sustainable materials as viable alternatives to traditional substrates,
paving the way for greener and more eco-friendly flexible electronics.

2.6 Conclusion

In summary, flexible electronics has revolutionized modern technology, enabling
high-performance devices with unique properties like bendability and conformabil-
ity. This chapter reviewed the essential characteristics of flexible substrates, focus-
ing on PET and PEN as leading materials, and highlighted advancements in key
devices such as solar cells, displays, transistors, and sensors. Additionally, the
potential of unconventional substrates emphasizing biodegradability and sustain-
ability was discussed. These developments pave the way for broader adoption and
future innovation in flexible electronics.
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Chapter 3 m
History of Paper and Traditional e
Papermaking Techniques

Aleksandra Balachenkova

3.1 Introduction

The search for a suitable career for written information has led mankind to a great
variety of solutions: stone, metal, wood, and clay tablets were used in many ancient
cultures. With time, these materials were consequently replaced by flexible ones,
which were cheaper in preparation and more convenient to transport. Papyrus, made
from a plant of the same name, was the predominant writing material in Egypt and
then in the Greco-Roman world for almost four thousand years. It was used for
religious, literary, and philosophical texts, as well as administrative and private
documents. The word “paper” is derived from the Greek term “papyrus.”

Parchment, made from the skins of sheep and other livestock, was developed at
first by the Persians and then widely spread. It was more durable and flexible than
papyrus, and its use led to the development of a book in the familiar form of a codex.

Palm leaves and birch bark were common types of writing material in South
West Asia and in India. Palm leaves were usually bound together into books by a
cord. Such form of book was also familiar to the Chinese, but instead of leaves they
used bound bamboo tablets. Another popular writing material in China was
silk fabric.

The question about the origin of the paper is debatable. Until the middle of the
twentieth century, the hypothesis on the artificial invention of paper by the Chinese
official Cai Lun in 105 AD prevailed, based, first of all, on the news of the Chinese
chronicle of Hou Han Shu (“‘Chronicle of the Emperors of the Later Han Dynasty”).
However, active archaeological and anthropological study of Central and East Asia,
results of historical technologies research in the late nineteenth to the first half of the
twentieth century, and, in general, the fact that paper is a relatively late material led
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to thinking of an earlier time of appearance of paper,' as well as the secondary
nature of its technology and, accordingly, the opportunity of its technological
precursors.

3.2 Technological Precursors of Papermaking

Technologically, the precursors of paper are ancient materials obtained from fibers
of both plant and animal origin—felt, tapa, weaving products.

The technology of felt making (by the so-called “wet method”) dates back to
Neolithic times (5-2th thousand BC) and is a direct consequence of the domestica-
tion of sheep. The most ancient samples of felt (fifth century BC) were found in
1929 in the mounds of Pazyryk (Gorny Altai). The zone, where felt was spread, had
a very wide coverage and extended from the subarctic to the subtropical zones in the
Northern Hemisphere. Currently, live felt production by a wet method can be found
in certain regions of Central Asia (in the territories of Mongolia, China, Kazakhstan,
Kyrgyzstan, and Russia). This technology is based on the structure of wool fibers
and is related to bends in the hair and presence of microscopic roughness on its
surface. Felt elasticity is due to the sinuosity of the fibers, and strength is due to the
roughness.

In preparation for felt making—felting—the pre-trimmed wool of domestic ani-
mals (mainly sheep) was combed and turned into a kind of cotton wool, thereafter it
was evenly spread on a fabric with a rare weave and moistened with hot water. After
the removal of water through the drainage holes in the fabric, it was rolled up and
felting was started, i.e., squeezing and rolling on a smooth surface. The process
lasted until a dense and closed felt sheet was obtained.

Other ancient technologies used plant fiber. In the Upper Paleolithic, based on
the techniques of braiding and spinning fibers, primitive weaving arose, for the
needs of which textile plants have been specially cultivated since the Neolithic
period: hemp, flax, cotton, ramie, etc.

Appearance of a cover sheet material, called “tapa” by ethnologists (according
to its name among the peoples of Oceania), also dates back to the Paleolithic period.
Tapa was widely spread on all continents in the equatorial zone, where bast fiber is
used for its manufacture, mainly from plants of the mulberry family (Moracea)—
ficus (Central America) and mulberry trees (East and Southeast Asia). Tapa was
widely used not only as a material for clothing and in primitive construction, but
also for writing: among the Maya Indians, this material for writing was called huun,
among the Aztecs—amate, in Indonesia—dluwang. The ancient Egyptian and
Chinese varieties of tapa, papyrus, made from the bast of the plant of the same name
(Cyperus papyrus), and the so-called “rice paper”, from the bast of the rung-tsaou

!'Until the last decades in China, there was a fierce political discussion between archaeologists who
defended the fact of the earlier appearance of paper (second to first centuries BC) and employees
of the All-China Research Institute of Paper Industry, who firmly adhered to the recorded date.
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tree (Tetrapanax papyriferum), became the most famous worldwide (Hunter, 1987;
Loeber, 1981).

It is convenient to consider the tapa-making technology using the example of
papyrus production. A bast was extracted from the pre-harvested stem of the plant,
which was then cut into thin strips and beaten off with a hammer, destroying the cell
walls for appearance of a sticky juice. After that, the first layer of the material was
formed by overlapping these strips, then the second layer was laid at a right angle to
the first layer. At the end, the wet sheet was pressed for gluing and dried.

3.3 Paper Origin Hypotheses

The paper origin hypotheses that exist today can be divided into two large groups—
“heroic” and “technological” (Pichol, 2000). Heroic concepts, as it was mentioned
above, are associated with the name of Cai Lun and differ in evaluating the degree
of his contribution to appearance of paper technology and distinguishing those
aspects of his possible activities that led to appearance of “true” paper. The authors
of technological concepts (which in turn can also be classified) discuss different
ways and forms of influence of technological precursors of paper on its origin and
further development. Let’s dwell on two of these hypotheses that got scientific rec-
ognition and support most of all.

Thus, the American historian of Chinese origin Tsuen-Hsuin Tsien considered
paper a derivative of weaving, suggesting that the idea of paper emerged from the
experience of household washing of linen or silk fabrics. According to Tsien, at
some moment there appeared a desire to collect wet fibers remaining with laun-
dresses or inventory ones to produce a thin felt-like material (Tsien, 1985).

As one of the basic arguments in favor of association between paper and weav-
ing, primarily silk spinning, the researcher cites an excerpt from the Chinese chron-
icle of Hou Han Shu, which tells about invention of paper by Cai Lun: “In ancient
times writings and inscriptions were generally made on tablets of bamboo or on
pieces of silk named ‘chih’. But silk being costly and bamboo heavy, they were not
convenient to use. Cai Lun then initiated an idea of making paper [chih] from the
bark of trees, remnants of hemp, rags of cloth and fishing nets. He submitted the
process to the Emperor in the first year of Yuan-Hsing period (105 year AD) and
received praise for his ability. From this time paper has been in use everywhere and
has universally called the ‘paper [chih] of Marquise Cai’” (Tsien, 1985;
Tchudin, 1994).

The hypothesis of the Swiss archaeologist and historian, former director of the
Basel Paper Museum P. Tchudin, is associated with the definition of paper as a
product of felting of plant fibers, which was very popular in the nineteenth and early
twentieth centuries. This definition indicates the materials that served as the basis
for the emergence of papermaking—felt and tapa. According to Tchudin, paper
appeared as a product of a technological combination of these ancient technologies.
Papermaking technology borrowed the raw material and the idea of its mechanical
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processing from tapa manufacturing methods, and the principle of formation of
sheets from a water-wet mass on a sieve from felting technology. Most probably,
paper appeared when a very thin felt was needed (whether plant or animal one),
which could not be obtained by traditional felting.

Based on this hypothesis, the origin of paper production in its modern form in
China seems logical both from a geographical and historical, and technological
points of view. The southern provinces of China were included in the tapa spreading
area, and the northern regions of the country always bordered the areas where felt
production was widespread. Similar conditions existed on the Hindustan peninsula,
but archaeological data to date do not confirm the presence of any developed paper
production in India before the eleventh to twelfth centuries (Teygeler, 1998; Rezavi,
2014), despite attempts of individual Indian researchers to prove the opposite
(Gosavi, 1983, 1987).

Archaeological finds in Western and Northwestern China allowed to make a con-
clusion that the appearance of paper in its modern form, first of all, as a material for
writing, was preceded by the period of existence of “paper felt” (or quasi-paper),
not related to the needs of book craft or writing in general. The difference between
quasi-paper and “true” paper? consists in the degree of fiber development and pres-
ence of sizing and fillers—they are absent in paper felt. The earliest surviving sam-
ples of paper felt, dating back to second to first centuries BC, were found during
archaeological excavations in 1957 in the cave burial of Bagiao in the Chinese prov-
ince of Shaanxi. Analysis of the burial showed that the fragments found served as a
wrapper, and the “paper” pulp consisted of poorly developed hemp fibers.

As most paper historians now believe, Tsai Lun deserves credit not for the origi-
nal invention, but for the rationalization of the already existing technology. His role
was to select the most suitable composition for the paper pulp. Cai Lun changed the
composition of the pulp (i.e., fibers and fillers), which led to a change in the proper-
ties of the material and made it more suitable for writing.

3.4 Ancient Far Eastern Paper

It was from the time of Cai Lun’s activity that the rooting of paper production and
its rapid spread in China began—from the north and northwest to the south and east.
During the second century, the cost of paper production decreased significantly,
which made it a very popular material for writing. Its market value, apparently, was
already lower than the cost of silk: an excerpt of a private letter dating from 143 was
preserved, which told about impossibility to make a copy of the liked literary work
on silk due to its high cost compared to paper. At the same time, new types of paper
appeared, intended, among other things, for artistic purposes. In the third to fourth
centuries, paper as a text carrier almost completely replaced bamboo strips and,

2D. Hunter introduced this term in the context of the problem under consideration (Hunter 1987).
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partially, silk (Tsien, 1985). Paper also found wide application in the manufacture
of many ritual objects, including those accompanying funeral rites. In addition,
China became the birthplace of paper architecture, and it was here that the use of
paper for sanitary and hygienic purposes was first recorded (Bloom, 2001).

3.4.1 The Most Important Finds of Early Paper Samples

The main source of information about early Chinese paper is the numerous finds of
its fragments in the so-called “dead” cities of northwestern China and in the oases
of the Great Silk Road (Turpan, Khotan, and Kashgar) made by European and
Chinese expeditions.

The largest number of manuscripts and paper fragments, including early ones,
was found in Dunhuang, one of the outposts of the Great Silk Road. Dunhuang is
now a chief city in Gansu Province, in Northwestern China. Here, on the outskirts
of the Chinese Empire, from the fourth to the eleventh centuries, a large Buddhist
complex was located in the Mogao Caves or Caves of the Thousand Buddhas.
Monasteries, temples, schools, a library, and Buddhist universities are placed there.
Local citizens continued to use these caves for housing after the Buddhist center
ceased to exist; in 1900 one of them came across a walled-up library. After that,
European expeditions flooded into Dunhuang, which took a huge number of manu-
scripts and other monuments of Chinese art to Europe. Currently, more than 20,000
paper scrolls from Dunhuang are stored in the manuscript collections of a number
of European countries and in China. These are mainly manuscripts of works of the
Buddhist canon, Confucian classics, literary and philosophical works, as well as a
large number of business documents in Chinese, various Turkic languages, Sanskrit,
Sogdian language, and Hebrew (Tsien, 1985; Menshikov, 1987; Rishel, 1998).

The value of the Dunhuang find for the history of early paper is that the manu-
script paper was produced in different centers. It is also very important that almost
all manuscripts can be dated, and thus one can judge the quality and composition of
paper produced in each of the eight centuries—from the fourth to the eleventh.

The most ancient sample of “true” paper made of linen fiber was also discovered
in Dunhuang, relatively recently (in 2006). The fragment preserved the remains of
the text, based on which it was dated back to 8 BC (Xinhuanet, 2006).

3.4.2 Early Chinese Papermaking Technology

First of all, physical and chemical analyses of historical paper samples, as well as
observations made by researchers in the regions of traditional papermaking, allow
to reconstruct the early technology of manual paper production in China. The only
complete and illustrated description of the technological process that came down to
us—an article from the encyclopedia compiled by the Chinese scientist Song
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Yingxing Tiangong Kaiwu (Exploitation of the Works of Nature)—is an indirect
source, since it was published only in 1637 and describes mainly the production of
paper from bamboo (see Fig. 3.1).

Raw Material As the centuries-long experience of hand papermaking showed,
plant fiber with a high natural cellulose content is best suited as raw material for its
manufacture. Fiber can be either primary (raw), i.e., extracted directly from the
plant, or secondary, taken from recycled raw fiber, for example, from textile rags.
The main types of fiber used in the historical production of paper are distinguished
according to their location in the plant:

(a) Bast fiber (flax, hemp, paper mulberry, ramie, lokta, etc.)
(b) Fiber of seed balls (cotton).

(c) Fiber of leaves (sisal, esparto, Manila hemp, yucca).

(d) Fiber of stems (chee grass, wheat, rice).

The earliest attempts of paper composition by Cai Lun are reported by the
“History of the Late Han [Dynasty],” which was already cited. Morphological anal-
ysis of the preserved samples of Chinese paper showed that secondary fiber of tex-
tile plants—hemp (Canabis sativa), flax (Linum), and ramie (Boehmeria
nivea)—was main raw material for it up to third to fourth centuries. By the sixth
century, bark paper of paper mulberry (Brussonetia papyrifera) became widespread.
Bamboo (Bambusa) began to be used as feedstock for papermaking relatively late
(at the beginning of the eighth century). Figure 3.1a, b just shows the stages of
preparation of bamboo fiber, which consisted of harvesting stems, soaking them for
a long time, and cooking in lye.

Beating® of fibrous raw materials was probably performed in mortars (see
Fig. 3.1a). Morphological analysis of Dunhuang paper samples (fourth to eleventh
centuries) shows that such a stage of the technological process as filling* already
existed. The fillers were gypsum, chalk, and kaolin (white clay), widely used in
China, known for the production of porcelain.

Sizing® was obviously made in a vat (so-called tub sizing): with this method of
sizing, the glue was introduced into the paper pulp. The samples of the third to
fourth centuries were sized with natural dextrin, which is a product of reserve accu-
mulation in the grains of glutinous rice or millet varieties (Balachenkova & Tsypkin,
2017). From about fifth century, plant juice was added to paper, which not only
reinforced the paper, but also protected it from insects. Due to its viscous consis-
tency, this vegetable glue prevented the sheets from sticking together during

3Beating is the splitting of plant fibers in the presence of water to obtain paper pulp.

*Filling is a process in which mineral or plant fillers are introduced into the pulp. This helps to
increase the whiteness of the paper, makes the paper opaque (if necessary), and increases the
smoothness and plasticity of the paper.

3Sizing is a process in which substances are introduced into the paper that promote bonding of
plant fibers and, due to this, increase the strength of the finished paper. In addition, a thin film of
these substances forms on the surface of the finished sheets, giving the properties of ink and water
resistance to paper.
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Fig. 3.1 Papermaking process in China. Woodcut from Tiangong Kaiwu, China, 1637. (a)
Harvesting bamboo; (b) soaking bamboo stems and cooking in lye; (c) sheet forming by dipping
method; (d) drying paper on a flat surface. https://www.worldhistory.org/image/1241/
paper-making-process/
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pressing and was called “paper medicine.” In the manufacture of colored paper,
mineral or vegetable dyes were also introduced into paper pulp before forming
sheets (Tsien, 1985; Menshikov, 1987).

Sheet Forming® China became the birthplace of two main technologies of paper
forming, which later spread worldwide. They were related to the use of two types of
molds for forming sheets.

Some samples of early Chinese paper do not show visible to light screen imprints
of a sheet-forming mold, which is indicative of using a sieve with a very small diam-
eter of drainage holes for forming sheets. The paper mold used to make such paper
had a rather primitive design, which was a rectangular bamboo frame with a piece
of woven cloth stretched over it, and obviously had a household sieve as a proto-
type. This type of paper mold is called wove mold. The sheet-forming technology
using such a wove mold was called the pouring method, and it is very close to
ancient felt-making technology: fibrous pulp diluted with water was poured onto a
linen sieve, which was then spread over the surface of the mold manually or using a
primitive tool. During forming the mold, it could either lie on the surface of water
(“floating mold”) or, in the absence of reservoirs, be located above a hole for water
runoff. This technique of sheet forming received the name of pouring method.

The wove mold had a significant drawback, which ultimately affected the pro-
duction rate. The cloth, which formed the basis of the mold, as a material that had a
fleecy surface, did not allow to remove the wet sheet immediately without damaging
it. It was possible to remove the sheet only after drying, which significantly increased
the production time of sheets from one mold and, accordingly, the number of molds
required for production. Nevertheless, in China itself and in the countries of Central
Asia, there are still areas where this technology is used in manual paper production.

In another group of samples of early Chinese paper, screen lines are visible to
light. This paper was produced on a flexible screen made of thin bamboo ribs or reed
stems, laid very close to each other and intertwined with a thread or horsehair. This
type of paper mold is called laid mold. For ease of manipulation, the laid screen
was placed on a wooden frame with stiffeners. Since the laid screen had a smooth
surface and was flexible, it was possible to remove still-wet sheet from it quickly
and easily. Use of a laid flexible mold made it possible to produce a significant
number of sheets from one grid quickly, and eventually led to the emergence of a
method of sheet forming by dipping the mold into a vat with pulp, so-called dipping
method. Figure 3.1c shows the process of sheet forming by the dipping method.

For a long time, it was believed (Hunter, 1987; Tsien, 1985) that the pouring
method was older, and it was superseded by the dipping method as more effective.
P. Tchudin even designated them as “primary” and “secondary” technologies of
sheet formation (Tchudin, 1994, 1999). However, recent studies of Chinese and
Central Asian paper, undertaken by A. Helman-WazZny, proved that molds and

¢Sheet forming is a process in which split fibers are combined into a paper sheet.
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related methods of sheet forming arose almost simultaneously (Helman-
Wazny, 2016a).

Pressing’ of finished paper was present only when the sheets were formed on a
laid mold. With the pouring technique, after the paper forming, they immediately
began to dry finished sheets directly in the molds. Pressing was made using a primi-
tive press, such as heavy boards or small stone slabs (Hunter, 1936, 1987).

Drying of pressed sheets formed by the dipping method took place on heated
stones or smooth boards (Fig. 3.1d). After drying, the ready sheets were subjected
to finishing.® In the work Shih Ming (“Explanation of names”), dating back to the
second to third centuries, it was already told about paper, which is “smooth and slip-
pery like a whetstone” and “smooth and wide like a board,” which indicates paper
with a polished surface, possibly plastered or rubbed with starch (Menshikov, 1987).

3.4.3 Types of Ancient Chinese Paper

Dunhuang paper samples show an exceptional variety of Chinese paper types.’
Fifth-century paper has various shades of brown and a smooth surface coated with
a strengthening compound. The samples of the late fifth to early sixth centuries are
yellow-colored paper, with a rough or smooth surface. The analysis of the papers of
that time showed a stable uniformity of their composition—most of the samples are
made of bast fibers of paper mulberry. This allowed to make a conclusion that by the
sixth century, the papermaking process and the raw materials were standardized
(Balachenkova & Tsypkin, 2017). In the eighth to tenth centuries, production of
high-quality paper was greatly reduced as rebellions and wars disturbed the calm-
ness of the Tang Empire (618-907). After the unification of the country under the
auspices of the new Sung Dynasty (960—1279), production was resumed. Samples
of Sung paper found in different collections demonstrate a steady uniformity of spe-
cies and varieties. This suggests that national paper production standards reappeared
in the Sung era (Menshikov, 1987).

According to written sources, special types of paper were used at the imperial
court, which were distinguished for high quality and beauty. Chinese sources pre-
served information about the production of “honey fragrant paper,” sparkling and
waterproof; “red paper, thin and delicate” is mentioned (Menshikov, 1987). For a
later time, we find the division of all numerous types of Chinese handmade paper

"Pressing is a process in which the finished sheet is dehydrated and compacted. The remaining
moisture is removed during the drying process.

8Finishing is a set of operations that improve the consumer properties of paper.

°Currently, the concepts of “type” and “grade” of paper differ as follows: the term “type” refers to
paper of a certain purpose, and the term “grade” usually defines the quality of the same type of
paper. For classification of paper from remote historical eras, this division is not applicable, since
researchers deal mainly with the only preserved type of paper—writing paper. Therefore, the intro-
duction of grade and type classification seems very difficult.
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into two types—Xuan chih and Kao chih. The first type is made of paper mulberry
and bamboo bast and is intended for ordinary writing, calligraphy, and decorative
purposes. The second one is used for packaging, sanitary and hygienic purposes,
making wallpaper and folding screens, and for burning at funeral ceremonies. Kao
chih is made primarily from hemp fiber, rice, and wheat straw (Koretsky, 1998;
Tsien, 1985).

3.4.4 Technological Modifications of Far Eastern Paper:
Regions of Central Asia, Korea, Japan

The paper from China was spread to the west across the routes of the Great Silk
Road. Thus, in the culture of the peoples of Central Asia, first of all, among the
Uighurs, paper began to be present as early as the third century. The distribution
route of paper is shown in Fig. 3.2, and the history of paper production in the East
is shown in Table 3.1.

It should be noted that early paper of Central Asian origin demonstrates a wide
variety of fiber sources used for their production and vegetable glues. In addition,
both the pouring and the dipping methods of sheet forming, which used both types
of paper molds, were spread in this region almost everywhere. Central Asian paper
includes a rather extensive system of technological types, despite the fact that its
preserved functional types are limited, unlike in the Far East, mainly to writing and
printing paper (Helman-Wazny, 2016b; Rishel, 1998; Trier, 1972).

Paper penetrated China’s eastern neighbors as a carrier of Buddhist texts, which,
in fact, made paper a sacred material in these countries. Korea got acquainted with
paper in the fourth to fifth centuries, Japan in the early seventh century. In these
countries, the technology using a laid bamboo mold and a dipping method of form-
ing sheets was established immediately.
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Table 3.1 History of paper production in the East

Country/ Method of
region Production start date | Main raw materials formation Mold type
China First century BC to | Hemp, flax, ramie, Pouring, Wove mold, laid
second century AD | bamboo, paper mulberry, | dipping (flexible) mold
straw
Korea Fifth century Paper mulberry Dipping Laid (flexible)
mold
Japan Seventh century Kozo, gampi, mitsumata, | Dipping Laid (flexible)
hemp, rice straw mold
Nepal Seventh to ninth Lokta Pouring ‘Wove mold
centuries
Tibet Seventh to ninth Pouring ‘Wove mold
centuries
Bhutan Seventh to ninth Sho Pouring ‘Wove mold
centuries Dipping Laid (flexible)
mold
Sogdiana | Fifth century Hemp, flax, ramie Pouring ‘Wove mold
Arab Eighth century Hemp, flax, cotton, ramie | Pouring, Laid (flexible)
caliphate dipping mold
India Twelfth century Cotton, jute, ramie Dipping Laid (flexible)
mold

Korea did not contribute principally new solutions to papermaking technology.
The bast fibers of paper mulberry were the main raw material for paper production
here. For many centuries, Korea has been increasing the production of handmade
paper (hanji), creating large state-owned enterprises with division of labor, as well
as introducing technological control of the state over numerous artisan industries.
The large volumes of paper produced in Korea were due to the needs of the printing
business, since appearance of paper in Korea almost coincided with the introduction
of printing in the woodcut technique, also borrowed from China. The only specific
feature of Korean handmade paper is the sheet-forming mold design, in which thin
bamboo ribs were located in parallel to the narrow side of the frame, not the wide
one (Hunter, 1936, 1987).

Japan did not just copy and adapt the technology borrowed from China to local
conditions, but by introducing a number of innovations in the technique and tech-
nology of the craft raised them to a very high level, further expanding the possibili-
ties of paper as a multifunctional material.

The main raw materials of Japanese handmade paper (washi) are the bast fibers
of plants belonging to the mulberry family—kozo (Brussonetia kazinoki)—and
mezereon family—gampi (Wikstromia canescens) and mitsumata (Edgeworthia
papyrifera). Other types of plant fiber are also used, for example, hemp, rice straw,
as well as waste paper is used very widely. In the eighth century, on the basis of the
dipping method, the actual Japanese method of sheet forming, nagashi-zuki was
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developed.'® This is a method of so-called “dynamic” dipping, in which the paper-
maker manipulates the mold not only in the vertical, but also in the horizontal plane,
making reciprocating movements. Thus, the number of inter-fiber bonds inside the
formed sheet increases many times with this method of forming, making the paper
especially strong. Another essential component of this method is (as in China) the
introduction of a viscous agent, called neri, into the pulp. Commonly neri is obtained
from the root stock of hibiscus (Hibiscus manihot). In the process of sheet forming,
neri creates a surface film that retains long and thin fibrils on the surface of the mold
and prevents the sheets from gluing during pressing (Barret, 2005; Hughes, 1982).

The evolution of the paper mold (su-geta) also takes place in Japan. The Japanese
traditional mold consists of a bivalve wooden frame, inside which a flexible bamboo
screen is inserted. Such mold design prevented the outflow of pulp beyond the edges
of the mold during extraction of the mold from the vat, and also accelerated the
forming process, since it gave the master the opportunity to replace the screen with
a sheet with a clean one quickly (Barret, 2005; Hughes, 1982; Hunter, 1936;
Loeber, 1982).

Since the scope of paper application in Japan is very large, there are dozens of
types and hundreds of sorts of handmade paper (Hunter, 1936), which cannot be
listed and described due to the volume of the chapter. Nevertheless, all of them can
be brought into several large groups, distinguished by raw material: cho-shi (papers
made of the bast fibers of mulberry trees, including kozo-shi), gampi-shi (papers
made from gampi fibers), mitsumata-gami (papers made from mitsumata fibers),
and ma-shi (papers made of hemp fiber, raw or generated from recycled rags)
(Barret, 2005).

Technological traditions, local raw material, and aesthetic preferences that have
developed in this region created a special Far Eastern type of handmade paper,
which also includes paper of Central Asian origin. Its main characteristics include
the following: very low average density (2545 g/m?); predominance of raw fiber in
the average composition (secondary fiber is present in relatively small quantities);
use of viscous vegetable glue, which retains long fibrils on the surface of the mold
and prevents wet sheets from sticking together.

3.5 Ancient Handmade Paper of the Near East

The paper of Middle Eastern origin became an intermediate type, in other words, a
“technological bridge” between the Eastern and Western types of handmade paper.
The question of the date of acquaintance with paper and the beginning of local
paper production in the territories of the Islamic world still remains insufficiently
clarified. At the same time, it is obvious that the earliest center was Samarkand,

0Chinese and European sheet-forming methods in Japan are considered “static” and are desig-
nated by the term tami-zuki.
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where its own paper could be produced from the fifth to sixth centuries (Tchudin,
1998). Historians also agree that the active and widespread use of paper in the
Middle East should be associated with the name of Caliph Harun al-Rashid
(776-809), who legalized the use of paper in the offices and administrative centers
of the Arab Caliphate. Since the end of the eighth century, Baghdad was the largest
center of paper production and trade in the Arab world. North African Arabs began
to produce paper in the ninth century, and by the end of the tenth century, paper as
a writing material completely replaced papyrus. In the early eleventh century, the
first paper mill appeared in Muslim Iberia (Bloom, 2001).

Relatively numerous manuals on the book-making technology, as well as obser-
vations by anthropologists made in India, where manual production, introduced in
the eleventh century by the Arabs, is still cultivated as one of the traditional folk
crafts, allow to reconstruct the Arabic papermaking technology (Premchand, 1995;
Teygeler, 1998). Figure 3.3 just shows the papermaking process practiced in
Kashmir. The illustration depicts the processes of beating rags, washing the pulp on
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a fabric, tied to the waists of two men, sheet forming by the dipping method, and
paper being hung up on the rope.

As paper production reached the western regions of the Muslim world, the raw
material had been changed radically. Raw hemp fibers (which were used to make
paper in Samarkand) were everywhere replaced with rags. By the ninth century,
recycled fibers (from rags) in the composition of Arabic paper already accounted for
more than 80%. Being technologically oriented to both China and Central Asia, the
Arab craftsmen began to use both dipping (Fig. 3.3) and pouring methods for form-
ing sheets. It should be noted that they used a laid mold made, in the absence of
bamboo, from the stems of herbaceous plants or from straw (Bloom, 2001;
Tchudin, 1998).

Fermented or pre-boiled rags were beaten using millstones driven by water or
manpower (Fig. 3.3). At the same time, the quality of fiber beating was low: there
were usually unbroken threads in the pulp, and remains of unbeaten fabric were vis-
ible (Bloom, 2001).

Perhaps it was because of poor beating quality and low wear resistance of the
molds that the Arabs introduced surface sizing in the form of a thick layer of starch
paste, which hid the shortcomings of production. The process of cooking starch glue
consisted of the following operations: a paste was prepared from starch and water
and this mass was liquefied and boiled for a short time over high heat. The semi-
liquid mass was filtered with a sponge or soft cloth and applied to paper. When the
paper dried, it was subjected to polishing on a chestnut wood board with a polishing
tool. The paper was sometimes polished by rubbing it with soap. Colored writing
paper was widespread. The paper was dyed:

1. By direct impregnating the paper with an appropriate dying solution.

2. By introducing the dye into the starch paste, which allowed to produce sheets
colored on both sides in different colors. The following dyes were mainly used:
henna, saffron, safflower, mulberry, indigo, and verdigris (Kaziev, 1966).

Some craftsmen left zigzag marks on paper, which were probably placed on the
still-wet sheets with a pointed tool. The role of these marks is not precisely defined;
there are two points of view: either they served to count the sheets, or they were
applied to mark the type or grade of paper, as later watermarks in Europe (Le
Leannec-Bavaveas, 1999).

There were the following types of paper, named after their place of production,
feedstock, format, and other distinctive features: Baghdadi, Samarkandi, Ispahani,
Hatani (Chinese), Sultani, Kishmiri, Gauni, Mansouri, etc. (Kaziev, 1966;
Tchudin, 1998).
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3.6 Preindustrial Paper of the West

Paper, which was produced on the European continent, i.e., in Arab Spain and Italy,
was initially produced using Arabic technology. However, over time, Italy made
significant changes to it. The complex of these technical and technological innova-
tions introduced in the middle of the thirteenth century is commonly called the
“Italian paper revolution.”

3.6.1 “lItalian Paper Revolution’ and Its Highlights

The main components of this technological transformation included the use of a
stamper for beating rags, change of the material of paper molds, and use of screw
presses and cloth for pressing wet sheets.

Stamper The main task of the Italian technologists was to solve the problem of
poor beating quality, characteristic of the Arab production method. It was solved
through the introduction and adaptation of a mechanism widely used in Italian cloth
making to the conditions of paper production. In the practice of paper makers, it got
the name of a stamper (see Fig. 3.4).

Fig. 3.4 Stamper. Engraved plate from Diderot Encyclopédie. https://paper.lib.uiowa.edu/
european.php
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A water wheel served as a usual engine of this device. There were cams or fingers
on the wheel shaft, which were positioned in such a way that three cams pushing the
levers were placed against each hammer along the periphery of the wheel shaft.
Thus, each revolution of the water wheel shaft corresponded to three lifts of the
hammer. The second important part of the stamper was a wooden deck, which had
a length of up to 8 m or more. There were large hollows made in it—mortars. Each
of them had a special purpose: usually the first three mortars (counting from the
water wheel) served for half stuff beating, the next ones for stuff beating, and the
last one for breaking lumps and diluting the pulp (Barret, 2011; Hills, 1988; Hunter,
1987; Tchudin, 1998, 1999).

Laid Mold with Wire Screen The prototype of the Italian laid metal mold is the
Far Eastern laid mold. In order to make a laid wire screen, a row of thick wires—
laid lines, located along the long side of the frame—were reinforced on a wooden
frame. Before attaching these wires to the frame, they were intertwined with thinner
wires at right angles to them—chain lines. The fact that the wire base of the mold
makes it easy to label products by attaching a wire curved along a certain contour to
it was quickly realized by Italian manufacturers. The imprint of the wire sign pro-
truding above the surface of the screen became the most distinct element of the
imprint of the mold; it was called a watermark (Fig. 3.5). Use of watermarks as
trademarks has spread in Europe since the end of the thirteenth century extremely
rapidly (Hunter, 1987; Hills, 1988; Tchudin, 1998, 1999).

Pressing Significant technical and technological innovations were introduced into
the pressing process: to increase the production rate, output, and quality of paper,
Italian craftsmen begin to use for pressing a screw press, obviously borrowed from

Fig. 3.5 Fragment of the European-type paper mold. https://www.vseobumage.ru/1310/
istoriya-bumagi-epohi-razvitiya/
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Fig. 3.6 Sheet forming, couching, and pressing. Engraved plate from Diderot Encyclopédie.
https://paper.lib.uiowa.edu/european.php

the practice of winegrowers or cloth-makers (Fig. 3.6). In addition, cloth is used as
a pressing means in Italy. Unlike the Far Eastern practice of papermaking, in which
a viscous agent was introduced into paper pulp for preventing the sheets from stick-
ing together during pressing, the Italian practice developed the idea of separation of
wet sheets removed from the mold with cloth. Use of cloth simultaneously solved
several problems: the fabric not only separated the sheets from each other and pre-
vented them from sticking together, but absorbed moisture that was removed during
pressing (Hills, 1988; Hunter, 1987; Tchudin, 1998, 1999).

3.6.2 Renaissance and Early Modern European Paper

The subsequent technical development of the craft in the fourteenth to sixteenth
centuries was mainly expressed in the evolution of paper molds. Gradually, laid
lines and chain lines became more and more thin, and the distance between chain
lines decreased. The mold was completed with a deckle, an external frame into
which the sheet mold itself was inserted. The deckle prevented the pulp from flow-
ing out of the mold during dipping and determined the consumer format of the sheet
(Hunter, 1987; Loeber, 1982; Tchudin, 1999).

Other technological modification concerns sizing. Starch paste, which in the
practice of Arab production was applied with a brush to the surface of the finished
sheet, is replaced with gelatin, and the sheets are sized by immersion in gelatin. This
improved the quality of finished products significantly and accelerated the
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production rate. Subsequently, alum was introduced into its composition for reduc-
tion of the cost of glue and its longer preservation (Hills, 1988; Hunter, 1987;
Tchudin, 1998).

Technical innovations of this period were associated with the mechanization of
the glazing process. They were expressed in the introduction of glazing hammers
(1541), which had a water drive (Tchudin, 1999).

If the Italian paper revolution is considered to be the first period of mechaniza-
tion of European hand papermaking, then in the seventeenth century its second stage
began (Tchudin, 1999). At the end of the seventeenth century, there took place a
radical change in the beating technique—a stamper was replaced with the Hollander
beater or “engine” in papermaking terms (Fig. 3.7). The rags were beaten between
the bars fixed on a solid wood roll or drum and another set of bars fixed on the bed-
plate on the bottom of the trough. The rags circulated in the engine round and round
until they became pulped. The roll was attached using a jack. In terms of perfor-
mance, the engine was twice as good as the stamper (Hunter, 1987; Hills, 1988).

If handmade paper of the European type is characterized in general, then its main
features include the following: rags as the only type of raw material, and, conse-
quently, shorter fibers; high average density (> 50 g/m?); by its physical and
mechanical characteristics, it is inferior to paper of the Far Eastern type.

Fig. 3.7 Hollander beater.
Engraved plate from
Diderot Encyclopédie.
https://paper.lib.uiowa.edu/
european.php
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In addition, in the eighteenth century, use of calenders with rollers for paper
glazing was started; chemical bleaching of paper pulp was introduced. Since the
second half of the eighteenth century, woven molds began to displace the laid ones
gradually, and the paper acquired its modern texture (Balston, 1992; Hills, 1988).
The end of the second stage of mechanization was marked by the invention of the
papermaking machine by N.-L. Robert (1799) (see Fig. 3.8), which opened the way
for industrial paper production (Clapperton, 1967). One of the first papermaking
machines is shown in Fig. 3.9. For comparison, Fig. 3.10 shows a modern paper-
making machine.

Fig. 3.8 First model of the
papermaking machine
invented by N.-L. Robert.
https://www.worldhistory.
org/image/17305/
papermaking-machine/

B
o T

Fig. 3.9 One of the first papermaking machines. Reprinted with permission from (Clapperton,
1967). Copyright 1967: Elsevier
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Fig. 3.10 Modern
papermaking machine.
https://www.
gmpapermachinery.com/

References

Balachenkova, A., & Tsypkin, D. (2017). Lost research. Paper history. Journal of the International
Association of Paper Historians, 22(2), 16-22.

Balston, J. N. (1992). The elder James Whatman: England’s greatest papermaker, 3 vols. St.
Edmundsbury Press.

Barret, T. (2005). Japanese papermaking: Traditions, tools and techniques. Floating World
Editions.

Barret, T. (2011). Paper throughout time: Non-destructive analysis of 14th through 19th century
European style paper. https://paper.lib.uiowa.edu/european.php (date of access 10.10.2024).

Bloom, J. (2001). Paper before print. The history and impact of paper in the Islamic world. Yale
University Press.

Bloom, J. M. (2006). Papermaking: The historical diffusion of an ancient technique. In H. Jons,
P. Meusburger, & M. Heernan (Eds.), Mobilities of knowledge (Springer knowledge and space
series) (Vol. 10, pp. 51-66). Springer.

Clapperton, R. H. (1967). The paper-making machine. Elsevier.

Gosavi, P. G. (1983). Did India invent paper? IPH-Information, 17, 7-11.

Gosavi, P. G. (1987). Quality of Ancient Indian paper. IPH-Information, 21, 103-111.

Helman-Wazny, A. (2016a). More than meets the eye: Fibre and paper analysis of the Chinese
manuscripts from the silk roads. STAR: Science & Technology of Archaeological Research,
2(2), 1-14. https://doi.org/10.1080/20548923.2016.1207971

Helman-Wazny, A. (2016b). Overview of Tibetian paper and papermaking. In O. Almongi (Ed.),
Tibetian manuscript and xylograph traditions: The written word and its media within the
Tibetian culture sphere (pp. 171-197). Department of Indian and Tibetan Studies, Universitit
Hamburg.

Hills, R. (1988). Papermaking in Britain. 1488—1988. The Athlone Press.

Hughes, S. (1982). Washi: The world of Japanese paper. Kodansha International.

Hunter, D. (1936). A papermaking pilgrimage to Japan, Korea and China. Pinson Printers.

Hunter, D. (1987). Papermaking: The history and technique of an ancient craft (4th ed.). Dover
Publications.

Kaziev, A. (1966). Khudozhestvenno-tekhnicheskiie materialy i terminologiia srednevekovoi
knizhnoi zhivopisi, kalligrafii i perepletmogo iskusstva [Artistic and technical materials and
terminology of medieval book painting, calligraphy and bookbinding]. Azerbaijan Academy
of Sciences Publications.


https://www.gmpapermachinery.com/
https://www.gmpapermachinery.com/
https://paper.lib.uiowa.edu/european.php
https://doi.org/10.1080/20548923.2016.1207971

3 History of Paper and Traditional Papermaking Techniques 71

Koretsky E. (1998) Chinese handmade paper. In: IPH congress book, vol. 12 (the 24th interna-
tional congress of paper historians, Porto, Portugal, 11-20 September, 1998), pp. 162-163.

Le Leannec-Bavaveas, M.-T. (1999). Zigzag et filigranes sont-ils incompatibles? Enquete dans les
manuscrits de la Bibliotheque nationale de France. Bibliologia, 19, 119—133.

Loeber, E. (1981). Prehistoric origins of paper. IPH. Information, 13, 87-94.

Loeber, E. (1982). Paper mould and mouldmaker. The Paper Publications Society.

Menshikov, L. N. (1987). Rukopisnaia kniga v Kitae 1 tysiacheletiia nashey ery [Handwritten book
in China 1st Millenium AD]. In: Rukopisnaya kniga v kulture narodov Vostoka [Handwritten
Book of the East], vol. 2, pp. 103—108 (in Russian).

Pichol, K. (2000). Zur Erfindung des papiers—(re)construktion einer Entwicklung. In: IPH-
Congressbook, vol. 13 (The 25th international congress of paper historians, Dortmund,
Germany, 8—14 September, 2000), pp. 147-159.

Premchand, N. (1995). Off the deckle edge. A papermaking journey through India. The Ancur
Project.

Rezavi, S. A. (2014). Paper manufacture in medieval India. Studies in People’s History, 1(1),43-48.

Rishel, A.-G. (1998) Looking at central Asian paper of Turkish, Tibetian and Chineese origin from
the silk roads. In: IPH congress book, vol. 11 (the 23d international congress of paper histori-
ans, Leipzig, Germany, 30 August—5 September, 1998), pp. 176-184.

Tchudin P. (1994) The invention of paper. In: IPH congress book, vol. 10 (The 22nd international
congress of paper historians, Annonay, France, 2—-8 September, 1994), pp. 17-21.

Tchudin, P. (1998). Paper comes to Italy. In: IPH congress book, vol. 12 (The 24th international
congress of paper historians, Porto, Portugal, 11-20 September, 1998), pp. 61-66.

Tchudin, P. (1999). Le development technique de la papeterie, de ses debuts en Asie a I’Europe de
la Renaissance. Bibliologia, 19, 1-16.

Teygeler R. (1998) Handmade paper from India. Kagaj—Yesterday, today and tomorrow. In: IPH
congress book, vol. 12 (The 24th international congress of paper historians, Porto, Portugal,
11-20 September, 1998), pp. 185-194.

Trier, J. (1972). Ancient paper of Nepal: Results of ethno-technological field work on its manufac-
ture, uses and history. Aarhuus.

Tsien, T.-H. (1985). Paper and printing in China. In J. Needham (Ed.), Science and civilization in
China (Chemistry and chemical technology) (Vol. 5). Cambridge University Press.

Xinhuanet. (2006). New evidence suggests longer papermaking history in China. URL: http://
news.xinhuanet.com/english/2006-08/08/content_4937457.htm


http://news.xinhuanet.com/english/2006-08/08/content_4937457.htm
http://news.xinhuanet.com/english/2006-08/08/content_4937457.htm

Chapter 4 ®
Cellulose et

Yingran Duan

4.1 Wood Fiber Structure

Cellulose, synthesized by plants, algae, and bacteria, is the most abundant natural
polymer on the earth. Cellulose nanofibers derived from various species of plants
are the longest and most widely studied cellulose nanofibers. Current industrially
important cellulose nanofibers are primarily developed from woody biomass. Wood
is typically composed of three major components: cellulose (~45%), hemicellulose
(~25%), and lignin (~20%); the structure of wood can be considered as a fiber-
reinforced composite—the fibrous cellulose bonded by surrounding hemicellulose
and lignin adhesive.

The fibrous cellulose exhibits a hierarchical structure with the cellulose elemen-
tary fibrils as its nanoscale building blocks (Fig. 4.1). These elementary fibrils can
be isolated from different plants through direct mechanical fibrillation (Wang et al.,
2012), mechanical fibrillation after enzymatic hydrolysis (Marielle Henriksson
et al., 2008), or mechanical fibrillation after chemicals such as 2,2,6,6-tetramethylp
iperidine-1-oxyl radical (TEMPO)-mediated oxidation (Fukuzumi et al., 2009).
While wood pulp is the most commonly used feedstock for nanofibril production,
many different types of natural fibers have also been attempted.

The isolated fibrils often entangle/bundle with each other and form a network
structure (Xu et al., 2013). Along the fibrils, there exist segments of amorphous and
crystalline cellulose; the amorphous segments can be removed by acid hydrolysis so
that only the needle-shaped cellulose nanocrystals are retained (Fig. 4.2). A recent
paper has reviewed various available methods to produce the long, flexible fibrils
and the short, rigid crystals (Khalil et al., 2014). Different terms have been used to
describe these two types of nanoscale cellulosic materials in literature. Herein, the
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Fig. 4.1 Chemical structure of cellulose. Reprinted from (Baghaei & Skrifvars, 2020). Published
2020 by MDPI with open access

Cellulosic fiber

Amorphous regions Crystalline parts

Fig. 4.2 (a) Hierarchical structure of fibrous cellulose and SEM images of (b) CNCs and (c)
CNFs. A- adapted with permission from (Lavoine et al., 2012). Copyright 2012: Elsevier; B-C—
reprinted with permission from (Xu et al., 2013). Copyright 2013: ACS

former is denoted by cellulose nanofibrils (CNFs) (Fig. 4.2¢) and the latter by cel-
Iulose nanocrystals (CNCs) (Fig. 4.2b). CNFs and CNCs contain abundant hydroxyl
groups (-OH) on their surfaces because of the structure of cellulose molecules.
Other chemical groups such as carboxyl groups (from TEMPO oxidation) and sul-
fate groups (from sulfuric acid hydrolysis) are also present due to these chemical
treatments. Diameters between 2 and 100 nm have been reported for CNCs and
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Fig. 4.3 (a) SEM of a bacterial cellulose network including the bacterial cells; (b) a bacterial cel-
lulose pellicle; (¢) SEM of supercritical carbon dioxide (CO,)-dried bacterial cellulose aerogel.
A- adapted with permission from (Klemm et al., 2001). Copyright 2001: Elsevier; B-C- reprinted
with permission from (Xu et al., 2015). Copyright 2015: ACS

CNFs, and their length can vary between tens of nanometers to micrometers (Sacui
etal., 2014). CNCs and CNFs show high tensile strength (> 1 GPa) and high modu-
lus (about 40 GPa) (Sehaqui et al., 2012) (Tanpichai et al., 2012). Research on cel-
Iulose nanofibers has experienced explosive growth in recent years due to their high
potential in a wide variety of advanced applications, which are derived from the
nanofibers’ high strength, high modulus, large aspect ratio/surface area, rich surface
chemistry, optical properties, low density, and biobased nature (Xu et al., 2015).

Besides the plant-based cellulose nanofibers, bacterial cellulose (BC) represents
another important category of cellulose nanofibers. BC is produced naturally by
bacterium Gluconacetobacter xylinum through a fermentation process (Fig. 4.3).
The product, bacterial cellulose pellicle, is formed at the air/liquid interface of the
culture medium and is essentially a cellulose hydrogel containing networked BC
nanofibers. High-purity/crystalline nanofibers can be readily obtained by removing
the bacterial cells and other impurities by cleaning the gel with sodium hydroxide
(NaOH) solution and water. Moduli of BC have been measured to be 78114 GPa
(Guhados et al., 2005; Hsieh et al., 2008).

4.2 Nanocellulose

4.2.1 Production of Cellulose Nanofibers

Nanocellulose is to name the big cellulosic family. Therefore, in this chapter, we
need to classify each member. In fact, the nominature of “nanocellulose” comes
later than the cellulose nanofibrils (abbreviated as CNFs since the year 2000), cel-
lulose nanocrystals (CNCs), etc. Based on its size (Fig. 4.4), it is divided into
nanoscale particles or cellulose nanofibers (or called nanofibrils), and microscale
particles or cellulose nanostructured materials. The naming was confusing from the
year 2000 till 2024. Since the nanocellulose may come from any source extracted
from plants and agricultural residues including softwood, bamboo, jute fibers,
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or Cellulose (CNF) microcrystal (CMC) (CMF)
nanowhiskers

Fig. 4.4 Hierarchical levels of wood-based nanocellulose. Reprinted with permission from
(Osong et al., 2016). Copyright 2016: Springer

coconut husk fibers, pineapple leaf, rice straw, and potato peel, or endure various
chemical treatments such as TEMPO oxidation, it is generally classified into nano-
crystalline cellulose (NCC) or cellulose nanocrystals (CNCs). Sometimes, it is also
called cellulose nanowhiskers (CNW) when it is indeed very long with a high length
to width aspect ratio. On the other hand, when it is in a microscale range, it is clas-
sified as microcrystalline cellulose (MCC) or cellulose microcrystal (CMC), which
is exactly in stock for sale by a lot of pharmaceutical companies as an additive to
drugs. Microfibrillar cellulose (MFC) or cellulose microfibril (CMF) is another
product if the wood pulp endured only mechanical milling and retained its micro-
sized cellulosic bundles.

In the natural sources such as plants and agricultural residues, some of the extrac-
tion is similar to that of paper pulping. As sketched in Fig. 4.5, it includes the fol-
lowing steps:

1. Lignin, hemicellulose, and other impurities are removed from the raw lignocel-
lulosic materials through a typical pulping process, where chemicals such as
NaOH and sodium chlorite (NaClO,) (Chen et al., 2011) are often used.

2. The obtained pulp is destructured to produce CNFs through a nanofibrillation
process such as multiple passes of mechanical grinding (Jiang et al., 2013; Wang
et al., 2012), intensive ultrasonication (Chen et al., 2011), or microfluidization
(Qing et al., 2013).

Either in laboratory or large-scale production, it has a strong different logic for
MEC production and CNC production. First, the fiber suspension, which is usually
the starting material, can be put into a machine such as blender/ball miller/fluidizer
for mechanical production. Then, it undergoes pretreatment such as enzymatic pre-
treatment or TEMPO oxidation treatment. The CNC production is only with
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Fig. 4.5 Diagrammatic sketch of the degradation process of natural fibers in an alkaline environ-
ment. Reprinted with permission from (Wei & Meyer, 2015). Copyright 2015: Elsevier

Fig. 4.6 SEM images of recycled fibers from cardboard (a, b, and c¢), printing and writing paper
(d, e, and f), and newsprint (g, h and i) at magnification of 100, 500, and 2000 (left to right).
Reprinted from (Viana et al., 2018). Published 2018 by UFLA—Universidade Federal de Lavras,
as open access

chemical treatment by acids then dialysis to remove chemicals. Based on this under-
standing, researchers have extracted different nanocellulose from various resources,
such as recycled fibers from cardboard (Fig. 4.6).

In general, CNFs with a wide range of diameter (10-1000 nm) and crystallinity
( 40% cellulose 1) are typically obtained (Chen et al., 2011). Pretreatments before
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the nanofibrillation by using various chemicals may change the crystalline structure
in the obtained CNFs. The pretreatment (or further refinement) by TEMPO-
mediated oxidation can result in highly uniform, extremely fine (2.09 nm) (Jiang
et al., 2013) CNFs with a high aspect ratio. The TEMPO treatment leads to surface
carboxylation of the CNFs, which causes ionic repulsion among the nanofibers and
stabilizes CNF colloidal suspension. In general, the smaller the fiber diameter, the
higher the degree of surface carboxylation.

CNCs are typically made from microsized cellulosic materials (e.g., wood pulp,
microcrystalline cellulose, cotton, and other natural fibers) through an acid hydroly-
sis process that removes amorphous cellulose and other non-cellulose components.
The hydrolysis conditions, including acid/fiber ratio, temperature, hydrolysis time,
acid concentration, and sonication time, show strong effects on the yield, sulfur
content (in the case sulfuric acid), anionic sites, zeta potential, width, length and
aspect ratio of the produced CNCs (Table 4.1) (Brito et al., 2012). Depending on
their origin and the hydrolysis conditions, CNCs with a diameter ranging from 2 to
over 100 nanometer and a length up to hundreds of nanometer have been produced.
For example, Santos et al. (2013) used pineapple leaves to produce CNCs. Acid
hydrolysis using sulfuric acid (H,SO,) at 45 °C for 30 min generates needle-like
(4 nm wide, 250 nm long), crystalline (73%) CNCs with a high thermal stability
(225 °C). Hydrochloric acid (HCI) (Yu et al., 2013), phosphoric acid (H,PO,)
(Espinosa et al., 2013), and hydrobromic acid (HBr) (Sadeghifar et al., 2011) have
also been used for the hydrolysis reaction, which generates differently surface-
functionalized CNCs with varying thermal stability (Lu et al., 2015). Recent studies
have used new raw materials (Flauzino Neto et al., 2013) and facile manufacturing
techniques (Leung et al., 2011), obtaining controlled aspect ratios (Kalashnikova
et al., 2013), high CNC yield (94%) (Yu et al., 2013), and high maximum degrada-
tion temperature (364 °C) (Yu et al., 2013), desulfation (Jiang et al., 2010; Lin &
Dufresne, 2014), as well as comparative studies on CNCs and CNFs.

CNC presents in the form of nanorod, nanowhiskers, and rod-like particles. They
are characterized as sustainable and eco-friendly nanomaterials. CNCs possess
unique properties of high aspect ratio, high surface area, high mechanical strength,
and liquid crystalline nature. CNC possesses a relatively low aspect ratio; it has a
typical diameter of 2-20 nm and wide length distribution from 100 to 600 nm (Islam
& Rahman, 2018). The size, morphology, and crystallinity of the CNC are affected
by the cellulose source and preparation method. The CNC can have a crystallinity
level above 70%. The high degree of crystallinity is responsible for the higher rigid-
ity. Most importantly, CNC materials can contain sulfate, hydroxyl, or carboxyl
groups on their surface, which make them applicable for further functionalization
by polymers, catalysts, or dye molecules, imparting to CNCs new characteristics
and properties expanding the scope of their application (Habibi et al., 2010).

Since the preparation of cellulose fibers with a diameter of ~4 nanometers and a
length of 500-1000 nanometers by the preparation and application of various nano-
cellulose have entered an era. It has now greatly grown and moved quickly toward
nanotechnology and various applications (Saito et al., 2007). As a fact, nanocellu-
lose is advantageous in many aspects; for example, it has a tunable fiber aspect
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Fig. 4.7 TEM and SEM images of (a) nanocellulose, (b) sketch of particle shapes and functional
groups, and (c¢) suspensions of nanocellulose. In these categories, the material in (al) is cellulose
nanosphere (CNS), (a2) is cellulose nanocrystals (CNC), (a3) is cellulose nanofibrils (CNF), and
(a4) is bacterial cellulose (BC). Reprinted with permission from (Shen et al., 2023). Copyright
2023: Wiley-VCH GmbH

ratios of diameter to length (5—150 unitless), rich chemical activity, relatively large
specific area (100-200 g/m?), excellent mechanical properties (e.g., 7.5-7.7 GPa
tensile strength and 110-220 GPa Young’s modulus), tunable crystallinity, and easy
surface functionality (Benitez & Walther, 2017; Tobjork & Osterbacka, 2011). What
is more important is that, within these several decades, the nanocellulose has devel-
oped into a large family (Agarwal et al., 2017; Barbash et al., 2017; Jasmania &
Thielemans, 2018), which at least includes cellulose nanofibrils (CNFs), nanocrys-
tals (CNCs), and bacterial ones (BC), spheres (CSs), and a series of their derivatives
(Fig. 4.7).

4.2.2 Industrialization

The industrial-scale production of nanocellulose materials was challenging in early
2010, though it has been speeding fast since 2020. For instance, currently, nanocel-
lulose products are sold by Topchain Pharma Co., Ltd. Topchain Pharmaceutical
Company is an enterprise specializing not only in the sales of nanocellulose but also
in the research, production, and sales of microcrystalline cellulose, microcrystalline
cellulose pellets, nanocrystalline cellulose, sulfonated nanocellulose, and oxidized
nanocellulose.

The initial raw material comes from eucalyptus, which has a growth cycle of
6 years. The lignin, minerals, polysaccharides, and resins in the trunk are removed
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Fig. 4.8 Hydrolysis reaction workshop, filtration, and purification system. The images included
here are copyrighted by Topchain Pharma and used with their permission

through the sulfite method to obtain a dissolving pulp with a cellulose content of
over 97%. The dissolving pulp is hydrolyzed again with dilute hydrochloric acid to
obtain microcrystalline cellulose with a polymerization degree of less than 350. The
microcrystalline cellulose is then hydrolyzed with sulfuric acid, cleaned, surface
decorated, and spray-dried to obtain nanocrystalline cellulose with a particle size of
50 to 70 nm. At present, Topchain Pharmaceutical’s production technology is
advanced, unique, and mature, equipped with a hydrolysis reaction workshop
(Fig. 4.8), a slurry storage system, and an automatic control system (Fig. 4.9). Its
facilities and equipment are advanced and complete, and it has basically achieved
localization of equipment, production automation, and informatization and is mov-
ing toward digital intelligence. The designed annual production capacity is 3000
tons of microcrystalline cellulose and 50 tons of nanocrystalline cellulose in its
factory.

NCC100 (Fig. 4.10), a representative product developed by Topchain Pharma, is
produced through the hydrolysis of microcrystalline cellulose into nanoscale
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Fig. 4.9 Slurry storage system and Grade D clean workshop. The figures included here are copy-
righted by Topchain Pharma and used with their permission

crystalline particles using sulfuric acid, followed by washing, purification, surface
modification, concentration, and spray drying to obtain redispersible cellulose
nanocrystalline particle powder. Its molecular formula is(C¢H,(Os),, where n repre-
sents the number of repeating units in the cellulose chain. NCC100 possesses a
unique crystal structure with an extraordinarily large specific surface area of
700 m?/g and exceptional physicochemical properties.

4.2.3 Energy Consumption in Producing Cellulose Nanofibrils
and Cellulose Nanocrystals

Production of CNFs is an energy-intensive process. Quiévy et al. (2010) found that
energy consumption varied among three CNF production methods (i.e., homogeni-
zation, microfluidization, and microgrinding) using virgin wood pulp as feedstock.
The energy consumption was found to be very high: 22 kWh/kg, 2.8 kWh/kg, and
3.4 kWh/kg for the three methods, respectively (Fig. 4.11a) (Spence et al., 2011).
The energy was calculated based on electrical energy consumption (E, = Ve [ e ¢,
where V, I, t are the voltage, current, and time, respectively) based on the dry raw
material mass (Tejado et al., 2012).

Figure 4.11b illustrates the effect of carboxylate concentration on the energy
required to disintegrate cellulose fibers by plotting some of the limits reported in the
literature and recalculating others from the experimental details provided there. The
references to the disintegration energy in most of the works are often very vague and
rarely contain a production yield associated with it, but similar limits appear
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NCC100 product SEM photo TEM photo

Fig.4.10 NCC100 product’s macro and micro diagram. The figures included here are copyrighted
by Topchain Pharma and used with their permission. The cellulose nanocrystal suspension has a
milky white and transparent appearance. Upon drying, it transforms into a fluffy white powder.
This powder takes on irregular spherical shapes as a result of water removal during the drying
process. When redispersed in a solvent, the cellulose nanocrystals return to their original needle-
like form, as observed in the TEM images. The figures included here are copyrighted by Topchain
Pharma and used with their permission

(a) ®) B
o Homogenization § 100 - é
= 20 =3
= >
£ 2
= (]
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EE 104 Enzyme/microfluidization E
o Micro-grinding g 14
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0 08 1.5 22 3 5
Disintegration methods [COO] (mmol/g)

Fig. 4.11 (a) Energy consumption vs. disintegration methods; (b) energy consumption for
mechanical disintegration with respect to functional groups (COO~) introduced by TEMPO-
oxidation. Dots in blue are sites present with hydroxyl —OH groups, in green are sites with COO~
groups. Reprinted with permission from (Tejado et al., 2012). Copyright 2012: Springer
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repeatedly in one form or the other in patents and scientific papers. For instance,
CNF was isolated from rice straw after TEMPO/NaClO/NaBr treatment
([COO] = 5 mmol/g) following a previous work (Saito et al., 2009); oxidized fibers
were disintegrated in a domestic blender for 15 min and sediments centrifuged for
~10 min before imaging. Nanofibrils look long and slim (Xu et al., 2020a).

Reducing the energy consumption by pretreating the raw materials (e.g., envi-
ronmentally friendly enzymatic treatment (M. Henriksson et al., 2007) and TEMPO-
oxidation (Isogai et al., 2011) has been successfully attempted. Ankerfors (2012)
found that the energy consumption could be reduced to 0.5-2.3 kWh/kg after pre-
treating the feedstock with chemicals or enzymes. It should be emphasized that the
calculated energy consumptions for CNFs do not include the energy spent during
the pulping process, which involves intensive heating and chemical reactions. As for
the CNCs, the energy cost involved in their production is rarely studied. They may
have a lower energy cost than CNFs because the hydrolysis reaction under mild
conditions constitutes their main production process.

4.3 Nanofibrillated Cellulose

Nanofibrillated cellulose (NFC) refers to cellulose fibers that have been fibrillated
to achieve agglomerates of cellulose microfibril units; NFCs have nanoscale (less
than 100 nm) diameter and typical length of several micrometers. Several denomi-
nations exist for describing such material and most often nano/microfibrillated cel-
lulose (NFC/MFC) is used. Nanofibrillated cellulose is described as a long and
flexible cellulosic nanomaterial and is obtained from cellulose fiber by mechanical
disintegration. Dilute suspensions of cut cellulose fibers from softwood pulp were
treated by high shear forces to yield individualized cellulose microfibrils. The
resulting suspensions showed a clear increase in viscosity after several passes
through the homogenizer. Indeed, NFCs tend to form an aqueous gel at very low
concentration (2% wt.) due to the strong increase of specific surface area and con-
sequently the higher number of hydrogen bonds (arising from surface hydroxyl
groups) for the same volume in comparison to native cellulosic fibers.

4.3.1 CNF Processing and Manufacturing

Nanofibrillated cellulose is currently manufactured from a number of different cel-
lulosic sources. Wood is obviously the most important industrial source of cellulosic
fibers, and is thus the main raw material used to produce NFC. Bleached Kraft pulp
is most often used as a starting material for NFC production, followed by bleached
sulfite pulp.
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4.4 Property of Cellulose

4.4.1 Crystalline Properties

Typical X-ray diffraction patterns of CNCs and CNFs are compared in Fig. 4.12.
The XRD results including peak angle (26), d-spacing, full width at half maximum
(FWHM), average crystal size (thickness) in the direction normal to the reflecting
plane (L), and crystallinity index (CI) are summarized in Table 4.2. The crystal size
was determined by the Scherrer Equation (Scherrer, 1918):

K2

FWHM (20) = Tood"

“.1)

where K is the Scherrer constant (0.89) and A is the X-ray wavelength. CI of CNCs
and CNFs can be determined based on XRD results using several different methods
(Park et al., 2010). The Segal method allows rapid comparison of cellulose crystal-
linity and is commonly used in paper industry (Segal et al., 1959):

C I — 1002 _IIamorphous , ( 42)
002
CNC 002
o cellulose |
= cellulose |1

Intensity (a.u.)

CNF

AV,

T T

0 4 8 12 16 2'022'? )2'8 32 36 40 44 48
9 o

Intensity (a.u.)

Fig. 4.12 Wide angle X-ray diffraction patterns of CNCs and CNFs. CNCs and CNFs derived
from bleached dry lap eucalyptus pulp were kindly provided by the USDA Forest Service Lab.
Their methods of production have been detailed in Wang et al. (2012). Briefly, CNCs were pro-
duced by sulfuric acid hydrolysis followed by repeated centrifugation, whereas CNFs were pro-
duced through a multi-pass high-pressure grinding process using a SuperMassColloider
(MKZA6-2, Masuko Sangyo Co., Ltd., Japan). The as-received CNCs and CNFs were in the forms
of 5.7 wt% suspension and 1.8 wt% gel (both in water), respectively. Figures were reprinted with
permission from (Xu et al., 2013). Copyright 2013: ACS
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Table 4.2 XRD results of pure CNCs and CNFs

20 |d (A) FWHM L (10\) CI (%) (Segal) | CI (%) (calculated by area percentage)
CNCs | 125 | 7.1 0.996 35 81.0 95
15.1 5.8 1.033 27
17.5 |5.2 1.029 78
20.1 |44 1.488 54
22.7 139 1.102 38
343 |2.6 8.146 10
CNFs | 9.2 /9.6 0.964 13 64.4 39
149 6.0 1.370 15
224 4.0 1.135 29
339 2.6 1.984 |42

Source: Reprinted with permission from (Xu et al, 2013). Copyright 2013: American
Chemical Society

Where Iy, is the maximum intensity of the (002) diffraction and Z,omous 15 the
intensity of amorphous diffraction, which is taken at 26 angle between (002) and
(101) peaks where the intensity is at a minimum. The second method separates
amorphous and crystalline diffractions and calculates the ratio of the crystalline dif-
fraction to the overall diffraction as CI using MDI Jade 6.5 software (Materials
Data, Inc.) (Li et al., 2009).

As shown in Fig. 4.12, CNCs show diffraction peaks at 15.1°, 17.5°, 22.7°, and
34.3°, representing cellulose I crystal planes (101), (IOT), (002), and (040), respec-
tively (Lee et al., 2012). Diffractions from cellulose II are also present in the CNC
pattern at angles of 12.5°, 20.1°, 22.7°, and 34.3° (Oudiani et al., 2011). The coex-
istence of cellulose I and cellulose II in CNC:s is attributed to the alkali pulping and
acid hydrolysis processes that CNCs experience during production. Alkali and acid
treatments to natural fibers transform cellulose I to cellulose II (Brown & Jurasek,
1979; Oudiani et al., 2011). XRD results of CNFs are surprisingly scarce in the lit-
erature. This study found that CNFs showed broadened and merged peaks, which
also shifted to lower angles. In general, the diffraction peaks of ball-milled natural
fibers also shift toward smaller angles with increasing milling time due to the super-
position of broadened crystalline diffraction peaks on increasingly strong amor-
phous diffractions (Brown & Jurasek, 1979). This is also the case in this study. The
high-pressure mechanical grinding used in CNF manufacturing could deform or
even completely destruct cellulose crystals, leading to broadened and shifted dif-
fraction peaks (Lee et al., 2012).

Crystallinity index (CI) values determined by both the Segal method and Jade
software show that CNCs have higher crystallinity than CNFs, which is in agree-
ment with the microstructures of the two nanofibers. However, the two methods
show large differences in CI values, with the Jade software producing a larger value
for CNCs and a lower value for CNFs. The differences are attributed to Segal meth-
od’s over-simplicity and the resultant inaccurate results (Park et al., 2010).
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4.4.2 Intrinsic Mechanical Properties

The properties of CNFs and CNCs isolated from different sources (bacteria, tuni-
cate, plants, etc.) using different methods (e.g., acid, enzymatic, mechanical, and
oxidative methods) vary significantly (Fig. 4.13) (Sacui et al., 2014). The variations
are derived from the fact that different source materials, processing methods/condi-
tions, and testing methods are used in the literature.

Cellulose nanofibers (i.e., CNFs, CNCs, and BC) in general compare favorably
to other important nanoparticles/fibers such as nanoclay, carbon nanotubes/vapor
growth carbon fibers (VGCF), boron (BN) nanotubes, and graphene (xGnP-Graphite
NanoPlatelets) (Table 4.3). Young’s modulus of the cellulose nanofibers is mostly
measured by nano-indentation. In one report, the modulus of CNCs is measured to
range between 18 and 50 GPa (Lahiji et al., 2010); in another, the modulus of BC
was shown to be 78 GPa (Guhados et al., 2005). Other studies have reported the
Young’s modulus up to 130 GPa and the tensile strength of 10 GPa (Tanpichai et al.,
2012). CNCs also show a very low coefficient of thermal expansion (CTE) and
thermal conductivity (Diaz et al., 2014). These exceptional mechanical and thermal
properties, combined with their large surface area/aspect ratio and low density, have
made CNCs and CNFs ideally suited to the development of environmentally friendly
polymer nanocomposites.

4.4.3 Chemical Properties

The mechanical properties of composites depend to a great extent on fiber/polymer
interfacial bonding. Polymers such as PVA, PAM, PEG, and PEO have hydrogen-
bond-forming groups that can interact with the hydroxyl (-OH), sulfate (-OSO5"),

CNCs CNFs BC
Young's modulus: Young's modulus: Young's modulus:
50-200 GPa ~ 78 GPa; 33 GPa ~ 140 GPa
Aspect ratio: ~10 Aspect ratio: >50 Aspect ratio: >50

Young's modulus:
Polypropylene: 1.5 - 2 GPa; Nylon: 2 — 4 GPa; Titanium: 110 GPa;
Aluminum: 69 GPa: Carbon fiber: 200 — 500 GPa

Advantages of CNCs, CNFs & BC: - High strength and modulus (CNFs & BC)
- Large aspect ratio (CNFs & BC)
- Large surface area
- Surface functionality

Fig. 4.13 Comparison of properties of CNC, CNF, BC, and some commonly used materials
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Table 4.3 Properties of commonly used nanostructured materials

Exfoliated Carbon nanotube, BN Graphene Cellulose
Parameters | nanoclay carbon fiber (VGCF) | nanotubes | (xGnP-Graphite) | nanofibers
Physical Platelet Cylinder Cylinder | Platelet Fiber-like
structure —1 nm x NT—1 nm x 100 nm —1 nm x 100 nm
100 nm VGCF—
20 nm x 100 pm
Chemical Hydrous Hexagonal carbon Boron Hexagonal Cellulose
structure aluminum nitride carbon
phyllosilicates
Interactions | Hydrogen -7 Hydrogen |n-n Hydrogen
bond bond bond
Dipole-dipole
Tensile 0.17 TPa NT—1.0-1.7 TPa 1 TPa 1.0 TPa 0.13 TPa
modulus VGCF—0.25-0.5
TPa
Tensile 1 GPa NT—180 GPa - - 10 GPa
strength VGCF—3-7 GPa (10-20 GPa)
Electrical >10'" Qcm NT—50 x 107° Qcm | Insulator | 50 x 107 Qcm || | 10'°-10'¢
resistivity VGCF— 1 QemL Qcm
5-100 x 1073 Qcm
Thermal 6.7 x 107! W/ | NT—3000 W/mK —3000 W/ | 3-6 W/mK L1 Thermal
conductivity | mK VGCF—20-2000 W/ | mK insulator
mK
Coefficient |8-16x 107° —-1x10°° I1x10° |=1x107°] 8-16x 10~°
of thermal 29 x 1076 L
expansion
Density 2.8-3.0 g/lem® |[NT—1.2-1.4 g/cm® |2.0 g/lem® | 2.0 g/cm? 1.5 g/lcem?
VGCF—1.8-2.1 g/
cm?
"HO OH" -03;S0 0S03" "00C_ eleley

e
(i) Pristine cellulose nanofiber (i) H,SO4 hydrolysis (iii) TEMPO-oxidation

Fig. 4.14 Chemical groups on the cellulose nanofibers

and carboxyl (-COO~) groups on the pristine or treated cellulose nanofibers
(Fig. 4.14). For example, the hydroxyl groups on the side chains of PVA interact
strongly with the polar sulfate or ionic (-COONa) groups introduced by sulfuric
acid hydrolysis or TEMPO-oxidation during the synthesis of cellulose nanofibers
(Zhang et al., 2015).

CNFs were acetylated because they could not be homogeneously dispersed in
non-polar silicon oil due to their high surface polarity. The active hydroxyl groups
(-OH) on the surfaces of CNFs react with acetic acid or acetic anhydrate to produce
acetyl groups (-COCH;) (Tingaut et al., 2010). The acetylation of CNFs lowers their
hydrophilicity and thus improves their dispersion in non-polar solvents such as sili-
con oil. The stability of the acetylated CNF dispersion can be further improved by



4 Cellulose 89

adding chloroform into silicon oil due to the similarity between the polarity of the
acetylated CNFs and chloroform (Tingaut et al., 2010). The suspension remained
stable over 72 h. The acetylated CNFs is dispersed in a silicon oil/chloroform mix-
ture (1:6), producing a stable translucent suspension. This suspension was used to
spin the core part of the core-shell fibers in electrospinning.

Since the CNCs and CNFs have abundant —OH groups on their surfaces, they
have been intensively explored to functionalize the nanofibers for different applica-
tions through esterification, silylation, polymer grafting, acetylation, etc. (Peng
et al., 2011). These surface functionalization methods can improve their dispers-
ibility in different solvents/polymer matrixes and expand their utilization in
nanotechnology-related applications, including nanocomposites, drug delivery, pro-
tein immobilization, and inorganic reaction template.

4.4.4 Thermal Stability

Different cellulose-based materials have minor differences in thermal stability. Raw
cellulose materials, such as cotton linter, typically exhibit a thermal decomposition
temperature of around 360-370 °C. The cotton linter showed the highest thermal
decomposition temperature. Other cellulose sources, such as cattail and hardwood,
exhibited a similar thermal decomposition temperature of around 361 °C (Hai &
Seo, 2018). Nanofibrillation via mechanical grinding treatment resulted in a signifi-
cant decrease in the thermal decomposition temperature of the nanofibrillated cel-
lulose (NFC) samples (Fig. 4.15). The NFC samples showed a 19-24 °C lower
thermal decomposition temperature compared to their corresponding raw cellulose
materials. Despite the reduced thermal stability due to the nanofibrillation process,
the cotton-based NFC still demonstrated the highest thermal decomposition

% Mass change
% Mass change

T (degree) T (degree)

Fig. 4.15 Thermal stability of (a) raw cellulose materials and (b) NFCs with temperature change.
Figures were reprinted with permission from (Hai & Seo, 2018). Copyright 2018: Cellulose
Chemistry and Technology Journal
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resistance among the nanocellulose materials tested. This suggests that the source of
the cellulose, in addition to the processing methods, can play a crucial role in deter-
mining the thermal properties of the resulting nanocellulose-based materials.
Understanding these factors is essential for the effective utilization and optimization
of cellulose and nanocellulose materials in various applications where thermal sta-
bility is a critical concern.

4.4.5 Other Properties

Nanocellulose has its big family, respectively. Regarding the properties, for exam-
ple, the surface modification of CNCs can not only retain the original properties of
CNCs but also give new surface properties, such as hydrophobic (Wijaya et al.,
2020), biocompatibility (Chu et al., 2020), antistatic properties (Liu et al., 2020),
and dyeing properties (Cui et al., 2019). The surface of the CNCs contains numer-
ous hydroxyl (-OH) groups which provide the main reaction site for modification.
Esterification, etherification, oxidation, silylation, grafting of macromolecules are
typical ways. Table 4.4 lists some representative methods of functional modification
on both the surface and the terminal end of CNC that currently exist (Liu et al.,
2019). We have listed the findings, advantages, and limitations of the approaches.
All these surface modification methods are based on the following three aims: (1) to
reduce the size of CNCs in dispersions with organic solvents by increasing the
hydrophobicity of the surface of nanocrystallites; (2) to improve compatibility
between CNCs and hydrophobic polymers matrix; and (3) to endow CNC addi-
tional attributes, such as biology, optics, mechanics, and electromagnetics by cova-
lently bonding with functional macromolecules (Abushammala & Mao, 2019). In
this article, we will detail the approaches mentioned earlier.

4.5 Conclusion

Table 4.5 provides comparative characteristics of cellulose in its various forms. A
detailed analysis of cellulose nanofibers and nanocrystals highlights their unique
properties, which can be tailored through manufacturing techniques and surface
modification for a wide range of applications. However, as industrialization
advances, addressing energy consumption and optimizing manufacturing processes
will be critical to transforming nanocellulose from a promising material into one
that can drive the development of green and waste-free technologies, flexible and
wearable electronics, and low-cost analytical instruments. The ideas presented in
this chapter highlight the importance of further research to improve our understand-
ing of cellulose properties and explore new applications, ultimately paving way for
the widespread adoption of nanocellulose in industry and technology.
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Table 4.5 Comparative characteristics of nanocellulose fibers, cellulose nanocrystals, and
bacterial nanocellulose

Properties/
applications

Nature

Source

Mode of
preparation

Methodology

Energy and
chemical
requirements

Crystalline
nature

Cost

Yield
Advantages

CNF (cellulose
nanofibers)

Nanofibrillated cellulose

Sugar beet, maize,
banana, bagasse, wheat
straw, jute, hemp, kenaf
fibers, aquatic weeds,
pineapple leaf, mulberry,
cassava, alpha fiber, rice
husk, cotton, coir, soy
hull, etc.

CNC (cellulose
nanocrystals)

Elongated rod-like
cellulose crystals,
cellulose (nano)
whiskers, or spherical

Microcrystalline
cellulose, BC, cotton,
wood, sisal, pineapple
leaves, coconut husk
fibers, wheat straw,
bagasse, bamboo, ramie,
etc..

Converting large lignocellulosic units (cm) to

smaller units (nm)

Mechanically induced
destructuring strategy.
Multiple mechanical
shearing actions can
effectively delaminate
individual microfibrils
from lignocellulosic
fibers

Chemically induced
destructuring strategy,
such as acid hydrolysis,
most significantly
sulfuric acid

High energy process with corrosive chemical
reagents. Overall the method is not currently very

sustainable

CNF consists of both
individual and
aggregated nanofibrils
made of alternating
crystalline and
amorphous cellulose
domains

Through the removal of
amorphous regions, a
highly crystalline
structure is produced

Low cost due to the use of renewable biomass as the
source and inexpensive chemicals

Low yield

Lightweight, nanoscale
dimensions, high surface
area, unique morphology,
low density and
mechanical strength,
easy to chemically
modify, renewable, and
biodegradable

Comparative low
water-holding capacity,
crystallinity, high axial
stiffness, tensile strength,
low coefficient of
thermal expansion,
renewable, and
biodegradable

BNC (bacterial
nanocellulose)

Microbial cellulose fibers

Synthesized in microbial
culture using bacteria
(such as Acetobacter
xylinum, agrobacterium,
pseudomonas, rhizobium,
Sarcin)

Construction from tiny
units (A) to small units
(nm)

The microbial process
requires no intensive
chemical/physical steps to
remove unwanted
impurities or
contaminants such as
lignin, pectin, and
hemicellulose
Noncorrosive chemicals
and hence a completely
green approach

With the combination of
glucose chains,
microfibrils are formed
and aggregated as ribbons

High cost to support the
growth of bacteria in a
suitable culture medium
Very low yield

Excellent
biocompatibility, high
porosity, high flexibility,
high water-holding
capacity, high purity, high
degree of polymerization
and crystallinity,
renewable, and
biodegradable

(continued)
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Table 4.5 (continued)

Properties/
applications

Applications

CNF (cellulose
nanofibers)

Composites, membranes,
various sensors,
biomedical devices, drug
delivery, paper
production, packaging,
paints, food, stimuli-
responsive nanodevices,
photonic crystals, barrier
films, shape-memory
polymers, energy storage,
flexible and wearable
electronics, light-
emitting diodes and
displays, separations,
cosmetics, construction,
etc.

CNC (cellulose
nanocrystals)

Transparent barrier films,
photonic, drug delivery,
composites, optical and
electronic flexible and
wearable devices, energy
storage, actuation and
sensing, filtration,
packaging, paints,
coatings, adhesives,
cosmetics, drugs,
cements, nanodevices,
construction, separation,
food applications, etc.

93

BNC (bacterial
nanocellulose)

Biomedical applications,
including antimicrobial
products, skin therapy,
vascular grafts, tissue
engineering, cartilage,
bone and menisci
materials, drug delivery,
contact lenses, artificial
organs, food and paper
industry, flexible and
wearable electronics,
photocatalysis,
biosensors, and optical
devices

Source: Reprinted with permission from (Thomas et al., 2018). Copyright 2018:ACS
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Considerations
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5.1 Generalities in Paper and Paperboard Production

Paper and paperboard manufacturing plays an essential role in society, even today,
in the current digital age. The papermaking industry has been adapted based on the
diversification of products and processes since the early papermaking age. Paper-
based products have been a commodity in continuous transition throughout history.
The invention of the continuously operating papermaking machine in 1844, the
introduction of chemical kraft pulping or fiber separation by mechanical actions,
bleaching invention, and paper recycling are some example milestones of transi-
tions (Bowden & Hamza, 2016).

The pulp and paper industry adaptation aspects remain the same as in the last
years (e.g., market trends or consumer preferences). However, additional ones
gained relevance (e.g., aspects like new laws related to the environment). Then, the
versatility becomes more complex: the market is usually influenced by several fac-
tors, like technological evolution and the search for greater efficiency in the sector,
environmental trends, changes in consumer preferences, market demand, new regu-
lations, and changes in the industry (Fig. 5.1).

Let us consider energy efficiency to understand the complexity of the factors that
influence the market. In recent years, some modifications to the process streams for
pulp, paper, and paperboard production have partially allowed industries to reduce
their carbon footprint. However, transitioning toward more efficient and ecological
energy technologies is still challenging (Lipidinen et al., 2022). During 2022,
increases in energy prices in Europe reached records, which led to reduced operat-
ing cycles in paper machines. Therefore, a higher decrease in production was
observed (even less than during the COVID-19 pandemic) (Confederation of
European Paper Industries CEPI, 2023). The digital era has also shown some trends
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that do not seem cyclical but imply a structural change. However, the actual market
demand factor can be more estimable; tools such as Big Data analytics allow the
study of market behavior and decisions based on statistical values (Turulja et al.,
2023). Finally, the term diversification of the pulp and paper industry goes beyond
the traditional production of pulp, paper, and paperboard.

However, new opportunities arise through bioproducts, biomaterials, and energy
generation, allowing for achieving greater circularity in the production process flow
(Mongkhonsiri et al., 2018). These options would allow a successful transition
toward more sustainability, higher rentability, recyclability increase, and diversified
processes in the industry.

The conversion of raw materials into paper involves a series of operations. The
stages vary according to the type of paper to be obtained, the raw material, the type
of pulping, whether the process involves bleaching, the type of formation, and addi-
tives incorporation in the paper machine (Pathak & Sharma, 2023). To explain the
traditional papermaking process, consider the bleached pine kraft paper production
shown in Fig. 5.2.

The process begins with the reception of raw material at a wooden yard; then, the
raw material is prepared by removing the bark and reducing the size of logs; finally,
the chips are directed to pulping (in this case, chemical pulping). At the exit from
the chemical pulping, the pulp is washed and sent to bleaching, where the lignin
content is reduced. The bleached and cleaned pulp is then ready to form the filling
in the stock preparation section. The pulp is refined, washed, filtered, and combined
with other additives according to the final application required. Once the paste is
ready, it goes to the paper machine, where the sheet is formed in the forming zone,
where the highest amount of water is usually drained. The formed sheet then requires
more water removal; therefore, it goes to the pressing and drying zone. Finally, the
sheet has a moisture content of less than 10% and passes through calendering
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section, although sometimes also through a press size where better surface proper-
ties are given according to the type of paper to be obtained. If the paper is passed
through a size-press, it must be dried again.

Secondary circuits that assist plant processes are added to the main paper manu-
facturing line (Fig. 5.2). In kraft pulping, some examples include pulping reagents
line (white liquor, black liquor, caustic soda), white water in the papermaking
machine, additives preparation, and auxiliary systems (energy, water, vapor, efflu-
ents) (Sixta, 2006).

5.2 Raw Material Conditioning

Pulp and paper can be manufactured from different plants, depending on the shape
of their cells. Over time, cells die and become hollow structural units, typically
consisting of a cell wall surrounding a cavity. This structure is known in paper tech-
nology as fiber. Maintaining similar operating conditions, the quality of the paper
will depend on the fibers’ length, diameter, flexibility, and strength, among others.

Coniferous species (softwoods, gymnosperms) have long fibers, producing a
strong sheet because their length allows them to intertwine better. On the contrary,
the so-called broadleaf woods (hardwoods, angiosperms) with short or rigid fibers
generate fewer strength sheets. However, certain qualities of paper require the pres-
ence of short fibers to fill the interstitial spaces, achieving a more “closed” weave.
The main component of the fiber walls is cellulose, followed by hemicelluloses and
lignin. The latter is the “glue” material that holds the fibers together. Fibers also
contain extractives and inorganics (Rowell et al., 2013).



102 N. Ehman et al.

The raw material conditioning for the pulping process will depend on the type of
raw material. Usually, it is divided into three types: wood (softwoods and hard-
woods), non-wood (grasses), and recycled paper (Liu et al., 2018). Although soft-
woods were the most used, hardwoods use is increasing markedly due to the constant
demand for paper products. In countries with scarce wood resources, grasses (cereal
straw, sugarcane bagasse, bamboo, etc.) or recycled papers are used (Liu et al.,
2018). In wood derivatives, wood chips with similar sizes should enter the digester;
therefore, the raw material must be debarked, chipped, and classified. In the case of
a non-wood raw material, the material must be chopped and impurities removed.
Finally, recycled paper requires classification and cleaning of the raw material.

5.2.1 Wood Handling

This stage conditions the wood to be used in pulping so that it is sufficiently uniform
in size and free of bark or other impurities. Therefore, the wood logs must be
debarked, chipped, and screened.

The wood bark contains many extractives (Sakai, 2010), which can interfere with
the consumption of reagents in the digester and the bleaching sequence and lead to
dirty and poor-quality cellulosic pulp. For this reason, if the raw material arrives at
the factory as logs, it must be debarked. The logs are debarked, leaving the wood
clean for the next stage, while the residue from the debarking is used as fuel (Ekbéage,
2020) to generate electricity or water vapor. In the paper industry, the technologies
applied for debarking include drums, rings, rotation, flail, compression, or rosser-
head systems (Chahal & Ciolkosz, 2019; Sixta, 2006). The drum debarking is the
most popular system, and the bark is removed through the abrasion generated by the
rotation of the drum and the collision between the logs due, in some cases with
water addition (Latha et al., 2018).

Then, chipper equipment reduces the debarked logs to uniform sizes. The size is
an essential parameter since it will influence the chemical impregnation during
chemimechanical or chemical pulping (Sixta, 2006) and energy consumption or
pulp quality in mechanical processes (Jones et al., 2004). For example, an accepted
chip size in kraft pulping is an average of around 25 mm in length, 25 mm wide, and
4 mm thick (Quinde, 2020). Chips that are too far from this size are called rejected.
The rejected wood chips involve oversized, pin chips, and fines and lead to prob-
lems in various stages of the process; for example, oversized or overthick chips
produce uncooked generation and an increase in knotters, while fines lead to
clogging in filtration and cleaning systems. Size reduction of wood logs using chip-
pers involves drum, disc, and screw systems. The most applied technology is the
disk chipper (a rotating disc provided with blades). The feeding of the logs can be
done horizontally or vertically (Naimi et al., 2006).

A screening stage classifies the chips. The accepted chips continue toward the
storage silos, and the oversized or overthick chips rejected are rechipped, while the
pin chips and fines are sent to the boiler to be burned and generate energy or steam.
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The wood chip screening can be carried out on equipment with mechanical opera-
tions, among which vibration systems (vibratory screening type) stand out or with
methods based on air displacement (Sixta, 2006).

At the end of wood handling operations, the wood chips are stored in silos,
ensuring that raw material can be constantly supplied to the pulping stage through-
out the year and overcoming fluctuations in raw material receipt. In turn, some
industries include silos where they receive outsourced chips, which must go through
a classification process. Furthermore, the chips stored in silos are cheaper than logs,
although it presents some advantages like loss of material and generation of dust in
the environment (Bajpai, 2010).

5.2.2 Sugarcane Bagasse Handling

Sugarcane bagasse is a subproduct of the sugarcane industry used as a raw material
to produce paper worldwide. The sugarcane bagasse handling in the paper industry
involves cutting, depithing, cleaning, screening, and storage.

The depithing stage is necessary to eliminate the pith content, mostly paren-
chyma (around 30%). The sugarcane bagasse also contains fiber bundles and epi-
dermal cells (Rainey & Covey, 2016). The fiber is sent to digesters (to produce 1 ton
of paper, approximately 2 tons of sugarcane fiber without pith is required), and the
pith separated in the depithing process is sent to the boiler to produce energy. The
depithing methods could be divided into dry, wet, or moist depithing, and the indus-
trial depithers include Horkel (Horton and Keller), Peadco, SPW Pawert, Wesmaco,
and KC-4 (Kimberly Clark) (Lois-Correa, 2012; Manohar Rao, 1986). The effect of
depithing is positive for the subsequent storage stage. The greater the pith removal,
the more fiber will be preserved since it will control the fermentation of sugars.
Sugarcane bagasse deteriorates more than wood due to its initial moisture content,
residual sugar and proteins, minerals, and the heterogeneity of its tissues (Aguilar-
Rivera, 2011).

5.2.3 Recycled Paper as Raw Material

In paper and paperboard mills where recycled fiber is used, the raw material yard
stores numerous recycled paper qualities. The relevance of this stage is the correct
classification of the raw material, usually concerning the qualities of the type of
recycled paper available in the raw material yard. The qualities are divided into five
groups that correspond to different grades (CEPI, 2013; ERPA & CEPI, 2002):

* Ordinary grades: Mixed paper and paperboard (unsorted, without unusable
material, or with 40% maximum of magazines and newspapers), gray paper-
board with and without print (no corrugated), supermarket corrugated paper and
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paperboard (containing a minimum of 70% of corrugated board, the rest being
other packaging papers and paperboard), corrugated paper and paperboard pack-
aging, ordinary corrugated board (before old-corrugated container, OCC), unsold
magazines (with or without glue, may contain non-paper components as attached
product samples), newspaper and magazine mixtures with or without glue (con-
taining a minimum of 50% of newspapers, variable classification), and sorted
graphic paper (minimum of 80% newspapers and magazines. It must contain at
least 30% newspapers and 40% magazines).

* Medium grades: Newspapers (with a maximum of 5% of newspapers or adver-
tisements colored), unsold newspapers (unsold daily newspapers, free from addi-
tional inserts or illustrated material), lightly printed white shavings (mainly
mechanical pulp-based), heavily printed white shavings, sorted office paper,
colored letters (correspondence, with or without print, writing paper, free from
carbon paper and hardcovers), white wood-free books (books without hard cov-
ers, mainly of wood-free white paper, black printed only, maximum of 10% of
coating), colored wood-free magazines (coated/uncoated magazines, non-flexi-
ble covers, bindings, non-dispersible inks and adhesives, poster papers, labels or
label trim, maximum of 10% mechanical pulp-based), carbonless copy paper,
bleached wood-free PE-coated board (from board manufacturers and convert-
ers), mechanical pulp-based computer print-out (mechanical pulp-based, sorted
by colors, may include recycled fibers).

* High-quality grades: Mixed lightly colored printer shavings (wood, wood-free),
wood-free binders, tear white shavings, white wood-free letters, white business
forms, white wood-free computer printout, printed bleached sulfate board, lightly
printed bleached sulfate board, multi printing, white printed multiply board,
white newsprint, white mechanical pulp-based coated and uncoated paper, white
wood-free coated paper without glue, white shavings, unprinted bleached sul-
fate board.

* Kraft grades: New shavings of corrugated board, used corrugated, clean used
kraft sacks, unused kraft sacks, used kraft paper/board of a natural or white
shade, new kraft/carrier kraft.

* Special grades: Mixed recovered paper/board (unsorted paper and board, sepa-
rated at source), mixed packaging, liquid board packaging (including used PE-
coated liquid packaging board with or without aluminum content, a minimum of
50% by weight of fibers and the balance being aluminum or coatings), wrapper
kraft, wet labels (1% glass content, maximum of 50% moisture), unprinted/
printed white wet-strength wood-free papers.

In all cases, as the number of recycling increases, the fibers lose mechanical
strength. Some companies use up to 10% of virgin fiber to reach the mechanical
strength standards of the paper produced; therefore, in the raw material yard, it is
also possible to find virgin pulp, bleached or unbleached, for reinforcement
(Obradovic & Mishra, 2020). In addition to the quality of each type of paper, recy-
cled paper may contain impurities such as adhesives, inks, stones, and metals, which
will be eliminated during the following stages.
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5.3 Pulp Types and Their Preparation

Wood and other fibrous plants are converted into fibers suitable for papermaking
through different pulping processes. Depending on the method and machinery used,
lignocellulosic raw materials are ground, cooked, digested, defibered, delignified,
or reprocessed. These procedures are called pulping, and their purpose is the release
of the fibers. Figure 5.3 summarizes different types of pulping that exist and their
usual applications. The obtained pulp can be used for certain types of papers,
although in most cases, subsequent treatments give the fibers better properties for
their final use. Many pulping processes have been developed to achieve this goal
most economically, each suitable for a different end-use.

Pulping processes are mainly divided into two general groups: chemical and
mechanical. The main difference is due to the mechanism of action performed to
release the fiber and remove the lignin. In chemical pulping, the substance that
holds the fibers together (middle lamella lignin) is chemically dissolved to a point
where defibration becomes possible without mechanical treatment. The disadvan-
tage of these procedures is the large wood consumption with low yields. High-yield
pulps are obtained with mechanical pulping, but shredding causes ruptures in the
cell walls, and the pulps have very particular characteristics, which are only ade-
quate for some kinds of paper. Since these pulps maintain appreciable amounts of
lignin in their structure, they are called high-yield processes. Even if pulps are rela-
tively weak, they provide pulps with better sheet formation, higher opacity, and
other specific properties that make them virtually irreplaceable for some uses, such
as newsprint. Disadvantages include lower resistance, high specific energy require-
ment, and limited capacity to reach a certain brightness.

-Neutral Sulfite Semichemical -Sulfate Pulping (Kraft)

Pulp (NSSC) -Sulfite Pulping
4 -Cold-Caustic (CS) -Soda (before
Soda/Antraquinone)
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Fig. 5.3 Classification of pulping processes
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The major groups of pulping processes and their main applications are indicated
as follows:

* Pure mechanical processes: Process with only mechanical action (can include
temperature or pressure, but without any chemical addition). The treatments lead
to yields between 93 and 96%. The main applications are printing and writing,
paperboards, composite products, and molded pulp production. Examples
include stone groundwood (SGW), pressurized groundwood (PGW), refiner
mechanical pulping (RMP), pressure refiner mechanical pulping (PRMP), ther-
morefiner mechanical pulping (TRMP), thermomechanical pulping (TMP), and
pressure or pressure/pressure thermomechanical pulping or tandem (PPTMP).

* Chemimechanical processes: With yields between 85 and 93%. These processes
can be further divided into three groups: low sulfonation process (yield: 90-93%),
low impregnation chemical treatment before the mechanical process), chemi-
cally modified pulping (yield: 90%, chemical modification after a refining stage),
and high sulfonation processes (yield: 85-90%, pretreatment with a high level of
sodium sulfite before refining). Final uses include tissue, corrugated medium,
thin papers, and paper food containers. High-sulfonated pulps are sometimes
used as reinforcement fiber. Some examples are chemitermomechanical (CTMP),
alkaline peroxide mechanical pulp (APMP), high yield sulfite (HYS), and sulfo-
nated chemimechanical pulp (SCMP).

» Semichemical processes: Chemical treatment, followed by refining with yields
between 55 and 85%. Final applications are corrugated medium paperboard,
printing and writing paper, and food containers. Example includes neutral sulfite
semichemical pulp (NSSC).

e Chemical processes: 100% chemical treatment with yields lower than 50%. The
treatment is combined with pressure and temperature. End-uses include high-
mechanical strength liner board, paper bags, printing and writing, fine paper and
newsprint (sulfite). Examples include kraft or sulfate, sulfite, soda (before with
the addition of anthraquinone, but subsequently banned), and organosolv pulping.

The application is not always specific to each pulp; in some cases, furnishings
are used with several types of pulp to achieve a desired property. For example, the
papers produced from mechanical pulps are often combined with chemical or semi-
chemical pulps to provide mechanical strength. Another example is the pulps used
in tissue paper production, which can combine CTMP fiber and bleached kraft fiber.
Note that there are other stages in the paper machine (additives, finishing) that will
optimize the properties of the paper produced.

5.3.1 Chemical Pulping

Chemical pulping involves wood chips cooking with suitable chemicals in an aque-
ous solution at elevated temperatures and pressures. Lignin, hemicelluloses, and
short cellulose chains are progressively extracted (according to the quality of the
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product to be obtained), so the pulp yield is low (between 40 and 50%). The remain-
ing material can be bleached without much effort to high brightness. Because cel-
lulose forms stronger bonds than lignin, the cellulose-rich fiber surfaces in a
chemical pulp sheet produce strong papers. The two main methods are the kraft
(alkaline) and the sulfite (acid) processes.

5.3.1.1 Kiraft or Sulfate Process

The kraft pulping process globally prevails (80% of global production) due to its
advantages in pulp strength (they have high resistance and can be applied to any raw
material) and its efficient chemical reagent recovery system, with the production of
simultaneous energy. The kraft pulping stage aims to dissolve the lignin and other
non-cellulosic compounds by subjecting the chips to chemical reagents, tempera-
ture, and pressure for a given time.

The obtained kraft pulp (unbleached), characterized by a dark brown color, is
used in paper bags (sugar, cement, etc.) and paperboard for packaging. Kraft pulp
produces durable, permanent white papers, so bleached pulp is used for products
that must remain unchanged over time, such as high-quality books or, in the case of
long-fiber pulp, as reinforcing pulp.

In this process, the amount of lignin removed depends on the pulp’s final use.
The pulping process involves cooking wood chips in a sodium hydroxide (NaOH)
and sodium sulfide (SNa,) solution. The alkaline attack produces the lignin mole-
cule breakdown into smaller fragments, whose sodium salts are soluble in the cook-
ing liquor (Aravamuthan, 2004). The reaction time will depend mainly on the
quality of the chip used. Still, it will also depend on other variables such as tempera-
ture, concentration, and quantity of the liquor’s effective alkali and sulfide content.
Figure 5.4 includes all the stages of kraft pulping and the reagents recovery cycle.

At the end of cooking in the digester, black liquor, which contains dissolved
lignin and chemical by-products, is produced. Black liquor is highly polluting; how-
ever, the lignin can be burned to obtain energy, and the chemicals can be recovered.
For this reason, there is a parallel cycle to the paper manufacturing one, called the
chemical recovery cycle. The advantages of black liquor recovery include (Tran &
Vakkilainen, 2016):

* Reduce the environmental impact of the process
* Cogeneration of electricity and steam
* Chemical recovery (white liquor)

The cycle begins with the concentration of the black liquor. The black liquor
leaves the washing section with a concentration of around 15%. To optimize com-
bustion, as much water as possible must be removed, which is done in multi-effect
evaporators. When the liquor reaches 20-25% concentration, the overflow soap is
separated in a tank. This is the precursor to producing tall oil. 40-80% of tall oil
soap is separated from black liquor, with the remaining tall oil components soluble
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Fig. 5.4 Kraft pulping and chemical recovery system

in the black liquor (Churchill et al., 2024). Then, the liquor continues in the effects
until it reaches a concentration of 50% solids.

The concentrated black liquor is sent to the recovery boiler to burn the organics
(lignin, fiber, etc.) and recover the inorganic chemicals as smelt (sodium carbonate
and sodium sulfide). The recovery boiler produces high-pressure steam, power, and
green liquor (Bajpai, 2018a).

The green liquor contains sodium carbonate (Na,COj;) and sodium sulfide (Na,S),
resulting from the combustion of the black liquor. This green liquor undergoes a
causticization process (mixing with CaO and producing NaOH), becoming white
liquor again and returning to the cooking cycle (Sixta, 2006).

5.3.1.2 Sulfite Process

The sulfite process dominated the paper industry from the late nineteenth to the
mid-twentieth century. However, it was limited by the types of wood available and
contamination of the waste liquor, so it was replaced by the kraft process (Madhu
et al., 2023). Later processes have overcome many of these problems, so sulfite pulp
now represents only a small market segment. Although acid digestion is commonly
used, some variations use a neutral or alkaline medium. Sulfite pulping is carried
out using a mixture of sulfurous acid (H,SO3), sulfite ion (SO57), or bisulfite (HSO;")
and a base at 120-150 °C to attack and solubilize the lignin. Sulfite pulping can
involve different bases, such as Ca,* (pH = 2, “acidic sulfite”), Mg,* (pH =5, “bisul-
fite” Magnefite), Na* (any pH), and NH;* (pH <9, “alkaline sulfite”).

Sulfite pulps are lighter than kraft pulps and bleach easily, but the papers are
weaker than their kraft counterparts. It also produces fibers that are easier to refine
but are not very flexible with resinous softwoods, tannin-containing hardwoods, and
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any furniture containing bark (Bajpai, 2010). During the sulfite process, the lignin
is sulfonated, leading to a technical lignin called lignosulfonates (Madhu et al.,
2023). When hardwood is treated with sulfite, the preservation of cellulose and the
attack on xylans are higher than in the kraft process (Sixta, 2006).

5.3.1.3 Soda Pulping

Soda pulping is preferred for cooking agricultural or agro-industrial waste such as
straw or sugarcane bagasse (Pathak & Sharma, 2023). It consists of treating the
fibers with a liquor of water and NaOH for a given time at temperatures around
140-170 °C (Andrade & Colodette, 2014). The black liquor containing lignin and
sodium hydroxide (soda) is processed to recover the soda (Doherty & Rainey, 2000).

5.3.2 High-Yield Processes

Mechanical pulps contain almost all the lignin in the wood and require considerable
mechanical treatment to separate and prepare the fibers. Since the discovery of
mechanical pulps, pulps of varied yields and qualities have been manufactured by
combining actions (mechanical, chemical, and thermal) and combining the arrange-
ment of intermediate operations (purification, fractionation) (Blechschmidt &
Heinemann, 2006).

The oldest method is the stone groundwood (SGW), in which the logs are forced
under pressure against a rough rotating stone that rotates along the longitudinal axis
of the logs in the presence of large volumes of water. The diluted suspension of
fibers and fiber fragments is sieved to remove shives and other coarse particles.
Then, it is thickened by water removal to form a pulp suitable for papermaking.
Pressurized groundwood (PGW) works with high pressures (with compressed air),
producing an increase in the boiling temperature of water, thereby partly avoiding
evaporation at the wood-stone interface. Independently adjusting pressures and
temperatures produces versatile pulp qualities.

Groundwood pulps have the lowest manufacturing cost but the lowest quality in
terms of mechanical strength. Its use is almost limited to newsprint due to its excel-
lent printing and optical characteristics and low energy consumption.

A later development of mechanical pulping uses chips instead of logs, producing
pulps of comparatively better quality. The process consists of passing the chips
through the discs of a refiner and managing the mechanical variables to obtain the
desired quality. One of the advantages of this process over the previous one is its
versatility, producing pulps with a wide range of physical properties. For example,
in thermomechanical pulping (TMP), the chips are preheated with steam at a tem-
perature close to 130 °C before defibration-refining. The process with pressurized
primary and secondary stages is called pressure/pressure thermomechanical pulping
or tandem (PPTMP). TMP pulp manufacture involves high energy consumption and
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sophisticated equipment, obtaining, in return, pulps of superior quality, capable of
replacing chemical pulps in many cases.

Chemithermomechanical pulping (CTMP) is a variant of mechanical pulping
that includes a chemical impregnation stage before the thermal treatment in TMP
pulping, resulting in pulps of superior quality.

Bleached chemithermomechanical pulps (BCTMP) encompass pulps produced
from chips with a mild chemical pretreatment and bleached with hydrogen perox-
ide. The total yield for softwoods is higher than 90% and 87% for hardwoods.
BCTMP pulp can partially substitute hardwood kraft pulps in coated and
uncoated papers.

The development of chemimechanical pulping (CMP) allowed the production
of hardwood high-yield pulps of acceptable qualities. The process consists of
impregnating with chemicals (in low concentrations and for a short time) before
refining, thus achieving some lignin degradation but without reaching the point of
fiber separation. The cold soda process uses room-temperature caustic soda to
soften the chips before refining. The pulp yield is between 85 and 90%.

Alkaline peroxide mechanical pulp (APMP) consists of the chemical treatment
of the chips with sodium hydroxide, hydrogen peroxide, and stabilizers, with a
simultaneous pulping and bleaching effect. This process was developed to improve
the quality of hardwood chemimechanical pulps. With an adequate loading of
reagents, it is similar (in tensile strength) to BCTMP but with lower specific energy
consumption.

Semichemical processes combine chemical and mechanical methods. The wood
chips are partially softened or cooked with chemicals, and the remaining pulping
action is supplied mechanically, most often by disc refiners. These methods cover
the entire range of pulps whose yields are between pure mechanical and pure chemi-
cal methods, that is, 55-85% yield referred to dry wood. The neutral sulfite pulping
process (NSSC) applied to hardwoods is the most widely used semi-chemical pro-
cess. It uses sodium sulfite as a cooking liquor, buffered with sodium carbonate to
neutralize the organic acids released from the wood during cooking. In cold soda
pulping (CS), the chips are impregnated with a sodium hydroxide solution in an
open tank and defibered-refined in two stages.

5.3.3 Pretreatments and Alternative Pulping Processes

Pulping stage modifications are toward efficiency improvements, with lower envi-
ronmental impacts and reduced process costs. Lignocellulosic pretreatment before
pulping allows for improving the accessibility of the raw material or even separat-
ing some components before conventional pulping. Alkaline and acid treatment
could be applied for hemicelluloses removal from previous kraft processes
(Saukkonen et al., 2012). Steam explosion has also been used as a pretreatment,
allowing the opening of wood structures and leading to a faster delignification in
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chemical pulping (Jedvert et al., 2012). The screw extrusion has been applied as a
physical pretreatment, sometimes assisted by alkaline or acid reagents (Guiao
et al., 2022). In high-yield processes, such as in TMP pulping, for example, screw
extrusion can be applied to remove extractives before the mechanical treatment
(Tanase et al., 2010). In chemical pulping also was applied to reduce the consump-
tion of chemicals, as in the case of kraft and soda-AQ pretreatment, where was
applied screw extusion to reduce the alkali consmumption (Dong et al., 2012).
Some alternative pulping processes are being investigated to achieve more efficient
processes with less environmental impact. Organosolv pulping (Area et al., 2009;
Imlauer Vedoya et al., 2022), for example, allows solvent recovery, while oxygen
and alkali treatment allows improvements in delignification with low emissions
(Esteves et al., 2022). The use of green solvents (deep eutectic solvents, ionic lig-
uids, and Y-valerolactone) is another alternative (Ehman et al., 2023), as well as
induced electric field-assisted systems (Zhang et al., 2024). Emerging pulping and
pretreatment of conventional processes lead to integrated biorefinery systems. In
recent years, some paper mills have migrated to biorefineries. In this way, in addi-
tion to paper production, other biomass component removal allows for obtaining
high-value-added products.

One of the emerging technologies that could allow for less water, energy, and
chemical consumption is the replacement of conventional digesters with extrusion
systems. These systems merge high-shear mechanical actions with chemicals to
benefit the delignification without high cellulose fiber damage. The twin-extrusion
pulping process has been applied mainly to non-wood fibers, achieving pulp yields
of up to 80% (Rodriguez Castellano, 2024).

Finally, biopulping for fiber separation utilizes specific microorganisms to depo-
lymerize lignin. This process uses fungi on wood chips, facilitating lignin degrada-
tion by their enzymes. The process is slow compared to chemical processes and
must be biologically controlled (Rullifank et al., 2020).

5.4 Bleaching Processes

The main objective of bleaching is to increase the pulp’s brightness by eliminating
or modifying some constituents of the brown pulps, such as lignin and its degrada-
tion products, resins, metal ions, non-cellulosic carbohydrates, and other impuri-
ties. The obtained brightness must be stable, i.e., that whiteness or resistance is
not lost with aging. The light-absorbing substances in wood pulp are components
derived from the lignin and resin of the original wood. Therefore, to make a white
pulp, these substances must be chemically transformed in the solid state (to reduce
their light absorption characteristics) or be oxidized, reduced, or hydrolyzed to
make them soluble in aqueous solutions and be able to eliminate them from
the pulp.
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5.4.1 Chemical Bleaching

In chemical pulps bleaching, the total elimination of the substances that cause color
(lignin and its degradation products, resins, and other impurities of different natures)
is pursued. Bleaching requires several stages, both for technical and economic rea-
sons, representing a continuation of cooking since it extracts the residual lignin with
yield losses between 3 and 10% (Colodette & Borges Gomes, 2015). The pulp
brightness at the end of a kraft process is around 25-30% and can achieve high
(90-95%) and stable values (Dence & Reeve, 1996).

The bleaching of chemical pulps can involve ECF (elementary chlorine-free) and
TCF (total chlorine-free) technologies. While ECF incorporates chlorine dioxide,
TCF mainly uses oxygen (O), ozone (Z), enzymes (X), peracetic acid, and hydrogen
peroxide (P).

Table 5.1 shows the competitive advantages and disadvantages of the different
bleaching technologies. The main advantage of the ECF and TCF processes is the
elimination of the release of high amounts of chlorinated dibenzofurans and
dibenzo-p-dioxins effluents (Axegérd, 2019). Bleaching should be performed with-
out relevant fiber degradation. In ECF processes, the pulp reaches higher brightness
without as much reduction in mechanical strength (Fleming & Sloan, 1994).

Traditional TCF sequences incorporate the O, Z, and P stages in several configu-
rations. Oxygen as a delignifying agent is widely used with several fibrous resources,
and the stage is generally applied after kraft pulping and before the bleaching
sequence (Rodriguez et al., 2007). Ozone is highly reactive and, at the same time,
not selective. Therefore, control of consistency, temperature, pH, and presence of
metal ions in the process is required to avoid carbohydrate attack and subsequent
loss of mechanical strength in the paper produced (Métais & Germer, 2018; Roncero
& Vidal, 2007). Hydrogen peroxide has expanded considerably in recent times.
Under severe conditions, peroxide can behave as a delignifying agent and is used in

Table 5.1 Advantages and disadvantages of chemical pulp bleaching technologies

Advantages

Chlorine | Low-cost process.
Selective and effective bleaching.
Dissolves metal ions in pulp and

other impurities such as bark.

ECF Lower environmental impact
compared to chlorine bleaching.
Stable bleaching.

Higher bleaching yield compared to

TCFE.

Organochlorine compounds are not
generated.

Complies with the strict
environmental regulations.

TCF

Disadvantages

Environmental impact. AOXs (chlorine-
containing molecules) like furans and dioxins.
Highly corrosive process liquids.

Some AOXs compounds, but not persistent.
More expensive than the chlorine process.

High investment cost in equipment and energy
consumption.

Lower bleaching yields than ECF.

Greater loss of paper strength per unit of
increase in brightness.
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multi-stage bleaching sequences. In the bleaching peroxide stage, chelates can also
be incorporated to maximize the selectivity of bleaching, achieving a more cost-
effective process (Area & Felissia, 2005).

5.4.2 High-Yield Pulps Bleaching

High-yield pulps are bleached without removing lignin since its extraction would
involve a loss in pulp yield, thus eliminating its main advantage over chemical
pulps. Therefore, the bleaching of such pulps is carried out through treatments that
destroy only the chromophore groups (causing color) without eliminating the pulp’s
constituents. The most used agents are peroxides (oxidants) and hydrosulfite
(reducers).

Bleaching without lignin removal consumes large quantities of reagents without
obtaining very high values, reaching 70-80% brightness. Besides, the brightness
obtained is unstable, causing the so-called reversion, with the pulps turning yellow-
ish over time.

5.5 Papermaking Machine

The papermaking machine is one of the fundamental sectors of the papermaking
process. It transforms the fibrous suspension into sheets of paper or paperboard
through several stages: stock preparation, sheet formation, pressing, drying, and
finishing (Fig. 5.5).

The processes carried out on a paper machine greatly influence the properties of
the paper produced, which is why optimizing the stages accordingly. An optimized
papermaking machine process ensures continuous operation and fewer unscheduled

Pulp,
Additives Stock Wet section ofthe  Dry section of the
Warer Preparation paper machine paper machine
5
==
Pulp (additives and Fonmation rying
dispersion fibers) I

Cleaning [ Pressing ] [ Flnls'hlng }

Consistency and
regulation screening Paper or paperboard

Beating/ Headbox circuit
Refining

Fig. 5.5 Stages involved in the papermaking machine
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stops that lead to large economic losses. The paper machine’s “wet end” includes
the machine head, forming section, and presses, whereas the “dry end” consists of
the sections drying and winding (Hannu Paulapuro, 1999).

5.5.1 Stock Preparation

During the stock preparation stage, the fibrous (pulps) and non-fibrous (additives)
raw materials are prepared and combined uniformly to prepare the composition
from which the paper will be made.

5.5.1.1 Fiber Slurry Dispersion

The first operation on the paper machine is disintegration. It consists of transform-
ing the fibrous material into a suspension, intending to individualize the fibers, and
transporting them through the pipes to the next stage. During disintegration, dilu-
tion, agitation of the material, mixing, and dispersion of particles occur. In inte-
grated mills, the fiber comes from the pulp tank (bleached or unbleached) at 3—-6%
consistency. The fiber is received as bales in a paper-only mill at 90-95% dryness.
In the recycled fiber mill, the received recycled paper needs the separation of inks
and other contaminants (Roux, 2001).

5.5.1.2 Beating/Refining

The refining (or beating in Hollander beater) purpose (Bajpai, 2010) is to subject
chemical action on the cellulosic fibers to develop their papermaking properties,
through two actions involving shear and compressive stresses. Examples of proper-
ties developed by the sheet due to the refining stage include density, specific vol-
ume, tensile strength, burst and tear strength, porosity, etc. During the refining stage,
the cellulosic fiber undergoes transformations that can be divided into primary and
secondary effects and can impact the final properties of the produced paper (Pathak
& Sharma, 2023). Primary effects include external fibrillation and defoliation, inter-
nal fibrillation and swelling, fiber shortening, elimination of the primary wall, fines
production, interfiber breaking bonds, and formation of new hydrogen bonds with
water. Fiber elongation and compression, fractures in the cell wall, partial solubili-
zation of hemicelluloses, fiber straightening (at low consistency), and undulation (at
high consistency) are some of the secondary effects (Clarck, 1895; Page, 1989;
Smook, 2019a). The industry has numerous geometries for refiners: disk, cylindri-
cal, and conical are the most common. Manufacturers today face challenges in
reducing the energy consumption of refiners in paper machines (Gharehkhani et al.,
2015). The refining operation is commonly carried out in disc refiners. Some vari-
ants include single-disc or double-disc. Other designs available on the market are
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the twin or the conical disc refiner (Sixta, 2006). In the wet-end section of the paper-
making machine, several refiners are usually used, configured in series and parallel.
In addition, the operating conditions will vary according to the type of raw material
(Lumiainen, 2008).

5.5.1.3 Additives

Additives are reagents that combine with the cellulose fiber to impart a specific
property to the paper or to aid in the production process (Scott, 1996). Two types of
additives are usually employed: functional additives and auxiliary additives.
Functional additives increase or improve an existing property or impart a new prop-
erty to paper, and auxiliary additives are added to facilitate the performance of a
functional additive or contribute to improving the conditions of the overall process
(Scott, 1996). Table 5.2 summarizes the additives applied in the wet-end section of
the papermaking machine. Mineral fillers are the second most used ingredient in
some kinds of papers. The mineral fillers are natural or artificial insoluble mineral
particles, generally white and finely divided (1-10 pm), incorporated into the paper
or paperboard pulp for better quality and (or) low cost. Fillers are especially relevant
in printing and writing papers. Some benefits of mineral fillers are fiber replacement
(lower costs), higher light-scattering (higher opacity and brightness), lower air per-
meability (improved barrier), and smoother surface (better printability/lower gram-
mage) (Costa & Cettolo, 2020).

Retention aids are reagents that allow the retention of small particles like fines or
fillers in the formation section of the papermaking machine. The advantages of a
good retention system are loss reduction in papermaking machines, improvement of
drainage, and process efficiency (Cadotte et al., 2007). Some examples of retention
aids include alum-based, natural polymers (like cationic starch), single-polymer
systems (polyethylene imine, cationic polyacrylamide), with patching or bridging
as the dominant mechanisms, and dual-polymer systems (poly-dimethyl diallyl
ammonium chloride, a cationic polymer of low charge density and high molecular
weight) (Wang et al., 2012). Cationic starch has been demonstrated to retain cellu-
lose nanofibers in paper production furnishes (Tajik et al., 2018).

Wet and dry strength additives are applied to improve the paper’s mechanical
resistance, which is relevant in some final applications. Dry strength additives are
usually water-soluble hydrophilic polymers and, in several cases, improve the reten-
tion and drainage rate (Marton, 1996). Wet strength additives can act as protective,
reinforcing, and swelling prevention agents, protecting existing bonds and (or)
forming new water-resistant bonds. Their ability to impart water-resistant properties
is related to their polymeric nature, water solubility, cationic character, and reactiv-
ity (Francolini et al., 2023).

The brightening chemical reagents impart the brightness of paper using the same
principle that the laundry detergent commercials. They convert invisible UV light to
lower-energy visible light, generally blue, which masks the inherent yellowness
(Bajpai, 2018b). Dyes and pigments are used to impart color to papers. A clear
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example is the use of dyes in the cardboard box industry from recycled paper, where
the aim is to simulate the appearance of a cardboard box made of virgin fiber. Dyes
can be acidic, basic, and direct. Acidic and direct dyes are sodium salts of colored
acids, while alkaline dyes are salts of colored bases such as chlorides, sulfates, and
oxalates (Smook, 2019b).

When necessary, so-called auxiliary additives are added, which help improve the
performance of a functional additive or contribute to improving the conditions of
the overall process. They include retention aids, antifoams, pitch control additives,
biocides, etc. (Smook, 2019b).

Most additives are applied in the wet-end section of paper machines through vari-
ous configurations to ensure efficient dosage and mixing, proper retention chemis-
try, and adequate application management (pH, loads, ionic demand, and consistency
measurements). The main benefits of a correct additive incorporation system are
enhanced paper machine efficiency, improved sheet formation, less deposit forma-
tion and paper breakage, and higher-quality paper (Simino, 2020). In some cases,
even good management of additives in the wet section could address some problems
associated with changes in the paper industry. An example could be the partial
replacement of virgin fiber with recycled fiber or microfibrillated cellulose. Adequate
management of fines retention agents and additives to remove contaminants from
the recycled fiber is relevant. Also, sizing additives to reduce liquid absorption in
papers is crucial in the paper market, as current trends are oriented toward paper-
based food packaging. By optimizing additives use (like drainage agents, enzymes,
fillers, and optical bleaching reagents, among others), operating costs through water
circuit closure, refining energy consumption, and pulp bleaching can be reduced.

5.5.2 Wet-End Section

The wet-end section of the paper machine includes the head circuit, the forming
zone, and the presses. Around 1% of the solid content suspended at the head cir-
cuit’s exit begins to lose water through drainage in the formation zone until it
reaches around 45% solids at the press’s exit and before entering the dryers. Water
removal at the dryer outlet by gravity, vacuum dewatering, pressing, and thermal
drying totals about 90% (Li et al., 2003).

The paper must maintain a moisture content suitable for the applications and
uniform throughout its structure to avoid problems in the following stages (Li et al.,
2003). For example, in the cardboard corrugator equipment or during tissue paper
creping, points where the moisture content of the sheet is a relevant factor.

5.5.2.1 The Head Circuit in the Papermaking Machine

The head circuit in the papermaking machine corresponds to the dilution pump
circuit in which the pulp is mixed with additives, diluted, cleaned, and screened
before its final discharge through headboxes in the formation zone. The head circuit
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involves stages ranging from the machine storage container (named machine chest)
to the headbox lip (Smook, 2019a). All components are relevant at this stage; how-
ever, an element that stands out is the dilution pump (fan pump).

The fan pump is a low-pulse, high-efficiency device that facilitates the mixing
and dilution of the pulp sent to the papermaking machine. It is located after the point
of dilution of the thick stock with white water. After dilution, the stock flows toward
the headbox at a consistency of 0.5-1%, ready for papermaking. Reducing pump
pulsations during layout is crucial to ensure consistent grammage (Sulzer, 2016).

Before the furnishing enters the paper-forming zone, it undergoes purification
and cleaning. This stage aims to separate the desirable fibers or elements from the
undesirable particles that may cause problems in the paper’s manufacture, thus
achieving a clean paper without stains and break/wear during paper
manufacturing.

Screening and cleaning are carried out together on a papermaking machine.
During cleaning, separation is carried out by density difference through hydrocy-
clons by dynamic separation. During the screening, separation is carried out by size
difference through sieves by probabilistic separation. It should be noted that during
cleaning, hydrocyclones with a small diameter develop greater centrifugal forces
and greater efficiency in removing different types of small dirt particles. However,
larger hydrocyclons diameters lead to greater efficiencies in removing impurities
with large and less dense particles, such as long fibrous bundles (Julien Saint
Amand, 2001).

5.5.2.2 Formation and Press Zones

The distributor and headbox function is to convert the flow from a pipe to the
machine’s cross direction, distributing the pipe flow uniformly along the full width
of the machine. The jet is then deposited onto the forming section at uniform thick-
ness and velocity, which considerably affects the quality of the paper formation
(Bajpai, 2015; Poirier et al., 2001).

The forming zone consists of the machine fabric, which moves at a certain speed
with the help of rollers. The upper part is the so-called table. At the bottom of the
fabric are the drainage elements (which consist of foils, vacuum boxes, etc.) for
collecting and recirculating the extracted water and elements for cleaning, return-
ing, and tensioning the fabric. The main functions of this section are to form the
sheet of paper through a filtration process and drain the water from the stock until
it has sufficient strength to be transferred to the pressing sector (20% solids,
Fig. 5.6). Therefore, it is relevant to maintain an efficient vacuum system (Uimonen,
2017). Drainage must be gradual, so the sheet should be drained as much as pos-
sible with static and low vacuum elements before passing through high vacuum
elements to reduce drag on the fabric, decrease power requirements, and reduce the
marking of the sheet by the fabric. A high vacuum will be applied at the end of the
forming table, and as much water as possible should be removed without damaging
the sheet. Energy savings can be achieved using non-woven and hybrid felts, which
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Fig. 5.6 Approximate water content profile in papermaking machine

maximize drainage in the suction box area or pressure areas with less vacuum
(Silakoski & Korvenniemi, 2014).

Until the 1950s, almost all paper and board were formed on conventional
Fourdrinier or Drum formers, respectively. Nowadays, the Twin-Wire Formers are
widely used, where initial drainage happens in one or both directions. Yankee form-
ers are of global use for tissue.

The presses consist of rolls between which the sheet passes over a porous felt
that absorbs water. The functions of the press section are extracting water from the
sheet of paper (from 20% to 35-45% solids), consolidating the fibrous weave, and
reducing the surface roughness of the sheet. The approach area of the rolls is called
the nip (Uimonen, 2017). It must be correctly adjusted to fulfill the press functions
without damaging the sheet. The suction rollers in the press section collect and
transfer the sheet of paper between the various felts for the correct dehydration of
the sheet. These rollers have various vacuum zones, controlled precisely, necessary
for their proper operation.

5.5.2.3 Approach Flow System

The approach flow system generally covers the stages from the machine chest to the
headbox lip. The pulp(s), pumped from the pulp mill to the paper mill or purchased
dry and then defibrated, is generally refined to develop the fiber papermaking prop-
erties by external and internal fibrillation. Once refined, the pulp(s) passes to the
dosing system for the other added components. The paper properties will depend on
the stock composition, that is, the type of fibrous raw material (softwoods and (or)
hardwood pulps, mechanical, chemical, and (or) recycled pulps) and the other com-
ponents added (additives, fillers). The stock is directed to the machine headbox after
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undergoing rigorous screening and cleaning stages using screens and centrifugal
cleaners.

5.5.3 Dry Section of the Papermaking Machine

The drying area is the largest section of the papermaking machine. It consists of
multiple smooth-surfaced cylinders heated internally with steam, organized in two
rows (upper and lower). The area is generally enclosed under a hood heated with hot
air. This section’s functions are to dry the sheet (from 35-45% to 94-97% solids),
consolidate fiber bonding, and modify the sheet’s surface characteristics.

Drying drums consist of steam-heated drying cylinders in direct contact with the
wet paper as it exits the press section, ultimately producing a curl-free paper. The
paper after the press section typically contains about 50% water. Heat energy in the
form of steam is applied to remove the water, causing it to evaporate as it moves
through the drying section. One of the most relevant indicators of efficiency in the
drying section of a papermaking machine from the economic point of view is the
production rate or the use of steam per unit of mass of paper manufactured, and it is
usually an average of 2-2.5 t/t paper produced (Ghosh, 2011).

Once the sheet leaves the drying section, it is rolled into a wide pope at the end
of the paper machine. The pope is then transported to the area of paper-finishing
operations. Finishing treatments are generally carried out off-machine, although
some may be carried out before winding:

* Smoothing: This operation consists of applying pressure through one or more
pressing zones created by a series of steel rollers. This pressure reduces the
thickness of the paper and minimizes thickness variation. Finally, it imparts
desirable surface properties, primarily smoothness. Operation parameters involve
pressure in the pressing zone, the retention time, and the number of presses.

* Surface sizing: It aims to hydrophobize the paper surface to avoid liquid pene-
tration. The surface sizing is applied at the final of the drying section in the size
press, generating a contact zone between the two rolls with the sizing solution on
the side where the paper enters. The paper absorbs part of this solution, and the
excess is removed in the contact zone, collected in a tray under the press, and
recirculated to the contact zone (Bung, 2004). Configurations of size presses
include vertical, horizontal, and inclined (45°) (Bajpai, 2018c).

* Coating: It can be applied after drying and smoothing. It is generally used to fill
empty spaces in the sheet and improve the printability of the paper.

* Calendering: Increasing the brightness of the sheet by passing between smooth
and fibrous surfaces, or supercalendering. Calendering can be carried out on or
off a paper machine and, during the operation, the sheet is compressed and
smoothed, creating separate sheets of uniform width and thickness. Sheet thick-
ness is generally determined by the spacing between the pairs of rollers. Pressure
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and speed are adjusted to achieve different thicknesses, surface finishes, and tex-
tures, resulting in products that can be glossy, matte, smooth, tacky, or embossed.

* Creeping: For tissue papers, creeping leads to a lower density, increased caliper,
and numerous other desirable properties. Creping is performed after passing the
sheet through the Yankee dryer (Qin et al., 2023).

5.6 Summary

This chapter provided an overview of pulp and paper operations and stages, from
the reception of raw material to the finishing stage. During the preparation of the
raw material, numerous alternatives have been mentioned, such as virgin fibers from
wood or annual plants and secondary fibers that come from recycled paper and
paperboard.

The processes involved in the separation of the individual fibers by chemical,
semi-chemical, and mechanical pulping were explained indicating the optimization
parameters toward the separation of the fiber, avoiding damage to the cell wall. An
overview of bleaching sequences was also explained. The advantages and disadvan-
tages of more recent sequences that avoid applying elemental or total chlorine were
summarized and evaluated.

Washing, refining, and mixing with additives were mentioned as key steps (opti-
mal furnish composition) to achieve an efficient formation and good quality in the
performance of the final product. It also explained how the forming, pressing, and
drying stages, as well as the finishing, influence the quality of the product. Therefore,
the operating parameters must be controlled. Finally, secondary lines like black
liquor recovery or the approach flow circuit were considered, highlighting their
advantages.
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Chapter 6 m
Conventional Paper: Types and Properties o

Nanci Ehman, Maria Evangelina Vallejos, and Maria Cristina Area

6.1 Paper Generalities

In the digital age, where technology dominates many interactions and processes,
paper plays a key role. Even with the rise of technology, paper is a relevant medium
in writing and printing and has become an essential material in the packaging
industry.

Paper has historically been crucial for written communication and documenta-
tion. From the invention of the printing press to the digital age, paper has been used
to record information, share knowledge, and preserve history. Textbooks, note-
books, and other printed materials are fundamental tools in teaching and learning.
Although digital technologies have gained relevance, paper is still widely used in
classrooms and libraries. Books, magazines, newspapers, and other printed materi-
als are integral to culture, knowledge, and information dissemination. Paper is also
versatile for artistic and creative expression, from painting and drawing to paper
sculpture. For the packaging industry, the increase in online purchases and the
search for more sustainable options by consumers has boosted the consumption of
paper and cardboard, e.g., those intended for food packaging, with specific proper-
ties such as low liquids and grease proof.

Paper relevance is due to the intrinsic characteristics that make it an excellent
material for numerous applications, such as high porosity, high surface area, good
optical and mechanical properties, low or high liquid absorption as is or sizing, and
biodegradability. These characteristics are developed during the production process,
dependent on the application of paper or cardboard. For example, a long fiber will
increase mechanical strength, while a short fiber will mainly influence the opacity
and smoothness of the paper. As an example of a production process, parameters
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such as the sizing stage will affect roughness, porosity, and water absorption.
Zanuttini et al. (2008) previously defined some critical properties for paper and
paperboards, such as high mechanical properties in kraft liners and bags, high soft-
ness in hygiene products, and good optical properties in printing and writing papers.
These properties are based on their main parameters and require other specifications
(Zanuttini et al., 2008).

It is essential to consider the type of paper produced to determine the desired
parameters and, based on these parameters, identify which properties are relevant.
For example, tissue paper needs softness, water absorption, and difficulty tearing
during use. In this sense, volume, flexibility, and rigidity are three critical proper-
ties. Besides, paper porosity determines the absorption level (Morais & Curto, 2022).

6.2 Paper Properties

The functionality of paper is highly influenced by technical and physical properties
that determine its characteristics. These properties impact not only the quality of the
final product but also its durability, appearance, compatibility, and performance dur-
ing application. Some of the key paper quality properties are shown in Fig. 6.1 and
are classified into physical, mechanical, optical, and specific properties.

Most parameters can be modified during manufacturing to adapt the paper or
paperboard to a specific application. For example, the grammage in paperboard can
be increased through multi-ply systems; water absorption can be reduced with a
coating; smoothness can be increased by calendering; and mechanical strength can
be improved by adding dry strength additives.
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Fig. 6.1 Main properties in paper and paperboards
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6.2.1 Physical Properties
6.2.1.1 Basis Weight or Grammage

The basis weight or grammage, generally expressed on an air-dry basis, determines
the weight of a paper per unit area. The determination can be accomplished accord-
ing to the TAPPI T410 standard (TAPPI, 2013). The standard also specifies the
concept of ream as a specific area of paper or cardboard (usually expressed in num-
bers, such as 500 sheets) with a given dimension (Biermann, 1996).

Paper weights typically range from approximately 15 g/m? to over 200 g/m>.
Paper classification by basis weight is divided into four groups. The papers with the
lowest weight are tissue. Values start at 14-18 g/m? for face tissue and handker-
chiefs and reach 20-24 g/m? for kitchen towels (Tillmann, 2006). Most papers are
included in the second group (grammage between 40 and 120 g/m?): newsprints
between 40 and 49 g/m?, lightweight coated printing papers (LWC) between 35 and
80 g/m?, and kraft sack paper (60-115 g/m?) (Tillmann, 2006). Paperboard is the
third group in the classification, and the grammage can reach around 200 g/m?
Medium-to-high-weight products usually involve unbleached corrugated medium
or bleached paperboards (Biermann, 1996). Finally, some boards, like liquid pack-
aging boards, folding boards, or chipboards, can reach grammage values >200 g/m?
(Paulapuro, 2000).

6.2.1.2 Caliper, Bulk, and Density

The caliper or thickness is the nominal distance between the two main surfaces of
the paper/paperboard and is measured using a caliper or micrometer (Biermann,
1996). Both thickness and grammage are two primary physical properties of paper
and are usually the most informed parameters during the paper/paperboard sale. In
addition, they define the paper bulk.

The apparent density of paper or paperboard is defined as the mass per unit vol-
ume and is usually expressed in g/cm?. The opposite is called bulk, determined by
the ratio between grammage and thickness, expressed in cm?/g. Bulk values are
mainly influenced by fiber biometry, process fabrication, additives, refining, and
actions in the drying section (Duarte Almeida Souza et al., 2011).

6.2.1.3 Roughness and Smoothness

At a microscopic level, paper is never perfectly smooth. A paper is considered
smooth or rough based on its surface irregularities, being low or high, respectively.
The roughness (smoothness) of papers and paperboards plays a crucial role in print-
ing and determines the calendaring conditions and coating/ink consumption (Alam
etal., 2012).
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There are numerous methods to measure the paper or cardboard smoothness; the
best known are the air base pass methods. The Bekk method is defined as the time
required to draw atmospheric air between the surface of the test piece and a ring-
shaped plane surface (Biermann, 1996). The Parker Print-Surf (PPS) method
involves applying varying pressures and measuring the amount of air that passes
between the paper and a measuring ring (Lagus, 2019) and is recommended for the
low levels of roughness required (Zanuttini et al., 2008). Benstend method is also
based on the air passage through a paper surface (Techlab Systems, 2023). A
Benstend roughness value for LWC is around 20 mL/min, while a Kraft paper is
around 700 mL/min (Tillmann, 2006). Some options to reduce paper roughness
include sizing, coating, or calendering (Kasmani et al., 2013; Rautiainen, 2003;
Stankovska et al., 2014; Vernhes et al., 2010). For example, during the printability
of paperboards, the influence of surface roughness is higher when the paperboard is
thinner (Ritto, 2005).

6.2.1.4 Air Permeability and Porosity

Porosity is the ratio between the void space and the total volume of the paper. The
paper porosity influences compressibility and the ability of paper to absorb fluids
like ink, oils, and water (Karlovits et al., 2018). Paper porosity can be indirectly
evaluated by air permeability, but they are not the same. Porosity depends on the
number of empty spaces, while air permeability depends on the interconnection of
these pores. Therefore, air permeability refers to the ability of paper to be passed
through by air.

One of the widely used techniques to measure air permeability in papers is the
Gurley method, which measures the resistance of the structure of the paper to the
passage of air (TAPPI, 2006a). It determines the time a given air volume takes to
pass through a specific area under controlled pressure conditions. High time means
high Gurley and, therefore, low permeability. On the contrary, low time implies high
paper permeability. A standard volume of air is 100 ml. The factors that affect air
permeability include paper composition, thickness, porosity, compression, and sur-
face treatment (Hii et al., 2012; Mair, 2017; Park et al., 2016; Shallhorn & Gurnagul,
2009). Porosity has a high influence on the performance of some papers and paper-
boards. Papers with high porosity absorb water at a higher rate. This is useful in
printing (ink absorption) and tissue applications. In printing papers, porosity signifi-
cantly affects the absorption and distribution of inks (Dong et al., 2020).

In some cases, very high porosity leads to uneven prints. When seeking to maxi-
mize the barrier property of the paper, it is ideal to use a paper with very low poros-
ity (Mazhari Mousavi et al., 2018). Less porous papers are usually denser and more
resistant. In many cases, increased density is associated with better fiber bonds.
Some papers, such as filter paper, require high porosity and permeability. However,
if small solids are to be retained, the pore size must be small and in large quantities
(Nong et al., 2019). One of the options to reduce the passage of fluids through a
paper is through surface finishing, such as through the surface sizing process. Sizing
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is used to enhance resistance properties and reduce the penetration of aqueous solu-
tions to the finished product (Bung, 2004; Stankovska et al., 2014). This surface
process is carried out in the size press section of the paper machine using a film size
press, classic size press (horizontal, vertical, and angled), and spray size press
(Hubbe, 2024). The surface wettability of the paper is determined by the contact
angle method of adrop of fluid on the paper, Cobb, or Hercules tests (Biermann, 1996).

6.2.2 Optical Properties

A relevant aspect of the paper is how it is perceived visually. While paper can be
produced using unbleached pulp, lignin is often removed from the fibers, or specific
additives are included to create a brighter, more bleached paper, especially in those
that will be printed. The interaction of paper with light has been extensively studied,
leading to the establishment of standards for measuring various optical properties.
These properties include opacity (R0), brightness (Roo), whiteness, color, and gloss.
The optical characteristics of a paper refer to the pulp’s ability to reflect, scatter, or
absorb light. Once the light ray penetrates the first surface of the paper, it diffuses
into the interior of the sheet until it is absorbed or emerges as diffuse reflectance or
transmittance. ISO and TAPPI determinations involve standards to measure optical
properties and Kubelka-Munk coefficients (Hubbe et al., 2008).

6.2.2.1 Brightness

Brightness measures the percentage reflectance of the pulp or paper about a stan-
dard when a beam of 457 nm wavelength is incident (blue region of the spectrum)
(Dence & Reeve, 1996). The brightness values indicate a property related to the
color of the pulp in a single number, which could be used to compare various types
of pulps. Fully bleached sulfite pulps can have values as high as 94% ISO, whereas
raw kraft pulps have as low as 15% ISO. Raw pulps have a wide range of brightness
values, e.g., the sulfite pulps have up to 65% ISO, while kraft, soda, and semi-
chemical pulps are darker. In mechanical pulps, the brightness is primarily a func-
tion of the species and condition of the wood (Bajpai, 2018).

6.2.2.2 Opacity

It is one of the fundamental properties of writing and printing papers. Opaque paper
is difficult to see through and blocks visible light. It is measured as a contrast ratio
at 557 nm. In paper manufacturing, mineral fillers with a high specific surface area
and refractive index are often used to increase opacity (Alava & Niskanen, 2006).
This also increases with the grammage and is strongly influenced by the paper
reflectance since a paper can be opaque because it has a high specific surface area
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or is dark and absorbs light (Farnood, 2009). Paper opacity is determined by paper
weight and its absorption and diffusion coefficients. It increases with the increase of
the three properties. As the absorption coefficient decreases with bleaching and the
diffusion coefficient practically does not change, the bleached pulp will have a
lower opacity than the raw pulp for the same grammage (Yu et al., 2006).

6.2.2.3 Color and Whiteness

Paper whiteness quantifies the reflected light in the full visible spectral range. Paper
whiteness formulas are designed to closely parallel the experience of normal human
vision and compare with paper brightness; this only quantifies a specific wavelength
of reflected blue light (Sappi, 2017). The color of an object, including paper, is
determined by the wavelengths of light it reflects. The CIELAB space is one of the
mathematical models that quantify the color perceived by humans (SAPPI, 2013).

6.2.2.4 Specular Gloss

Specular paper gloss is defined as the perceived brightness associated with the lumi-
nous (specular) reflection of a surface. Specular gloss is related to the light reflec-
tion of objects that can be partly transparent or opaque (Weber, 2024). Gloss is
related to shininess and depends on paper characteristics and illumination condi-
tions (Farnood, 2009). Gloss finish paper has a highly smooth texture surface that
provides a high degree of specular light reflectance (Biermann, 1996). Gloss is criti-
cal in magazines printing papers.

6.2.3 Mechanical Properties

The mechanical properties of paper and paperboard are critical during the conver-
sion stages and its application.

6.2.3.1 Dimensional Stability and Curl

The ability of paper and paperboard to resist internal and external disturbance with-
out changing their dimensions is called dimensional stability (Larsonn, 2008), for
example, in the presence of water. Dimensional changes in paper originate from the
swelling and contraction during the saturation of individual fibers. When uneven,
they cause undesirable wrinkles and curvatures (Lindner, 2018). In some cases,
methods have been chosen to improve the stability of the fibers by absorbing less
water, thus avoiding fiber saturation: fiber esterification, mesh, coating, or sizing



6 Conventional Paper: Types and Properties 133

(Caufield & Gunderson, 1988; Stankovska et al., 2014). One of the concepts related
to dimensional stability is the coefficient of moisture expansion (CME), which indi-
cates the change in the percentage of dimension per unit of percentage change in
humidity (Nielsen & Priest, 1997). This term is related to the wet expansion of
paper. More complete information can be obtained by moistening a manufactured
paper, measuring its wet expansion, then freely drying it and measuring the total
contraction. The difference between total contraction and wet expansion is called
internal strains like curls or wrinkles. Paper curl is an out-of-plane deformation
critical in paperboard converting or printing processes (Maass & Hirn, 2024;
Muller, 2018).

6.2.3.2 Mechanical Properties of Papers

The correct performance of paper during its application must be guaranteed in all
aspects. Some mechanical properties evaluated during paper manufacturing are ten-
sile, tear, and burst strength, folding, rigidity, elasticity and compression, internal
cohesion, and impact absorption.

Tensile strength is the ability of the paper to resist forces that try to stretch or
tear it longitudinally (TAPPI, 2006b) and is critical in printing and packaging
paper. Burst strength is the maximum pressure that cardboard or paper can with-
stand when a force perpendicular to its surface is applied through an inflated rubber
diaphragm (TAPPI, 2015). It is important in some packaging solutions, e.g., paper
bags for cement. Tear strength is the paper strength to the propagation of a tear.
This property is critical in packaging papers where an accidental tear can compro-
mise the contents. It has been previously shown that these properties are affected
by several factors like humidity, grammage, furnish composition, fiber orientation,
or refining (Levlin, 2013). For example, the refining depends on the fiber bonding
capacity (Chen et al., 2016), and in some cases, additives such as microfibrillated
cellulose have even been added to improve tensile, tear, and burst properties
(Ehman et al., 2016, 2020; Tarrés et al., 2020; Vallejos et al., 2016). Folding resis-
tance is the strength capacity of a paper to withstand folds without breaking on
papers intended for notebooks or books. Stiffness is the ability of a paper to resist
deformations and guarantees that the paper maintains its structure (Levlin, 2013).
It assures content protection, while, in printing, it facilitates paper handling in
machines. Elasticity is the capacity of a paper to deform and return to its original
shape. It is relevant in printing and handling processes where the paper is continu-
ally tensioned. Internal bond is the force that holds the fibers together (TAPPI,
2000) and is critical in multilayer papers and printing and writing papers. There are
two types of inner join tests. In both tests, the substrate is sandwiched between two
metal plates. Double-sided tape is used to adhere each surface to its respective
platen. First, the plates compress the medium to ensure a better adhesive bond. The
plates are then separated perpendicular to the substrate surfaces to force the sur-
faces apart (Hutten, 2007).
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6.2.3.3 Mechanical Properties of Paperboards

Tensile, elongation, burst, tear, and other properties are also evaluated, but some
extra properties specifically characterize paperboard. Vertical compression resis-
tance capacity is a critical property evaluated in paperboard or cardboard production
(Kainulainen & Soderhjelm, 2013). In liner paper, the ring crush test (RCT) mea-
sures the ability to withstand a perpendicular force without crushing. Concora
medium test (CMT), flat crush test (FCT), and column crush test (CCT) also mea-
sure the same properties but in the corrugating medium. A previous study on recy-
cled fiber showed that a sheet formed with this type of fiber leads to lower
compressive strengths than virgin fibers (Ghasemian et al., 2012). Eventually, the
short-span compression test (SCT) replaces the RCT. However, it is necessary to
understand that both have different failure modes. Besides, contaminants affect
mainly RCT (Ju et al., 2005).

The stacking strength is critical in box storage stacking. It measures the ability of
cardboard to support vertical weight over a long period without collapse (Malasri,
2022). Flexural strength is the ability of a cardboard to bend without breaking or
deforming irreversibly (Carlsson & Fellers, 1980). Buckling strength measures lat-
eral compression force resistance in packaging and transportation. Puncture strength
measures the paperboard’s strength to being punctured or pierced by sharp objects
(Kainulainen & Soderhjelm, 2013).

6.2.4 Thermal Properties

When the paper needs to transport heat or reach certain temperatures, thermal prop-
erties are relevant. Generally, paper has a low conductivity due to its porous struc-
ture. Under standard temperature and pressure of 25 °C and 1 atm, paper and
paperboard thermal conductivity is between 0.05 and 0.12 Wm/K (Cekon et al.,
2017). Paperboard packaging represents a thermal barrier between the packaged
product and the environment. A study showed that the thermal conductivity is much
higher in the machine direction (Gray-Stuart et al., 2019). The thermal conductivity
of a paper is also important to know the paper’s behavior in the dry section and dur-
ing calendering (Guérin et al., 2001).

6.2.5 Electrical Properties

The electrical properties of paper include its electrical resistivity, which determines
its ability to resist the passage of current, and its dielectric constant, which measures
its ability to store electrical charge (Sirvio et al., 2008). On the other hand, electrical
stiffness measures its ability to withstand high voltages without breaking, while
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dielectric losses indicate the amount of energy converted into heat. Electrical con-
ductivity and capacitance are relative in printed electronics and capacitors (Jansson
et al., 2022). Dielectric properties are affected by the moisture in the paper (Simula
etal., 1998). Paper has been used as insulation in power transformers, evaluating the
effect of humidity in the system and demonstrating that the increase in thermal con-
ductivity caused by humidity became smaller as the temperature increased (Dombek
et al., 2020).

6.3 Paper Classification

Papers and paperboards can be divided based on their application, basis weight
(grammage), raw material, finishing, etc. Classification based on the volume pro-
duction is divided into commodity and special papers (Tillmann, 2006). Commodity
papers are intended for usual applications. Besides, as they have no added value,
their prices fluctuate according to the market price. The large production volume of
these commodities involves market risks (mainly a regulated market). The prices
will be regulated by various factors such as supply, demand, prices of raw materials
and services, and production capacity (CEPI, 2023).

On the contrary, specialty papers have a high added value but lower volume pro-
duction. In specialty papers, the target consumer is more specific. Therefore, the
industry is in a contractual risk market. Some examples of commodity papers and
paperboards are tissue, newsprint, printing and writing paper, linerboard, or corru-
gated medium. Some examples of specialty papers or paperboards are wood pulp
board, thermal paper, conductive paper, filter paper, and money paper. Papers and
paperboards can also be grouped according to their grade (Smook, 1990), and they
can differ in appearance, composition (fiber type, additives), papermaking produc-
tion process, barrier or physical-mechanical properties, and end-use (Deshwal et al.,
2019; Kirivanta, 2000; TAPPI, 2003).

6.3.1 Commodity Papers

Commodity papers and boards refer to types of paper and board used for general
purposes without having specialized characteristics or properties (TAPPI, 2003;
Zanuttini et al., 2008). They are standard products, widely available on the market,
and used for everyday and generic applications that are often affordable and pro-
duced in large rolls or sheets for ease of use in large-scale printing processes
(Table 6.1).
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Table 6.1 Commodity papers classification

Grades Critical properties Applications
Writing and | Uncoated | Wood Low roughness Newspapers
printing mechanical | High dimensional stability
Wood-free | High opacity Office papers,
High tensile strength, printing papers
elongation, and TEA in machine
direction

High tear strength in machine
and transverse directions

Coated Wood High tensile strength, LWC, offset,
mechanical | elongation, and TEA in machine | magazine, letterpress
Wood-free direction Magazines, books

High tear strength
Low roughness
High dimensional stability
High brightness, opacity, and
whiteness
Tissue Softness Sanitary products
High water absorption
High tensile strength in wet
conditions
Impurities-free
Brightness
Kraft paper | Bleached Low water absorption Bags, sacks,
Unbleached High tensile strength, wrapping paper
elongation, and TEA in machine
direction
High tear strength in the
transverse direction
High burst strength
High porosity

6.3.1.1 Printing and Writing Papers

The widespread availability of printing and writing paper makes it an essential com-
ponent in everyday life, both professionally and personally, used in various applica-
tions. It has diverse applications in the business and administrative fields. Opacity is
a fundamental characteristic of these papers, indicating their ability to prevent ink
transfer from one side to the other. A higher level of opacity is particularly relevant
for inhibiting the visibility of printed content on the reverse side of the sheet.
Sometimes, it is combined with recycled fiber or reinforcement pulp (chemical
fiber). Newsprint, employed in newspapers, is characterized by its lightweight and
porous nature. It is lighter than other paper types, serving its primary purpose of
cost-effective news dissemination. Since it is designed for swift ink absorption, it is
ideal for large-scale printing, i.e., optimized for the economical and rapid produc-
tion of extensive textual content.
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In contrast to newsprint, magazine paper is typically a high-quality substrate
featuring a smoother, glossier finish. Tailored to the specific demands of magazines,
it prioritizes print quality, enhancing the visual appeal by highlighting images and
graphics. While newsprint emphasizes printing efficiency, magazine paper priori-
tizes aesthetic quality.

Magazine paper (grammage, 45-130 g/m?) undergoes a coating process with a
mixture of materials to improve its quality. This coating enhances the paper’s sur-
face properties, such as smoothness, gloss, brightness, and printability. The coating
also allows the inks to remain on the surface, resulting in sharper image prints.
Coated paper is ideal for high-quality printing methods such as offset printing and
digital printing. It is commonly used for producing high-quality printed materials
where color fidelity and image reproduction are relevant.

Writing papers (grammage, 70-170 g/m?) encompass a range of materials uti-
lized for various written purposes, including books, notebooks, notepads, letter-
heads, and text document printing, besides copy paper. Their composition generally
includes short fiber chemical pulp with a percentage of log fiber reinforcing pulp.
These papers come in different grammages (weight of paper expressed as grams per
square meter), available in standard formats and sizes, such as letter (8.5 x 11 inches
in North America) or A4 (210 x 297 mm in the international system), as well as
legal and others, facilitating compatibility with conventional printers and copiers.
The surface texture can vary, offering smooth, textured, matte, and glossy finishes.
While a whiter paper is preferred for high-quality printing, there is a growing pref-
erence for less bleached options due to ecological considerations.

6.3.1.2 Tissue Papers

Tissue is a light paper (grammage, 15-50 g/m?) characterized by its softness and
strength. It is generally produced from recycled pulp through a specialized process
that includes drying through a large hot cylinder (Yankee dryer), generating thin,
flexible sheets. Additional steps to produce tissue papers involve pleating, creping,
or embossing (Vieira et al., 2022). Due to their soft and pleasant texture to the touch
and high absorption capacity, tissue papers are ideal for products intended for direct
contact with the skin, which is particularly important in personal hygiene applica-
tions. They come in different formats and sizes, from toilet paper rolls to paper
towels and napkins. Also, they can be available in several varieties of layers (single,
double, triple layer), which affects the strength and smoothness of the paper, which
will depend on the final application. For example, more resistant and absorbent ones
are sought for kitchen applications, while softness and absorbency in disposable
tissues. However, a thicker and more resistant paper is required in tissue for pub-
lic places.

Glossy tissue paper is exceptionally lightweight and has a delicate, elegant feel,
making it ideal for various aesthetic applications. This paper is used in crafts, deco-
ration, arts, and gift packaging. It is available in diverse colors, making it a popular
choice for artistic, decorative, and packaging projects. It is sometimes used in



138 N. Ehman et al.

packaging as filler material in shipping to protect fragile items, for example, in
products such as makeup and perfumes (see wrapping paper).

6.3.1.3 Kraft Papers

Kraft paper (grammage 50-134 g/m?) (TAPPIL, 2003) is the most used material in
paper-based packaging and is produced by a sulfate treatment process. The material
is available in unbleached, heavy-duty, or bleached white forms (Raheem, 2016)
and is distinguished because of its strength and versatility. It is available in various
weights, which allows applications ranging from light packaging (bags and sacks)
to more robust materials (liner). In addition to its industrial uses, it is commonly
used in handmade and artisanal items. Kraft paper is mainly employed in applica-
tions such wrapping, bags, and shipping sacks production, as well as in various
converting processes including laminating, coating, etc., for containing flour and
cement, or making gift bags or food packaging, among others. It is generally made
from highly refined unbleached kraft and is handled in the paper machine to retain
or reinforce the extensibility of the sheet.

Final actions could be performed in kraft papers to increase barrier or strength
properties. Some examples are coating with resins to reduce the wetness of papers
or mechanical creping actions during the drying process to improve the impact
strength (Twede et al., 2015).

6.3.1.4 Wrapping Papers

Wrapping is a general classification of papers with sufficient strength and appropri-
ate properties to wrap and protect almost any shape and size of contents. They are
generally light, often decorated, and used for wrapping gifts, small packages, and
light products. (Note that sometimes tissue paper is used for wrapping.).

6.3.1.5 Waxed Papers

Waxed papers undergo a conversion treatment with wax or waxy materials. The
base papers are typically bleached kraft or sulfite, including tracing paper, grease-
proof paper, and icing. Petroleum waxes, resins, and polymer additives are com-
monly used to improve the paper properties. Wax papers protect and preserve
several foods and other products, like cosmetics, soap, and tobacco. Some types are
sulfurized paper, barrier paper, and greaseproof paper.
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6.3.1.6 Paperboards

Paperboard usually refers to a material with different characteristics compared to
paper, like grammage, thickness and stiffness, structure, and end-use. Mostly,
paperboard has a grammage higher than 150 g/m? and a thickness higher than
0.30 mm (Kirivanta, 2000). Its flexibility is lower compared to papers. Paperboard
types include cartonboards and containerboards. Cartonboards are primarily used
for food and pharmaceutical packaging, as well as cigarette boxes, while container-
boards are mainly utilized for transporting product packaging.

Cartonboards are divided according to the type of raw material. These products
require high thickness, stiffness, and Z-tensile strength, low roughness, and high
brightness. The mentioned characteristics are achieved through a multilayer system,
the composition of which will vary according to the final use. Figure 6.2 summa-
rizes the cartonboard qualities. A solid unbleached or bleached board (SUS, SBS) is
made of 100% chemical pulp, either bleached or unbleached. SB applications
include high-quality gift boxes, labels, and luxury product containers.

Folding boxboard (FBB) combines layers of chemical, thermomechanical
(TMP), or chemithermomechanical (CTMP) pulps. FBB is primarily used for food
and pharmaceutical packaging, cigarette boxes, and graphics. Chemical fibers pro-
vide the strength standards that the market requires. FBBs are cheaper than SB and
have a lower weight per unit area, allowing transport costs to decrease.

White-lined chipboard (WLC) involves layers of recycled pulps. Usually, the
internal layer is composed of recycled fibers (around 80-100%) and an external top
layer of chemical or semi-chemical bleached pulp with white pigment. An example
is the pizza boxes, where a layer (back layer) could be recycled pulp and another
layer of bleached chemical fiber (top layer). WLC is used, among others, in dry

SBS (1) White pigment, bleached chemical pulp
(2) Bleached chemical pulp
(SBB’ GZ) (3) Bleached chemical pulp
(4) Top 2-3 coating layers, optional back ply

SUS (1,2,3) Unhlcucl_led chemical p.ulp Top ply (]J
(4) Top 2-3 coating layers, optional back ply

: / Filler (2)
FBB (1) Bleached chemical pulp
GCl1 (2) Mechanical pulp, TMP, or CTMP Back ply (3)
(3) Thicker chemical pulp and/or white pigment coated. The

appearance of both sides is white
(4) White pigment coated.

FBB (1) Bleached chemical pulp

Coating layer (4)
(pigments or clay)

o (2) Mechanical pulp, TMP SBS: Soli_d bleached board
5 (3) Mechanical pulp SUS: Solid unbleached board
(4) White pigment coating FBB: Folding boxboard
WLC E?}?lgﬂchcii g';?gli':ﬂ' pulp FBB.GC1: White back folding boxboard
3 ecyclel 1ber - 3 . v
GD (4) White pigment coating WLC: Whlte-lmed chipboard

WLC 1) Bleached chemical pulp
(2) Recycled fiber
GT (3, 4) White pigment

Fig. 6.2 Cartonboards classification
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foods, frozen and chilled foods, detergent powders, household goods, and engineer-
ing products.

A liquid packaging board (LP) is a multi-ply system that includes cellulose fiber,
plastics, and aluminum. The addition of these materials leads to packaging proper-
ties suitable for its final application. Some examples include moisture strength,
water, greaseproof, steam, oxygen, UV light barrier, and ability to retain acidic,
alcohol, and alkaline substances (Ahuja et al., 2024). LP applications include milk,
juices, and some carbonated drinks. Besides the ability to retain liquids, the require-
ments of LP to contain these foods are good runnability, cleanliness, and free of
impurities (Kirivanta, 2000).

Corrugated container boards consist of two layers of liner (kraft liner of virgin
fiber or test liner of secondary fiber) and the medium, or flute, used to strengthen or
reinforce the cardboard. The linerboard layer is a lightweight paperboard used as
liners or faces of corrugated boxes and for wrapping applications. Table 6.2 indi-
cates some liner market varieties (CEPI, 2022). It is generally constructed of two
layers, typically high-yield unbleached kraft pulp on a fourdrinier machine with a

Table 6.2 Linerboard varieties

Liners Composition Critical properties

Kraftliner | Brown Unbleached kraft pulp CD: Burst strength, SCT
MD: SCT and tensile stiffness
Sizing is required
White uncoated | Bleached kraft pulp Brightness ISO. Good optical
properties are required in the white top
CD and DM: Burst strength, SCT, and
tensile stiffness
Roughness
Sizing is required
White coated Bleached kraft pulp with | CD and DM: Burst strength, SCT, and
coating color pigments | tensile stiffness
Sizing is required
Good brightness, roughness, and gloss
Testliner | Brown Recycled unbleached CD: Burst strength, SCT
fiber MD: SCT and tensile stiffness
Testliner grade (1-4), higher burst, and
SCT values are considered superior-
quality testliner

Brown Recycled unbleached CD: Burst strength, SCT
high- fiber MD: SCT and tensile stiffness
performance Can be sized
Top Recycled with virgin Grades A, B, or C (brightness,

fiber on top roughness, burst, SCT-CD)

Grades A and B must be sized

Mottled Recycled with bleached | Brightness ISO. Good optical

fiber on top properties are required in the white top

CD and DM: Burst strength, SCT, and
tensile stiffness

CD Cross direction, MD machine direction
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Fig. 6.3 Wave types and containerboard formation

secondary machine head. The thin topcoat is of relatively better quality for appear-
ance and printability. Critical characteristics for liners include water absorption at a
limited level, high tensile strength, elongation and TEA in the machine direction,
high tensile strength in Z, and porosity in the acted interval (Zanuttini et al., 2008).

Corrugated medium or fluting is the internal layer in the containerboard. The
fluting board is a pseudo-sinusoidal wave divided into different varieties (Fig. 6.3).
Critical properties of this filler include high tensile strength, elongation, and TEA in
the machine direction, high tensile strength in Z, porosity in a narrow range, high
compression (CMT) in the machine direction, and high short-span compression
(SCT) in the transverse direction (Zanuttini et al., 2008). Also, in both liner and
medium corrugated boards, porosity plays a fundamental role during the formation
of the containerboard. Adequate porosity, in combination with optimal application,
will lead to good penetration of the borax-starch solution and good adhesion of the
liner and medium corrugated layers (De la Mora Garcia, 2019). Fluting paperboards
can be produced using semi-chemical or recycled pulps (CEPI, 2022).

The containerboards can be made in a single wave, double wave (with three lay-
ers of paper and two layers of flute in the middle), or triple flute for progressively
heavier contents (Astals, 1985).

6.3.2 Specialty Papers

Specialty papers are designed and manufactured for specific, often niche, applica-
tions beyond typical writing or printing purposes.

The characteristics of specialty papers vary widely based on the intended appli-
cation, including weight, coatings, and other unique features necessary for their
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designated use. They involve a variety of papers, among others, security papers (for
printing secure documents), decorative papers (for producing decorative laminates
and furniture surfacing), and release papers (which prevent the adhesive from stick-
ing in adhesive tape manufacturing). Some more usual types are described below.

6.3.2.1 Filter Paper

Filter paper is a specialized type of paper designed for use in filtration techniques.
Some of the types of filter papers are cellulose, bleached wood pulp, unbleached
wood pulp, rag fiber, non-woven synthetics, alpha-cellulose, cellulose-rayon fiber,
carbon impregnated, diatomaceous earth impregnated and are available in a variety
of grammage, thicknesses, and micron retentions (Sentmanat, 2017). Filter papers
are available in different grades and pore sizes, allowing the appropriate type to be
selected based on the size of the particles that need to be retained (Table 6.3). Based
on their determinations, filter papers can be classified as qualitative or quantitative
(Hawach Scientific, 2019). Qualitative filters are divided into 13 different grades.
The most used grades are grade 1 to grade 4: grade 1 (pore size 11 pm) and grade

Table 6.3 Whatman filter paper grades

Filter paper

grade Properties

Grade 1 Particle retention®: 11 pm; nominal thickness: 180 pm; nominal basis weight:
87 g/m?; nominal ash content?: 0.06%

Grade 2 Particle retention: 8 pm; nominal thickness: 190 pm; nominal basis weight:
97 g/m?; nominal ash content: 0.06%

Grade 3 Particle retention: 6 pm; nominal thickness: 390 pm; nominal basis weight:
185 g/m?; nominal ash content: 0.06%

Grade 4 Particle retention: 25 pm; nominal thickness: 210 pm; nominal basis weight:
92 g/m?; nominal ash content: 0.06%

Grade 5 Particle retention: 2.5 pm; nominal thickness: 200 pm; nominal basis weight:
100 g/m?; nominal ash content: 0.06%

Grade 6 Particle retention: 3 pm; nominal thickness: 180 pm; nominal basis weight:

100 g/m?; nominal ash content: 0.06%

Grade 591 Particle retention: 12 pm; typical thickness: 180 pm; basis weight: 161 g/m?%;
nominal ash content: 0.06%

Grade 595 Particle retention: 7 pm; typical thickness: 180 pm; basis weight: 68 g/m?; alpha
cellulose: 98% minimum

Grade 597 Particle retention: 4-7 pm; typical thickness: 180 pm; basis weight: 85 g/m?;
alpha cellulose: 98% minimum

Grade 597L | Particle retention: 7 pm,; typical thickness: 180 pm; basis weight: 82 g/m?
Grade 598 Particle retention: 8-10 pm; typical thickness: 320 pm; basis weight: 140 g/m?*
Grade 602h | Particle retention: <2 pm; typical thickness: 160 pm; basis weight: 84 g/m?

2At 98% efficiency; determined by ignition at 900 °C
Source: Data extracted from https://www.cytivalifesciences.com/en
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602 h (pore size of 2 pm). Quantitative filters (ash-free, high-purity papers) are
applied to quantitative and gravimetric analyses.

Its uses include domestic (water, coffee) and industrial applications, such as the
filtration of liquid samples in chemical analysis and air filtration in the air condition-
ing, involving the food, pharmaceutical, and automotive industries, among others.
Studies on adding phenol-formaldehyde and carbon nanotubes to papers intended
for filters have made it possible to obtain systems that allow nanoparticles to be
eliminated. This leads to broader solutions to remove nanometer-sized particles and
even polluting gases (Sun et al., 2021). Another study added nanoparticles (silica
nanoparticles and polystyrene) to create superhydrophobic and superoleophilic fil-
ters. This would allow the removal of oil-based contaminants from the water (Wang
et al., 2010). In medical applications, some examples of filter paper used are for
diagnosing and (or) surveillance of infectious diseases for nucleic acid amplifica-
tion tests and serological assays through dried blood spot assays (Smit et al., 2014).

6.3.2.2 Analytical Detection Paper

Analytical detection paper is designed for specific laboratory applications. Examples
include pH indicators, humidity detection sensors, chromatography papers, qualita-
tive and quantitative detectors, and specialized substance detection papers. Paper
sensors for food packaging are one of the potential applications (Ehman et al.,
2023). Food sensors based on carbon electrodes by aerosol jet printing have been
used on chromatography papers for detecting the degradation of amino acids in
protein-rich food like fish (Musaev et al., 2024). Paper sensors based on colorimet-
ric changes have been also applied in the study of chicken meat monitoring to detect
biogenic amines, demonstrating its potential applicability as smart packaging
(Calabretta et al., 2023). Park et al. (2016) evaluated the behavior of porosity and
permeability, two important factors in pressed sheets’ fluid flow rate. This relates
specifically to the applicability of the paper for microfluidic paper-based analytical
devices (PAD) in biological sampling. The selection of paper substrate and the com-
bination with different nanomaterials play a fundamental role in paper sensor devel-
opment, significantly influencing their performance, sensitivity, and overall
reliability. Among the options, you can identify those based on paper such as filter
paper, nitrocellulose paper, chitosan-coated cellulose paper, graphene oxide-infused
cellulose paper, and gold or silver nanoparticle deposited cellulose paper (Malik
et al., 2024).

6.3.2.3 Electrical Paper

In the electronic industry and the manufacturing of electrical equipment, paper-
based materials have been utilized for their electrical and dielectric insulating prop-
erties, and for their conductive capabilities in specialized applications. El Omari
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et al. (2016) evaluated chemical retention methods and the effect of paper fines
when fibers from annual and commercial plants were combined with two ferroelec-
tric ceramics (BaTiO; and SrTiQ;). The addition of SrTiO; demonstrated an increase
in the dielectric constant and better dispersion of particles (El Omari et al., 2016).
Other studies involved the effect of the coating, finding that the dielectric constant
of coated paper was higher than that of copy paper due to the higher filler content
and greater density of the coated paper (Simula et al., 1998). Another application is
image transfer in electrophotographic devices, where the dielectric constant and
electrical conductivity are affected by the temperature, grammage of papers, and the
addition of NaCl (Maldzius et al., 2010). An additional study also demonstrated the
influence of carbohydrates derived from hemicelluloses on the dielectric constant,
showing that it increases as the hemicelluloses content decreases (Saukkonen
et al., 2015).

6.3.2.4 Photographic Paper

Photographic paper is a specialized type designed for printing photographs, allow-
ing the reproduction of images with high quality and clarity. It has a layer of photo-
sensitive emulsion on its surface that absorbs photosensitive inks or chemicals
during printing. The photosensitive emulsion layer and other technologies allow the
ink or chemicals to dry quickly, reducing the risk of smudging and ensuring a sharp
print. It is often designed to resist fading and fading over time, ensuring that images
maintain their quality for long periods. It can be available in various finishes, such
as matte, glossy, satin, or luster, each with aesthetic and tactile characteristics. Photo
paper weight can vary but tends to be heavier than standard printing and writ-

ing paper.

6.3.2.5 Vegetable Parchment Paper

Vegetable parchment paper is like parchment but made from vegetable cellulose
instead of animal skin. It is manufactured with highly refined chemical pulp to
develop its relevant properties: waterproof, fat-resistant, high strength, and transpar-
ency. Due to its transparency and resistance, vegetable parchment paper is also used
in plans and artistic and craft activities. Unlike some conventional papers, vegetable
parchment paper has higher heat resistance, so it is commonly used in baking appli-
cations, such as food wrapping or tray liners, as it can withstand high temperatures
without burning or transferring flavors to the food. In some cases, its uses include
packaging or wrapping.
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6.3.2.6 Watercolor Paper

Watercolor paper is a specialized type of paper designed for artistic applications. It
is usually white or cream and is manufactured to be durable and resistant to aging.
It is available in different formats and weights. One of the most important charac-
teristics of watercolor paper is its ability to absorb and retain water, allowing the
watercolor paint to control mix and flow, providing greater control over the intensity
of colors and creating wash effects. It is usually sized on one or both sides, which
prevents the paint from absorbing too deeply into the fibers of the paper and makes
it easier to correct or remove paint. Besides, it minimizes sagging when water is
applied, helping to keep the surface flat during the painting process. Although
watercolor paper absorbs water, it also allows paint to dry relatively quickly, allow-
ing it to work in layers.

6.3.2.7 Thermal Paper

Thermal paper has a coating of heat-sensitive chemicals. Then, when a thermal
printer applies heat in specific patterns, it produces a chemical reaction that gener-
ates the image or text on the paper. Uses involve devices such as receipt printers,
credit card machines, cash registers, and other thermal printing equipment known
for the quick printing speed of receipts and transaction vouchers, as they offer a fast
and efficient way to produce documents in commercial environments. However,
thermal paper has a limited lifespan of print retention, and the thermal image may
fade over time due to exposure to light, heat, or time.

6.3.2.8 Carbonless Copy Paper

Carbonless copy paper is used to create copies of documents without the need for a
copy machine or printer. It consists of several layers containing reactive chemicals,
usually three or more, arranged in a set to allow the transfer of information from one
sheet to another. The transfer occurs when pressing on to the top sheet. The pressure
breaks the ink microcapsules in the bottom layer, releasing the ink and allowing it
to transfer to the next sheet. This paper can transfer written or printed information
from one sheet to another without using ink or traditional printing technology. It is
available in diverse formats and sizes, making them easy to use in documents and
applications. Carbonless paper applications are printing forms, invoices, and busi-
ness documents. Although carbonless paper has been widely used, its popularity has
declined due to the rise of digital technology and printers.
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6.3.2.9 Paper Money

Paper money is printed paper designed to prevent counterfeiting and ensure authen-
ticity. It is usually made from a blend of cotton and linen or other textile fibers,
making them durable and resistant to wear and tear. Paper money often has built-in
security issues making it difficult to replicate, like watermarks (images incorporated
into the manufacturing process, visible only when holding the bill up to the light),
threads with metalized or magnetic properties, special inks that change color or
have specific optical properties when viewed from different angles; some embossed
design elements, such as numbers and portraits, provide a palpable texture. Some
paper money also are designed with holographic features to enhance to enhance the
anti-counterfeiting: elements that change appareance when tilted, or fluorescent ele-
ments, which are visible only under ultraviolet light.

6.3.2.10 Self-Adhesive Paper

The self-adhesive paper has an adhesive layer on one side, typically covered by a
release film or paper that must be removed before application. This type of paper
allows for easy adhesion to surfaces without the need for additional glue. Common
uses for self-adhesive paper include creating product labels, shipping addresses, file
identification, and sealing packages.

6.4 Future Perspectives

The need to increase paper sustainability and the constant challenge of achieving
better-performing papers and reducing plastic consumption, especially in the
packaging industry, could lead to beneficial changes in paper products. The
industry faces a challenge in trying to differentiate between breakthroughs and
innovation. Process improvements, increases in paper quality, or increases in
paper sustainability are often confused with short-term innovations, but they are
just necessary breakthroughs. Despite this, it is possible to mention some paper
and paperboard products with potential for short-term or long-term innovation
(Fig. 6.4).

Papers and paperboards with coating systems (biobased, biodegradable, grease-
proof based on biopolymers or natural resins, liquid barrier, antimicrobial) could
replace current coatings based on synthetic polymers. In this sense, it would result
in modifications of the existing equipment in the papermaking machine line, which
could lead to short-term implementations. Size-press or laminating systems are
potential candidates. However, other more advanced products, such as printed elec-
tronics, may require investment in the industry due to the need to install new
equipment.
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Fig. 6.4 Innovations in paper and paperboard production

6.5 Summary

Paper properties play a key role in its application. Paper properties play a key role
in the final application, therefore it is necessary that they are optimized. Paper has
numerous applications from those marketed as commodities such as printing and
writing papers, tissue, and packaging, as well as special papers such as those used
as filters, in sensors, etc.

The physical properties of papers and paperboards are an initial indicator of their
applicability, while the mechanical properties demonstrate the strength to external
forces. Also, the paper or paperboard perception is influenced by its optical charac-
teristics, which will depend on raw material parameters, process, or incorporated
additives. There are other more specific properties like barrier, thermal, or electrical
properties, which are relevant for specific applications.

The properties mentioned are suitable for current applications, but they also give
the paper the potential for the creation of sustainable products associated with a
circular economy. However, to achieve more sustainable and functional products,
development and innovation in the industry are still required.
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7.1 Historical Perspective

The history of chemical modification of cellulose can be broadly divided into two
main periods: the early chemical modifications, spanning from the 1840s to the
1920s, and the modern chemical modifications, beginning in the 1960s and continu-
ing to the present day. Recently, with the advent of nanocellulosic materials, a
potential third period is emerging, although many of the chemical modification
strategies developed for nanocellulose are also being applied to traditional cellu-
lose. Figure 7.1 provides a timeline with the main milestones of cellulose chemical
modification.

7.1.1 Early Chemical Modifications (1840s—-1920s)

The earliest reported chemical modification of cellulose corresponds to nitrocellu-
lose (NC), attributed to Prof. Christian Friedrich Schonbein, a German-Swiss chem-
ist affiliated to the University of Basel, in 1846 (Schonbein, 1847). However, other
researchers had previously combined nitric acid with starch, wood, or paper and
cardboard, leading to xyloidine and nitramidine, discovered in 1832 and 1838,
respectively (Cheung, 2014). The success of the CN obtained by Schonbein lies in
the practical formulation that he proposed, consisting of mixing one part of a fine
cotton cloth in 15 parts of one-to-one sulfuric and nitric acid mixture. This process
was corroborated with Prof. Rudolf Christian Bottger, a close collaborator of
Schonbein working at the University of Frankfurt am Main. CN has found several
uses in many industries, the explosives and military applications being the most
well-known. Actually, CN is also known as guncotton due to its origin, as well as
for its cotton-like appearance and high flammability and explosive character (Morris
et al., 2023). However, NC also served as a platform to synthesize new cellulosic
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Fig. 7.1 Timeline of the main chemical modifications of cellulose
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materials, such as the case of celluloid—a combination of NC and camphor—result-
ing in a moldable material that can be produced in the form of sheets and molded
into various shapes. Celluloid, firstly reported under this name in 1869 by John
Wesley Hyatt (Hyatt, 1870), was the result of an earlier work by Alexander Parkes
in 1856 (Parkes, 1856). Hyatt patented a process for making a “horn-like material”
with the combination of NC and camphor, aiming at substituting ivory from billiard
balls. Twenty years later, in 1889, celluloid was used for photographic films, being
patented by Hannibal Goodwin and the Eastman Kodak Company, and was used for
most movie and photography films prior to the widespread use of acetate films
around the 1950s.

Another relevant cellulose ester is cellulose acetate (CA), a thermoplastic cellu-
losic material broadly used in photographic films, textiles, and the plastic industry.
While the French chemist Paul Schiitzenberger, in 1865 (Schiitzenberger, 1865),
reported a process for acetylating cellulose with acetic anhydride. Cross and Bevan
improved the method for producing CA and significantly contributed to practical
and commercial aspects of the material, culminating in more efficient and practical
techniques in 1894 (Cross & Bevan, 1894). CA is probably one of the most impor-
tant cellulose derivatives, as it constitutes the precursor in the development of early
plastics, and it is still relevant in various industries nowadays. While its use in the
photography industry is residual with the irruption of digital photography, cellulose
acetate is currently the raw material of cigarette filters, packaging films, and some
biomedical devices (Marrez et al., 2019; Robertson et al., 2012; Voicu et al., 2016).
In addition, more recently, CA has been extensively used for electrospinning appli-
cations, even in combination with nanostructured cellulose for the development of
membranes with tunable permeability and surface characteristics (Bastida et al.,
2024b; Khoshnevisan et al., 2018). As it will be later discussed, CA has led to sig-
nificant advances in the field of cellulose esters, resulting in other esters by means
of replacing hydroxy groups not only with acetate groups but also with propionate
or butyrate groups, such as the case of cellulose acetate propionate (CAP) and cel-
lulose acetate butyrate (CAB), respectively (Abdellah Ali et al., 2020; Xu et al.,
2018). These mixed esters further enhance the versatility of cellulose derivatives,
allowing for their use in a broader range of industrial applications. Specifically, the
additional methylene groups in alkanoate moieties increase the solubility in organic
solvents, help lower solution viscosity, and enhance the flexibility of the material
(Tedeschi et al., 2018). In particular, CAB films have proven to be more ductile,
more thermolabile, more moisture resistant, and opaquer than their CA and CAP
counterparts (Kanis et al., 2014; Shanbhag et al., 2007).

Cellulose chemistry has also played a transformative role in the textile industry,
providing a cellulose derivative alternative to silk and paving the way for the devel-
opment of other man-made fibers. This is the case of viscose rayon, a regenerated
cellulose xanthate that can form solid fibers. Viscose rayon was firstly reported in
1892 by Cross, Bevan, and Beadle, although Hilaire de Chardonnet, a French engi-
neer, reported a CN-based artificial silk in the nineteenth century (Cross et al., 1892;
Foster, 1924). The discovery of viscose rayon led to several innovations in the field
of regenerated cellulose for textile applications, with some recent developments
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such as Modal or Lyocell (Czaja et al., 2007). While both Modal and Lyocell are
types of rayon, both appeared in the second half of the twentieth century, and they
exhibit some differences in terms of production process and properties. On the one
hand, Modal is a modified form of the viscose process, whereas Lyocell is made
using a solvent spinning process that has been reported to be more environmentally
friendly. This spinning process is performed after dissolution of cellulose in
N-methylmorpholine N-oxide (NMMO), which is a non-toxic solvent. On the other
hand, both Modal and Lyocell fibers are soft, but Lyocell has been reported to be
generally stronger, particularly in terms of wet strength.

Still in the domain of regenerated cellulose, the Swiss chemist Jacques
E. Brandenberger, in 1908, successfully created a transparent, flexible cellulose-
based film. Dr. Brandenberger named this material cellophane, a combination of the
terms “cellulose” and “diaphane,” meaning transparent in French. Cellophane was
first commercialized by the La Cellophane Company, founded by Bradenberger in
1912 (Brandenberger, 1915). This material gained popularity in the 1920s, when
DuPont adopted the production and distribution in the United States, particularly for
food packaging products (Gutjahr & Koch, 2003).

Another group of relevant cellulose derivatives is those produced by etherifica-
tion. As will be discussed later, carboxymethylcellulose (CMC), hydroxyethylcel-
lulose (HEC), methylcellulose (MC), and ethylcellulose (EC) constitute a group of
cellulose ethers with a myriad of applications in many sectors. One of the earliest
cellulose ethers was, in fact, EC. The ethylation of cellulose, replacing hydroxy
groups with ethyl groups, was reported as early as the 1890s, but it was not com-
mercialized until the 1920s for coatings, pharmaceuticals, and as a binder due to its
film-forming ability. Followed by EC, MC was first developed around the 1920s,
offering unique water solubility and gelation properties for a wide range of applica-
tions, including food products, but also building materials.

Between the 1910s and the 1920s, CMC appeared as a promising cellulose deriv-
ative as a thickener for food, pharmaceuticals, and detergents. The commercial scale
production of CMC picked up momentum during the 1930s, with companies such
as Hercules Inc. playing a key role in its industrial application (Klug & Tinsley,
1946). In parallel, HEC was found to be suitable for many water-based applications,
such as thickener in paints, cosmetics, and personal care products. Each of these
cellulose ethers represents a unique adaptation of cellulose chemistry, reflecting the
interest in developing novel cellulosic materials and enhancing the scope of applica-
tion of natural polymers.

Overall, the chemical modifications of cellulose during this first period represent
a pivotal era in the history of material science and industrial chemistry. These inno-
vations laid the foundation for the development of a wide range of synthetic and
semi-synthetic materials with applications in many industries.
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7.1.2 Modern Chemical Modifications (1960s—-Nowadays)

From the 1960s onward, chemical modifications of cellulose have evolved signifi-
cantly, although with less intensity than in the first period discussed in this chapter.
Among the notable advancements in cellulose chemistry, cationization, periodate
oxidation, TEMPO-mediated oxidation, and various modifications of nanocellulose
deserve special mention.

Cationization emerged as a prominent modification technique in the 1960s,
involving the introduction of cationic groups into the cellulose backbone usually
inducedbythereactionofreagentslike 3-chloro-2-hydroxypropyltrimethylammonium
chloride (CHPTAC) with cellulose, which introduced quaternary ammonium groups
onto the cellulose chain (Moral et al., 2016; Prado & Matulewicz, 2014). Periodate
oxidation of cellulose, though based on chemical knowledge dating to the early
twentieth century, saw renewed interest and development in this second period
(Maekawa et al., 1986; Siller et al., 2015). This interest, driven by the potential to
create highly reactive intermediates suitable for further functionalization or cross-
linking, resulted in the production of dialdehyde cellulose (DAC), opening opportu-
nities for biomedical applications (e.g., wound dressings, drug delivery systems),
but also as paper strengthening or hydrogels.

In the 1990s, promoted by the Japanese Professors Tsuguyuki Saito and Akira
Isogai, TEMPO-mediated oxidation appeared as a selective, mild, and efficient way
to introduce carboxyl groups into the cellulose fibers by means of oxidizing the
primary hydroxy groups at the C6 position (Saito et al., 2007a). This process
allowed the production of highly stable nanocellulose suspensions, which can result
in transparent, strong, and biodegradable cellulose-based films and gels with poten-
tial applications as rheology modifiers, emulsifiers, paper strength agents, and bio-
composites (Li et al., 2021; Tarrés et al., 2017). Indeed, most of the modifications in
this second period have been oriented to the development of novel nanostructured
cellulose materials, as will be discussed later.

7.2 Common Chemical Modifications of Cellulose

7.2.1 Esterification

At high enough temperature and with as little water as possible, the hydroxy groups
of cellulose can react with carboxylic acids and/or organic acid anhydrides, result-
ing in a cellulose ester and water. The reaction also takes place with certain mineral
acids, such as nitric acid, in the presence of sulfuric acid. One way or another,
according to IUPAC’s Gold Book, the product can be rightfully called a cellulose
ester (Moss et al., 1995). Even cellulose xanthate (CX), generally synthesized by
means of CS, (Xia et al., 2024), can be deemed an ester by extension. Besides CX,
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other cellulose esters with high commercial relevance have already been introduced:
CA, mixed esters such as CAP and cellulose acetate butyrate CAB, and CN.

CA, CAP, and CAB are employed for textiles, adsorbents, coatings, adhesives,
membranes for dialysis and reverse osmosis, hollow fiber templates, cigarettes, and
numerous drugs (Abdellah Ali et al., 2020; Maderuelo-Sanz, 2021; Wsoo et al.,
2020). In general, CA and its mixed esters are appreciated for their processability,
their solubility in common organic solvents such as acetone, their film-forming
properties, their suitability for electrospinning, their toughness, and their tunable
hydrophilic/hydrophobic character (Sharma et al., 2021). This character strongly
depends on the degree of substitution (DS). Hence, cellulose monoacetate (DS ~ 1)
can even be dissolved in water (Holtzapple, 2003), while cellulose triacetate
(DS ~ 3) allows for the formation of superhydrophobic mats (Yoon et al., 2009). The
conventional method for the acetylation of cellulose involves swelling air-dried cel-
lulose fibers in glacial acetic acid and heating to ca. 40 °C, followed by an overstoi-
chiometric addition of acetic anhydride and a catalytic addition of sulfuric acid
(Chen et al., 2019). For CAP and CAB, the process also involves propionyl anhy-
dride and butyryl anhydride, respectively (Xu et al., 2018).

CN, as aforementioned, is the supporting material of celluloid, extensively used
for photographic film in the past. Until 2014, it was also the official material for
table tennis balls (Inaba et al., 2017). Nowadays, CN is an important component in
many ink formulations, paints for the automotive industry, nail varnishes, and lac-
quers for wood, leather, and aluminum foil (Muvhiiwa et al., 2021). Its solubility in
common organic solvents, its flexibility, and its film-forming capabilities make CN
irreplaceable for different industries. It is synthesized in a relatively simple way, by
reacting cellulose in a mixture of nitric acid and sulfuric acid (homogeneous cata-
lyst) at ordinary temperatures (20—40 °C) (Sun et al., 2010). For most current appli-
cations, the process aims at a DS close to 2, corresponding to cellulose dinitrate
(Hofer et al., 2024). Total substitution leads to cellulose trinitrate, a mostly outdated
explosive (Suter, 2013).

CX, the main constituent of cellophane, viscose rayon fabrics, and Modal fibers,
is allegedly seeing a revamp in recent years (Morris, 2017; Singh & Murthy, 2017).
Besides its traditional usefulness in packaging and clothing, it has also shown prom-
ising potential for the chelation of heavy metal ions in wastewater treatment (Reis
et al., 2020). In a typical production process, cellulose is soaked in concentrated
sodium hydroxide and subsequently treated with CS, (Butkova et al., 1979). The
remarkable mechanical and barrier properties of CX films, their biodegradability,
and their bio-sourced nature cannot be denied (Weill et al., 2018), but neither can
the safety issues and the environmental problems associated with the use and release
of a hazardous chemical such as CS,. These problems have motivated the surge of
alternatives such as the lyocell process, which involves dissolution of cellulose in
N-methylmorpholine N-oxide and ulterior regeneration, with no or little chemical
derivatization (Singh & Murthy, 2017).

The mechanism for esterification implies the nucleophilic attack of cellulose’s
hydroxy groups on an electrophilic reagent. In acidic or neutral media, it is impor-
tant for this reagent to be strongly electron deficient, so as to compensate for the
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weak nucleophilicity of —OH groups. However, none of the main reagents used to
produce common cellulose esters (nitric acid, carboxylic acids, and CS,) are strong
electrophiles. This is why sulfuric acid is used along with nitric acid in the produc-
tion of CN, in such a way that nitronium ions (NO,"), more electrophilic, result from
the interaction of both mineral acids (Marziano et al., 1998). This is also why acety-
lation is not performed in acetic acid alone, but in an acetic anhydride/acetic acid
system, since anhydrides are more reactive than their carboxylic acid counterparts
(Diop et al., 2011). Finally, this is why xanthation is performed in alkaline media: if
the weak electrophile (CS,) is not converted into a stronger electrophile, the weak
nucleophile (-OH) will have to be converted into a stronger nucleophile (-O7).
These reactions are schematized in Figure 7.2, which shows only the most likely
monosubstituted derivative for the sake of simplicity. The general reactivity order
for esterification favors primary —OH groups: C-6 > C-2 > C-3 (Heinze et al., 2018a).
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Even if the main solvent for esterification is a carboxylic acid or a mixture of
acids, the hydroxy groups of cellulose unavoidably compete with a more mobile
nucleophile: water, an intrinsic component of cellulose fibers (Chen et al., 2022).
Even if cellulose were completely dried, which could be counterproductive because
the subsequent collapse of its fibrils would hamper the diffusion of reagents, the
reaction itself produces water. In the particular case of xanthation, whose medium
is alkaline, alkoxides compete with hydroxide ions for CS,. All considered, anhy-
drides are non-reversibly hydrolyzed to the less reactive carboxylic acids, and CS,
gives way to thiocarbonates (Rhodes et al., 2000). For nitration, this is less of a
problem, since the hydration of nitronium ions simply regenerates nitric acid. In any
case, the presence of water forces manufacturers to use overstoichiometric amounts
of esterification reagents. Facing this challenge, many researchers have identified
alternative solvent systems, such as 1,8-diazabicyclo[5.4.0]undec-7-ene/CO, or the
ionic liquid 1-allyl-3-methylimidazolium chloride (Cao et al., 2010; Wolfs & Meier,
2021). Those systems can increase the selectivity of acetylation, at least when low
DS values are desired.

Other cellulose esters such as cellulose sulfate, cellulose phosphate, and cellu-
lose acetate phthalate enjoy certain niche markets. Specifically, the biological activ-
ity of cellulose sulfate justifies its use for drug delivery and microbe/cell
immobilization (Zhang et al., 2015). Likewise, cellulose acetate phthalate is used in
enteric-coated systems for biomedical applications (Harrison, 2007). Finally, cel-
lulose phosphate can be employed for protein chromatography and for ion exchange
(Li et al., 2002).

Moreover, some of the typical functionalities that are traditionally imparted to
cellulose by etherification could be alternatively attained by esterification. For
instance, the Fischer esterification of cellulose with concentrated oxalic acid offers
an alternative to carboxymethylation (Bastida et al., 2024a), and the SOCl,-mediated
production of cellulose betainate could be compared with the synthesis of cationic
cellulose ethers (Sievinen et al., 2015). An alleged advantage is the lower chemical
and biological stability of the ester bond, leading to derivatives that are more biode-
gradable than their ether counterparts. However, the large excess of carboxylic acid
required or the need to generate acyl chlorides (stronger electrophiles) are severe
setbacks for the industrial implementation of such processes.

7.2.2 Etherification

Between 1850 and 1854, the great English chemist Alexander Williamson published
four extremely influential studies on etherification (Williamson, 1903). Since then,
it is known that compounds bearing hydroxy groups can give way to ethers by react-
ing with electrophiles, such as organohalides and epoxides, under alkaline condi-
tions. Polysaccharides, including cellulose, are not exceptions. There are several
ethers among the most marketed cellulose derivatives, namely carboxymethylcel-
lulose (CMC), hydroxyethylcellulose (HEC), methylcellulose (MC), and
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ethylcellulose (EC) (Sharma et al., 2015; Steger et al., 2022). All of them are typi-
cally synthesized from cellulosic feedstocks with low degrees of crystallinity, at
40-70 °C, in alkaline media, and following an Sy2 mechanism.

The synthesis of common ethers is schematized in Figure 7.3. It should be noted
that substitution on C-6 is shown merely as an example, since substitution on C-2 or
C-3 can also take place (Heinze et al., 2018b). In fact, depending on the alkali
charge, the order of reactivity may vary from C-2 > C-6 > C-3, corresponding to
moderately alkaline media, to C-6 > C-2 > C-3 for strongly alkaline media (Larsen
etal., 2012). While primary alkoxides are generally more reactive nucleophiles than
secondary alkoxides, the former tend to be more basic.

CMC is a common thickener, an anionic stabilizer for foams and emulsions, and
even a strength agent in the food, pharmaceutical, textile, paper, and cosmetic
industries. For instance, in the food industry, it is known as the additive E466. The
electrophilic reagent par excellence to synthesize CMC is chloroacetic acid, or its
sodium salt, with chloride as leaving group (Pinto et al., 2022). Undesired side reac-
tions also generate sodium glycolate (Unlii, 2013).

HEC, despite having a higher carbon-to-oxygen ratio, is more hydrophilic than
native cellulose, due to the spacing effects exerted by the hydroxyalkyl moieties.
Besides being a thickener and a non-ionic stabilizer, it can effectively work as a
dispersing agent (Sharma et al., 2015). At industrial levels, HEC is produced by
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alkalizing cellulose with sodium hydroxide and subsequently making it react with
the simplest epoxide: ethylene oxide (Basu et al., 2021).

MC is produced by heating cellulose with an alkali, generally NaOH, and then
treating it with excess methyl chloride (or iodide). For EC, the electrophile is ethyl
chloride (or iodide) instead. Their uses comprise that of emulsifier and thickener in
different products such as lubricants or adhesives, as sizing agents in papermaking,
and as encapsulating agents for nutrients or drugs (Rogers & Wallick, 2012).

Furthermore, common forms of cationic cellulose are also synthesized by etheri-
fication. For instance, the tensioactive agent going by the commercial name
“Polyquaternium-10” typically results from the etherification of HEC ethoxylate
with the epoxide of a quaternary ammonium salt (Siyawamwaya et al., 2016). The
most frequent electrophilic reagent for this task, both in the cosmetics industry and
in the literature, is 2,3-epoxypropyltrimethylammonium chloride (EPTAC) (Moral
et al., 2017; Pedrosa et al., 2022).

The usefulness of alkalization is not limited to the ionization of cellulose, but
also implies a loss in crystallinity. This is a lesson learnt from the mercerization of
cotton, a process named after the so-called “father of textile chemistry”: John
Mercer (Holme & Blackburn, 2019). Concentrated sodium hydroxide is able to
penetrate through cellulose crystallites, simultaneously causing a loss of crystallin-
ity and a conversion of cellulose I to cellulose II (French, 2014). This enhances the
overall reactivity of cellulose in two ways. First, it promotes fiber swelling, increas-
ing the rate of diffusion of etherification reagents through the supramolecular
structure of cellulose. Second, by disrupting this supramolecular structure, it
allows the electrophilic reagents to reach cellulose chains that would be inacces-
sible otherwise.

Effective variants of the mercerization process include NaOH/urea, NaOH/thio-
urea, and iron(IIl)-tartrate-sodium complexes, resulting in the partial or total dis-
solution of fibers. Then, the apparently dissolved polymer is regenerated as mixtures
of amorphous cellulose and cellulose II crystallites (Aguado et al., 2019; Yang et al.,
2017). The disruption of the supramolecular structure of cellulose can also be
attained by mechanical processes such as intensive grinding, beating, ball milling,
and twin-screw extrusion (Elalami et al., 2022).

In aqueous media, the pK, of the hydroxy groups of cellobiose has been esti-
mated as roughly 13.5 (Bialik et al., 2016). In fact, the pH for the etherification of
cellulose usually lies in the 12.7-13.8 range (Odabas et al., 2017; Pinto et al., 2022).
Such strongly alkaline media imply undesired side reactions with subsequent loss of
electrophilic reagent. Epoxides become unreactive diols, haloalkanes become alco-
hols, and (as aforementioned) chloroacetate becomes glycolate (Unlii, 2013), as
indicated in Figure 7.3. Moreover, within the common range of temperature for
etherification (40-70 °C), cellulose suffers from depolymerization due to alkaline
hydrolysis. In the literature, these problems are often avoided by resorting to aprotic
solvents, such as the dimethyl acetamide/LiCl system, or deep eutectic solvents,
such as aminoguanidine hydrochloride/glycerol (Heinze et al., 2018b; Li et al.,
2018). Such systems allow for high degrees of substitution without the need for a
large excess of electrophilic reagent. However, due to technical, economical, and
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environmental reasons, marketed cellulose ethers are generally produced in alkaline
aqueous slurries (Basu et al., 2021).

7.2.3 Oxidation

The oxidation of hydroxy groups to carbonyl groups and of the latter to carboxyl
groups are basic reactions in organic chemistry (Tojo & Ferndndez, 2007). While
etherification of cellulose toward CMC, the most commercially successful carbox-
ylated derivative, generally implies disrupting the supramolecular structure of cel-
lulose, oxidation requires neither deprotonation nor previous decrystallization.
Oxidized cellulose derivatives, traditionally known as oxycellulose, are useful for
various biomedical applications, including those of enterosorbent, mucoadhesive,
and/or hemostatic agent (Gajdziok et al., 2010; Guo et al., 2013). Likewise, oxida-
tive processes are also frequent pre-treatments leading to nanocellulose (Isogai
etal., 2011).

Although many oxidizing agents can take electrons from hydroxy groups, a com-
mon problem is that glycosidic bonds are likewise prone to oxidative hydrolysis,
even more so once nearby hydroxy groups have been oxidized (Cheng et al., 2016).
Hence, the non-selective oxidation of cellulose with chromic acid, periodic acid,
potassium dichromate in acidic medium, sodium hypochlorite in alkaline medium,
sodium chlorite, or potassium permanganate traditionally results in oxycellulose
with severe degradation (Hebeish et al., 1979; Shenai & Date, 1976). Furthermore,
the strong topochemical character of the process usually implies heterogeneous
products with large portions of unreacted material. Out of the traditional methods to
oxidize a glucan toward a poly(glucuronic acid), oxidation with NO, probably
stands as the most robust pathway to attain a high content of carboxyl groups with
as little degradation as possible (Martina et al., 2009).

Some non-selective treatments for cellulose oxidation are still of interest in the
recent literature. This is the case of persulfate salts, whose combined effects of
hydrolysis (especially on non-crystalline domains) and oxidation are useful to pro-
duce cellulose nanocrystals (CNCs) (Chen et al., 2023). Furthermore, the existence
of multiple pathways to activate the peroxydisulfate ion, including the use of novel
homogeneous catalysts, makes room for innovation. For instance, in the presence of
N,N,N’,N’-tetramethylethylenediamine, persulfate oxidation is faster and requires a
lower concentration of oxidizer to attain a given degree of oxidation (Liu et al.,
2020). As indicated in Figure 7.4, oxidation mainly takes place on the C-6 position
of anhydroglucose units (AGUs) and on the glycosidic bonds within the least crys-
talline regions of cellulose. High levels of oxidation (above 1 mmol —-COOH g™!)
often result in the solubilization of more than a third of the starting cellulosic mate-
rial. This solubilized fraction, characterized by a low molecular weight and/or a
high charge density, is known as the hydrolysate.

Despite the setbacks of oxycellulose production in what pertains to degradation,
hydroxy groups can be oxidized with great selectivity in different ways. For instance,
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oxidation by NO, can be highly selective if the reaction is performed in a non-polar
solvent such as CCl, (Wu et al., 2012). Nonetheless, as aforementioned, the use of
water as solvent is generally more convenient due to the nature of cellulose fibers
and to technical, economic, and environmental reasons.

One of the most popular methods for selective oxidation in aqueous media
implies the use of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) radical in cata-
lytic proportions (Isogai et al., 2011; Spier et al., 2017). First, the stable nitroxyl
radical is converted to its reactive N-oxoammonium salt by ClO-, BrO-, ClO,,
ClO,™, hydroperoxyl radicals, or other suitable secondary oxidizers (Hirota et al.,
2009; Pdadkkonen et al., 2017; Saito et al., 2007b). Then, the N-oxoammonium form
of TEMPO selectively oxidizes primary alcohols, including the hydroxy groups at
the C-6 position of AGU, to aldehydes. Finally, the role of the secondary oxidizers
is double: they not only reactivate the reduced TEMPO, but also oxidize carbonyl
groups to carboxyl groups (Fig. 7.4). Arguably, the most successful system to date
involves a ternary system comprising TEMPO, NaBr, and NaClO at pH 9-11
(Mazega et al., 2024; Xu et al., 2014). NaClO, an inexpensive and highly available
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reagent, works as the only spent oxidizer. It oxidizes Br~ ions to BrO~ ions, which
in turn are stronger oxidizers to activate (and regenerate) TEMPO and to take elec-
trons from carbonyl groups (Mazega et al., 2023). Although depolymerization of
cellulose by C1O~ and BrO™ takes place to a certain extent, the high selectivity of the
process, its reproducibility, and the possibility to carry out the reaction at room
temperature justify the popularity of TEMPO-mediated oxidation.

For some applications, it is desired for cellulose derivatives to have carbonyl
groups instead of carboxyl groups. In this sense, one of the most recurrent processes
is periodate oxidation, leading to 2,3-dialdehyde cellulose (DAC) (Aouay et al.,
2024; Li et al., 2019). Even though DAC remains, as Dalei et al. (2022) state, a
niche material, it enjoys promising and actual applications for drug delivery, tissue
engineering, packaging, and energy storage, besides being a common intermediate
for other cellulose derivatives (Pedrosa et al., 2022). DAC is produced by oxidative
cleavage of the bond between C-2 and C-3 in AGU, in such way that at least one of
the secondary hydroxy groups is converted into a primary carbonyl group.
B-Elimination and hydrolysis of glycosidic bonds are common side reactions
(Fig. 7.4). In the simplest form of the synthesis, cellulose is soaked in an aqueous
NalO, solution at 23-50 °C and kept protected from ultraviolet radiation for 2—48 h.
Often, researchers employ metal chlorides (NaCl, KCl, or LiCl), which have been
found to improve oxidation kinetics, and acidic buffers (Sirvio et al., 2011; Dalei
et al., 2022). The process can also lead to carboxyl groups if a secondary oxidant,
such as NaClQ,, is present in the medium (Liimatainen et al., 2012).

7.3 Recent Advances in Chemical Modification of Cellulose

7.3.1 Nanocellulose Functionalization

Although the morphological characteristics and the presence of different functional
groups may vary depending on the method of obtaining the nanocellulose, nano-
structured cellulose is typically characterized by the presence of hydroxy groups on
its surface. This gives nanocellulose a hydrophilic character but also a high reactiv-
ity. Recently, research in the field of nanocellulose has focused on the study of dif-
ferent surface modification treatments, including those displayed in Figure 7.5.
These modifications aim to provide nanocellulose with properties that allow the use
of this biomaterial in various applications.

7.3.1.1 Nanocellulose Carboxymethylation
Carboxymethylation of nanocellulose involves adding carboxymethyl groups to the

surfaces of cellulose, giving them a negative charge. This process typically uses
chloroacetic acid, which reacts with the primary hydroxy groups of the cellulose
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monomers, creating a carboxymethylated derivative at position 6. Mechanical treat-
ments are often used to enhance this modification (Sir6 et al., 2011). Surface ioniza-
tion can be controlled through surface modification, aggregation, and dispersion,
affecting the rheology and dehydration of cellulose nanofibrils, which in turn influ-
ences the final product properties. Cellulose surfaces contain hydroxy groups,
allowing for the adjustment of surface ionization through electrostatic force adsorp-
tion methods and chemical treatments. The carboxymethylation reaction is com-
monly used to increase the anionic charge on cellulose fibers by introducing
carboxymethyl (-CH,COOH) groups into the hydroxy group sites. When these
groups react with chloroacetic acid, they ionize in water, providing anionic charge
to the cellulose fiber surface. The solubility and viscosity characteristics of water
vary depending on the degree of substitution of the carboxymethyl groups.
Furthermore, increasing the anionic loading can reduce the energy consumed dur-
ing the fabrication of cellulose nanofibrils by mechanical treatments, if used as a
pretreatment. The carboxymethylation reaction involves several steps: a suspension
of nanofibrils in isopropanol is stirred for 30 min, followed by the addition of a 30%
NaOH solution and further stirring for 30 min. Meanwhile, chloroacetic acid is dis-
solved in isopropanol and added to the nanocellulose and sodium hydroxide solu-
tion mixture. The reaction takes place for 1 h in a water bath at 65 °C and is
neutralized with acetic acid to reach a pH of 7. The mixture is washed under vacuum
conditions in the following order: isopropanol, methanol, ethanol, and methanol
again. Finally, the pulp fibers are immersed in a 5% sodium bicarbonate solution to
convert them into their sodium salt form (<COONa) (Sir¢ et al., 2011).
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7.3.1.2 Nanocellulose Phosphorylation

Phosphorylation of nanocellulose focuses on the incorporation of phosphate or
phosphite groups into the cellulose chain. Several studies show how the presence of
phosphate ester groups on the surface of nanocellulose could be interesting for its
application in exterior wall insulation, the automotive sector, the manufacture of
flame-retardant materials, etc.

Currently, there are different reaction routes for the phosphorylation of nanocel-
lulose. Nanocellulose phosphate: The incorporation of H;PO, ester groups into the
cellulose chain is achieved by using pentavalent phosphate reagents such as POCl;,
P,0s, and H;PO, (Illy et al., 2015). Although there are studies that show that the
presence of urea allows achieving higher degrees of substitution, they result in labo-
rious and costly procedures that do not make their production viable. These pro-
cesses usually require two steps, a first stage of immersion of the fibers in the
aqueous concentrated solution with H;PO, and a subsequent curing stage of between
10 and 15 min at 100-150 °C (Patoary et al., 2023).

Nanocellulose phosphite: On the other hand, in the reaction of nanocellulose
with trivalently phosphorus groups such as PCl;, or by transesterification with
(CH;0),PH, it is possible to obtain cellulose phosphite esters with up to 8% phos-
phorus in the cellulose chain (Rol et al., 2020).

Phosphorylation of the cellulose takes place mostly in the amorphous zones, and
there is a decrease in the degree of polymerization due to the hydrolyzation of the
chain and the fibers swell (Rol et al., 2020).

In all cases, phosphorylated nanocellulose possesses cation exchange properties,
due to the incorporation of anionic phosphate groups in its structure. This confers
the nanocellulose with chelating properties, useful for the uptake of metals as well
as cations in environmental applications (Qiao et al., 2021). On the other hand,
phosphorylation also contributes to improving the thermal properties of nanocellu-
loses; however, it can lead to a decrease in tensile strength, depending on the degree
of modification (Patoary et al., 2023).

7.3.1.3 Nanocellulose Sulfonation

Sulfonation is a crucial technique for giving anionic character to nanocellulosic
materials’ surfaces, in such a way that this negative charge is highly resistant to pH
changes. This process involves using concentrated sulfuric acid, which not only
catalyzes cellulose hydrolysis but also helps form half ester sulfate from the hydroxy
groups existing on the nanocellulose. This treatment leads to highly stable colloidal
suspensions.

During sulfonation, sulfuric acid causes sulfated groups to form on the nanocel-
lulose surface. These groups create a negative charge, leading to a negative electro-
static layer that boosts water dispersibility. The negative charges also result in very
stable nanocellulose suspensions and can lead to optically active films after con-
trolled drying. However, a high degree of sulfate functionalization can affect the
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nanoparticles’ thermal stability. To counter this effect, neutralizing the nanoparti-
cles with NaOH can improve their thermal stability. Additionally, using a combina-
tion of sulfuric acid, HCI, and sonication allows for obtaining nanocrystals (Mu &
Gray, 2014).

Another approach to nanocellulose sulfonation involves using sodium periodate
NalO,4 and NaHSO; to treat nanofibrillar hardwood pulps. This method produces
sulfonated fibrillar nanocellulose with diameters ranging from 10 to 60 nm. To
achieve effective nanofibrillation, a minimum density of 0.18 mmol g=! of sulfate
groups is necessary (Ruiz-Palomero et al., 2016). This sulfonation method also pro-
duces a highly transparent and viscous gel, showcasing the versatility of sulfonated
nanocellulose in various applications.

One of the primary uses of sulfonated nanocellulose is in dispersive phase micro
solid extraction and determination of silver nanoparticles in food products. This
sulfonation process is considered a more environmentally friendly alternative, as it
avoids the use of halogenated waste, thus reducing the environmental impact of the
process.

7.3.1.4 Nanocellulose Silylation

The addition of silanes to nanocellulose has attracted significant attention because
they act as coupling agents due to their strong attraction to hydroxy groups. While
this interaction occurs at room temperature, permanent grafting occurs through con-
densing Si—~OH moieties with C-OH at higher temperatures during a curing pro-
cess. However, achieving a high degree of substitution is challenging due to the
drawbacks of the silylation process, which requires organic solvent exchange. The
process for incorporating silane groups is well-known and involves two stages.
First, hydrolysis occurs, leading to the formation of silanol groups from the hydro-
lysis of the alkoxy groups of the silane. The high presence of OH groups on the
surface of nanocellulose promotes the adsorption of the silanol groups through
hydrogen bonds. Subsequently, a condensation reaction enables the formation of
Si—O—C bonds. Silane coupling imparts hydrophobicity when the Si atom is directly
attached to an alkyl chain, but diverse functionalities (e.g., amino groups) are also
possible (Guo et al., 2024).

Recently, several authors have reported the effect of different silylation agents on
the structure, dispersion properties, hydrophobicity, and biodegradability of nano-
cellulose. Saini et al. (2016) conducted a study on the silylation of cellulose nanofi-
bers using various aminosilanes. To achieve this, they first dissolved the aminosilanes
in deionized water at room temperature and pH 10. The nanofibers were then
immersed in these aminosilane solutions for 10 s and subsequently subjected to heat
treatment at 110 °C for 2 h. The functionalized nanocelluloses demonstrated signifi-
cant antibacterial activity (Saini et al., 2016).

Frank et al. (2018) modified cellulose nanofibers (CNFs) with hydrophobic alk-
oxysilanes containing methyl, propyl, or aminopropyl functional groups. In com-
parison to untreated CNFs, the stability of Si-CNFs in organic solutions was
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enhanced, an effect that depended on the extent of silanization (Frank et al., 2018).
Likewise, the incorporation of methyl trichlorosilane has been shown to be effective
in making nanocellulose hydrophobic. It allows for the creation of a three-
dimensional network structure on the nanocellulose, achieving superhydrophobicity
without affecting its optical and mechanical properties (Wang & Huang, 2021).

7.3.1.5 Nanocellulose Acetylation

The acetylation of nanocellulose has been studied as a method to make nanocellu-
lose hydrophobic. This process involves replacing the hydroxy groups on the sur-
face of nanocellulose with acetyl groups. Acetylation is typically carried out using
acetic anhydride and acetic acid in the presence of sulfuric acid or perchloric acid.
Initially, the more accessible hydroxy groups from the amorphous regions of the
nanocellulose are substituted, followed by the less accessible hydroxy groups in the
crystalline parts as the reaction progresses. Under certain conditions, the maximum
degree of substitution is 3.0, meaning that all hydroxy groups have been replaced. A
degree of substitution close to 1 allows for better dispersion in polar solvents, while
a higher degree of substitution promotes dispersion in hydrophobic non-polar sol-
vents (Ghasemlou et al., 2021).

The literature discusses the importance of adjusting the degree of substitution by
changing the proportions of acetic anhydride and acetic acid to broaden the poten-
tial applications of acetylated nanocellulose. However, acetylation rarely reaches a
degree of substitution of 3.0 due to the presence of intact hydrogen bonds between
the AGUs of the cellulose chains, which restricts the complete substitution of
hydroxy groups. Research has also examined the impact of different acids and reac-
tion conditions on acetylation efficiency. Boujemaoui et al. (2015) employed a com-
bination of acid hydrolysis and Fischer esterification to chemically modify the
nanocellulose surface with various organic acids, achieving substitution degree val-
ues that varied depending on the acid used. Other studies have focused on enhanc-
ing acetylation efficiency using specific reaction conditions, such as controlled
temperatures and ultrasound, resulting in higher degrees of substitution values and
improved dimensional stability of cellulose nanofibers (Manimaran et al., 2024).

7.3.1.6 Nanocellulose Urethanization

The modification of nanocellulose through urethanization involves a chemical reac-
tion between isocyanates groups (R-N=C=0) and hydroxy groups (—OH) on the
nanocellulose surface, resulting in the formation of urethane (—COONH) bonds.
N-octadecyl isocyanate is one of the electrophilic reagents used in this type of mod-
ification. This reaction increases the hydrophobicity of nanocellulose and improves
the dispersibility of CNCs and CNFs in organic solvents, which is crucial for appli-
cations requiring uniform dispersion in polymeric matrices (Shoseyov et al., 2019).
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Biyani et al. (2013) developed an isocyanate-mediated coupling method to deco-
rate CNCs with ureidopyrimidone, a compound that forms multiple hydrogen
bonds. In this study, CNCs were reacted with 2-(6-isocyanatohexylaminocarbonyla
mino)-6-methyl-4[ 1H]-pyrimidinone in DMF at 100 °C using the catalyst dibutyl
dilaurate. The ureidopyrimidone-functionalized CNCs were incorporated into poly-
mer functionalized with the same compound, providing light self-repairing capa-
bilities and improving the mechanical properties of the resulting material.

The urethanization reaction has also been used to improve the dispersibility of
CNC in a poly(lactic acid) (PLA) matrix. Toluene diisocyanate (TDI) was employed
in a dispersion of CNC in dimethylformamide (DMF) at 70 °C. The successful
modification of CNC was confirmed by 13C NMR and FT-IR analysis, with a char-
acteristic peak at 2272 cm™' for -NCO. The modified CNC was used to prepare
nanocomposites with PLA by solution casting with chloroform. The —OH terminal
group of PLA was expected to react with the -NCO group of the modified CNC,
producing urethane bonds between PLA and CNC, evidenced by the increased
intensity of the FT-IR absorption band of the >C=0 group of urethane. As a result,
the PLA/CNC nanocomposite showed higher crystallinity and improved thermal
and mechanical properties (Hassani et al., 2021).

7.3.1.7 Nanocellulose Amidation

The functionalization of nanocellulose through amidation is carried out to selec-
tively react with specific components. This process is used in selective adsorption
applications, colorimetric or fluorimetric determination, among others. Typically,
the amidation of nanocellulose is performed on cellulose nanofibers with a high
content of carboxylic groups (-COOH), such as those obtained through TEMPO-
catalyzed oxidation pretreatment. This is because the amidation reaction is medi-
ated by carbodiimides, which have low reactivity toward hydroxy groups. Among
carbodiimides, N-ethyl-N-(3-(dimethylamino)propyl)carbodiimide (EDC) has been
widely used in the literature for the amidation of nanocellulose (Wang et al., 2024).

As an example of application, Ruiz-Palomero et al. (2015) demonstrated the
covalent binding of B-cyclodextrin to a nanocellulosic material that had undergone
an amidation reaction, creating a specific sorbent for danofloxacin in milk. For this,
a suspension containing nanocellulose, EDC-HCI, and N-hydroxysuccinimide in
methanol, previously stirred for 20 min in an inert atmosphere, was mixed with a
solution of ethylenediamine and triethylamine in methanol. The reaction was car-
ried out at room temperature for 12 h.
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7.3.2 Bio-Based and Green Chemical Modifications
7.3.2.1 Enzymatic Modifications

The use of endoglucanase enzymes for pretreating and obtaining nanocellulose has
been extensively researched. However, these enzymes can also be employed to alter
the surface and chemical composition of nanocellulose. Enzymatic methods offer
numerous benefits, including high process efficiency, selectivity, and milder reac-
tion conditions compared to the use of unspecific chemical agents.

Cellulosic and lignocellulosic materials have been successfully modified using
various enzymes such as laccase, pectinase, lipase, and hexokinase. For example,
the strength properties of fiberboards bonded with laccase have been proven supe-
rior to those bonded with urea-formaldehyde adhesive (Euring et al., 2013).
Additionally, JauSovec et al. (2015) reported the chemoenzymatic modification of
CNFs using laccase as a biocatalyst and TEMPO or 4-amino-TEMPO as mediators
under mild aqueous conditions (pH 5, 30 °C). This process allowed for the introduc-
tion and adjustment of aldehyde versus carboxyl groups on CNFs, along with the
terminal aldehyde groups already present. Furthermore, the use of pectinase has
been shown to introduce new functional groups on the nanocellulose surface. In a
separate study, CNFs were modified using hexokinase and adenosine-5-triphosphate
in the presence of Mg?* ions, resulting in the creation of a phosphate group predomi-
nantly on the hydroxy groups positioned at C-6, confirming the formation of a tau-
tomer structure (Karim et al., 2017).

7.3.2.2 Transesterification with Fatty Acid Esters

The use of vegetable oils to modify the surface of cellulose offers the potential to
provide it with a hydrophobic character and to enhance its thermal stability.
Vegetable oils, primarily triglycerides made up of glycerol molecules and long-
chain fatty acids (linoleic, palmitic, stearic, oleic, linolenic, etc.), can be used to
modify cellulose through processes such as esterification or transesterification. This
provides fibers with a hydrophobic character and high thermal stability (Roman
et al., 2024). Non-edible or inexpensive oils from industrial crops, such as castor oil
or canola oil, are usually chosen for the task.

Typically, transesterification is conducted with diisocyanate or zinc acetate dihy-
drate as a binding agent. Transesterification leads to a slight increase in the crystal-
line index of nanocellulose, which has been associated with hydrolysis or
crystallization of the amorphous portion under acidic conditions and high tempera-
tures (Yoo & Youngblood, 2016). This kind of modification is typically carried out
in two steps. First, the vegetable oil is transesterified with an alcohol, usually metha-
nol, to produce fatty acid methyl ester (FAME). Upon conversion to FAME, the
long hydrophobic hydrocarbon structure can be chemically bonded to cellulose
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through a second transesterification reaction between the hydroxy groups of the
polysaccharide and the ester bonds of the FAME (Wei et al., 2017).

7.3.3 Advanced Techniques
7.3.3.1 Mechanochemistry

Mechanochemistry is an environmentally friendly process that has become increas-
ingly important in recent years. This method involves using mechanical actions to
bring about chemical and physicochemical changes in substances. Depending on
the treatment conditions, such as the reagent used, the time, and whether the state is
solid or liquid, mechanochemistry can be used to extract nanocellulose from cellu-
losic fibers by combining mechanical and chemical actions. Research in mechano-
chemistry has explored various applications, such as grafting maleic anhydride onto
nanocellulose surfaces in a single step, as well as modifying cellulose nanocrystals
using milling treatments. While these processes have advantages such as simplicity
and efficiency, they also have pending challenges, such as long reaction times.
Furthermore, new combinations of mechanochemistry with deep eutectic solvents
have been explored, showing promising results for the extraction and modification
of nanocellulose. Mechanochemistry is generally considered to provide a sustain-
able and efficient approach for cellulose modification and nanocellulose production
(Douard et al., 2022).

7.3.3.2 Click Chemistry

The recent use of click-type reactions to modify cellulose has caused a lot of excite-
ment. Click chemistry offers the advantages of cleanliness, high atom economy,
avoiding side reactions, high yields, and ease of separation (Gupta, 2024). Some of
the specific modifications that have garnered interest include thiol-ene reactions,
several kinds of nucleophilic addition, and azide-alkyne cycloadditions. However,
since the hydroxy groups of cellulose will still compete with water for virtually any
electrophile (even dichlorotriazine, highly reactive towards —OH), cellulose nor-
mally must undergo a previous modification that prepares it for click reactions.

Filpponen and Argyropoulos (2010) utilized copper(I)-catalyzed 1,3 Huisgen
dipolar cycloaddition to connect functionalized nanocellulose with azide and alkyne
groups, resulting in the formation of unique and regular arrays of nanorods. Such
nanorods were then ready to mediate diverse azide-alkyne click reactions. In another
context, paper, microcrystalline cellulose, CNF films, or CNCs can be functional-
ized toward carriers for drug delivery, pH-sensitive nanoparticles, anti-counterfeiting
papers, immunosensors, and other advanced materials through photo-induced thiol-
ene reactions (Liang et al., 2023).
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7.3.3.3 Polymer Grafting

Grafting polymers onto cellulose fibers, nanofibers or nanocrystals involve modify-
ing the glucan chains at the surface, offering diverse ways for the development of
advanced materials. Many of the reactions described up to this point can be directly
used for grafting. For example, a polymer or oligomer with terminal carboxyl
groups can be attached to the primary hydroxy groups of cellulose chains by esteri-
fication. Likewise, the aldehyde groups of DAC can give way to Schiff bases with
polymers containing primary amino groups. Finally, copper-catalyzed azide-alkyne
cycloadditions can allow for the grafting of poly[methoxy(oligoethylene glycol
methacrylate)] on CNCs (Roberts et al., 2020).

More specifically, there is probably more room for innovation in what pertains to
in situ polymerization techniques over cellulosic materials. In ring-opening polym-
erization (ROP), polymer brushes are grown from the hydroxy groups on the sur-
face of cellulose, which act as initiation sites. ROP can be used to graft and
polymerize cyclic monomers, including lactones, onto the surface of CNCs. The
ROP-mediated grafting of lactic acid oligomers or PLA onto nanocellulose has been
extensively studied, often involving tin(II) octoate as a catalyst (Gomri et al., 2022).
Alternatively, cellulose chains can be modified to introduce specific initiation sites
for controlled polymerization techniques, such as atom transfer polymerization,
which allows for a definite average molecular weight with low polydispersity
(Habibi et al., 2013).

7.4 Conclusions and Prospects

The long tradition of cellulose derivatives has seen many changes since the first
esterifications toward CN, CX, and CA, back in the nineteenth century. On one
hand, formerly highly marketed cellulose esters have been progressively replaced
with fossil-based plastics, which in some cases imply safer processes (e.g., the use
of CS, for CX still raises issues). On the other hand, as understood from the litera-
ture reviewed herein, the growing interest in bio-sourced and biodegradable materi-
als has caused a revamp of cellulose modification in the last two decades.
Common chemical modifications of cellulose include those that are customary
for simple alcohols, namely esterification, etherification, and oxidation. The synthe-
sis of both ethers and esters implies the nucleophilic attack of cellulose’s hydroxy
groups on electrophilic reagents. Nonetheless, the weak nucleophilicity of these
groups usually forces manufacturers to employ high alkali charges in the production
of CX, MC, HEC, and CMC, among other derivatives. Deprotonated hydroxy
groups (alkoxy groups) are better nucleophiles, but in aqueous media they compete
with OH ions. The resulting high pH of the system causes not only the hydrolysis
of the electrophilic reagent (e.g., chloroacetate to glycolate), but also the depoly-
merization of cellulose. The use of aprotic organic liquids or certain deep eutectic
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solvents allows for a higher reaction efficiency, but at the expense of lower techno-
economic viability.

The weak nucleophilicity of hydroxy groups is also the reason why CA, CAP,
and CAB are not synthesized by direct reaction of hydroxy groups with carboxylic
acids, which are poor electrophiles. Instead, acids are used in combination with
their more reactive counterparts, namely acetic anhydride, propionic anhydride, and
butyric anhydride.

The most marketed cellulose derivatives are either ethers (CMC, HEC, MC) or
esters (CA and its mixed esters, CN, CX). The ethers are often used as thickeners
and/or stabilizers, while the esters are appreciated for their film-forming ability and
their solubility in common organic solvents. In contrast, oxidized cellulose deriva-
tives are currently regarded as niche markets, but they are of utmost importance in
the literature. The oxidation of hydroxy groups to carboxyl groups is one of the
most common chemical treatments leading to nanocellulose. This can be done in
many non-selective ways, but the choice of TEMPO-mediated regioselective oxida-
tion has become hugely popular in the last two decades. Furthermore, for some
applications, it is desired for oxidation to stop at aldehydes. DAC, commonly pro-
duced by periodate oxidation, is a versatile platform toward many other cellulose
derivatives.

Recent trends involve a focus on nanocellulose, be it CNFs or CNCs, and this is
expected to be further developed in the near future. Some nanocellulose modifica-
tions include etherifications and esterifications that had previously been highly
exploited for cellulosic fibers before research interests shifted to their nanoscale
counterparts. In addition, the higher specific surface area of nanocellulose generates
new possibilities for EDC-mediated amidation, silane coupling hydrophobization,
silane coupling amination, phosphorylation, and other modifications that were used
to display a more limited spectrum of applications when exerted on traditional cel-
lulosic materials.

Despite the bio-sourced nature of cellulose, many of the common derivatizing
agents, such as ethylene oxide and methyl chloride, are produced from fossil
resources. It is reasonable to expect a shift toward naturally occurring agents, such
as enzymes and fatty acids from vegetable oils. The latter, as discussed above for
carboxylic acids in general, have low reactivity for the direct esterification of cel-
lulose, but conversion into FAME and subsequent transesterification has been pro-
posed as a successful workaround. Researchers will also tend to adapt cellulose to
the overall advances in polymer chemistry, as it has been done in the case of click
reactions (e.g., photoinduced thiol-ene reactions), and ROP-mediated grafting on
the surface of cellulosic materials.
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Chapter 8 )
Surface Modification of the Paper Using e
Physical Methods

Hao Ing Yeoh, Niranjan Patra, Elisa Rasouli, and Bey Fen Leo

8.1 Introduction

Surface modification of cellulose is crucial given its extensive use in various appli-
cations where its natural properties may fall short. Although cellulose is a highly
abundant, renewable, and biodegradable material (Heinze, 2015), its inherent char-
acteristics, such as hydrophilicity and limited chemical reactivity (Coseri, 2017),
can present challenges in processing and end-use applications. By altering the sur-
face of cellulose, these limitations can be effectively overcome, leading to enhanced
adhesion, wettability, and compatibility with other materials. This transformation
enables cellulose to perform more effectively in a broader range of applications,
making it a more versatile material overall.

The previous chapter discussed surface modification through chemical
approaches, which offer a wide range of advantages, including enhanced functional
properties, improved biocompatibility, and increased versatility of cellulose for
various applications. Nevertheless, several limitations should be considered since
altering the chemical compositions may cause challenge in preserving the bulk
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properties of the paper. In addition, the environmental impact, particularly when
scaling up, should also be considered given the increasing stringency of environ-
mental regulations.

In this chapter, physical methods are introduced as a complementary approach to
address certain limitations of chemical methods. Unlike chemical approaches,
physical methods utilize physical forces and energy to modify surfaces while pre-
serving the intrinsic bulk properties of the material. Common techniques such as
corona discharge, plasma, ultraviolet (UV) radiation, and laser beams are widely
used across industrial and research settings for various materials. This chapter aims
to provide a comprehensive overview of physical surface modification techniques
for different polymers, especially cellulose. The mechanisms, applications, and the
advantages and limitations of these methods will be explored in detail in the follow-
ing sections.

8.2 Surface Modification Using Physical Methods

8.2.1 Corona Surface Treatment

Corona surface treatment is a widely used method for enhancing the surface prop-
erties of polymeric materials, particularly to improve adhesion. It is a treatment in
which the surface of the material is exposed to the corona discharge, an electrical
discharge that causes ionization of the surrounding air, thus creating a reactive
atmosphere. This treatment introduces polar functional groups and molecular
changes to the surface of a material; therefore, the surface energy is increased and
wettability for increased adhesion and printability is enhanced (Aydemir et al.,
2021). Its efficiency and effectiveness make it a popular choice in various
industries.

Mechanistically, the corona surface treatment involves generating a high-voltage
corona discharge in an atmospheric environment. By producing a high potential dif-
ference between an electrode and the surface of the material, it ionizes air and pro-
duces different species like ozone, atomic oxygen, and other radicals in high
concentration. These reactive species interact with the polymer surface, breaking
C-H bonds to form new functional groups, such as carbonyl, C=0, hydroxyl, —-OH,
and carboxyl, -COOH, groups, among others. Popelka et al. (2018) observed that
when linear low-density polyethylene (LLDPE) is corona-treated, high-energy spe-
cies coming from the corona discharge induce the incorporation of polar functional
group at the polymer surface. These reactions bear oxygen-containing functional
groups and lead to a substantial increase in the surface energy of PE, which is oth-
erwise non-polar and hydrophobic (Fig. 8.1). Such remarkable increase in surface
roughness positively correlated with the time of exposure, leading to increased
adhesive and wettability on substrate surface (Fig. 8.2).
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