ABSTRACT

STARKEY, HEATHER RENEE. Development and Application of Lignin Containing Micro-
and Nano-Fibrillated Cellulose for Sustainable Packaging Solutions. (Under the direction of Dr.
Hasan Jameel & Dr. Lokendra Pal).

With the growth of e-commerce increasing the demand for packaging, consumers are
pushing for more sustainable alternatives to plastics. These sustainable alternatives need to be
environmentally friendly, non-fossil-based, recyclable, and/or biodegradable. Nanocellulosic
materials have gained lots of attention for unique properties from high strength and high aspect
ratio to the ability to be tuned to a specific application. To address these needs and leverage the
novel nanocellulosic technology, a new pathway for sustainable package production was
engineered through the development of lignin-containing micro- and nano-fibrillated cellulosic
(LMNFCs) materials. This solution leverages high yield, low-cost fibers that are readily
available in the paper industry and low levels of fibrillation. The comprehensive characterization
and evaluation of the LMNFC in packaging papers in various configurations revealed

fundamental knowledge behind improved bonding and fiber reduction strategies.

Chapter 1 serves as an introduction to the concept of micro- nano-fibrillated cellulose
(MNFC) and discusses the potential for LMNFC as an effective strength enhancer in corrugated
packaging, laying the groundwork for the following work. Based on a review of the literature,
the majority of studies conclude that nanofibril production should be optimized for specific
applications because not all applications need a highly fibrillated, bleached MNFC. This lays the
foundation for evaluating a low-cost LMNFC with significantly lower energy consumption and

fibrillation levels than MNFC for linerboard applications.



In Chapter 2, a sustainable high yield and low-cost LMNFC is developed at different
fibrillation levels using an ultra-friction grinder. The morphological properties of the LMNFC
were examined using fiber quality analysis (FQA) and scanning electron microscopy (SEM).
Additionally, the LMNFC was characterized using a (CAS) Il touch automatic titration device to
measure the cationic charge demand and a Rigaku X-ray Diffractometer to obtain the
crystallinity index. The strength of the LMNFC material was evaluated in a packaging paper, a
composite-like material. The incorporation of 2% of a low-fibrillated LMNFC was found to
increase burst and short span compression strength by 22%. Further experiments showed that
through the addition of LMNFC, it is possible to reduce the amount of fiber in the paper by 17%
without strength reductions. Based on a preliminary cost analysis, light weighting the sheet

translates to an 8% reduction in fiber cost.

Chapter 3 builds on the cost analysis started in the previous chapter to address concerns
about how the introduction of LMNFC into the paper process changes the energy and steam
demand on the paper machine and their subsequent costs. A WinGEMS process model was built
of the paper machine and the unit operations leading up to it, e.g., refining, cleaning, screening,
dilution, and LMNFC production. This model provides insight into how the internal recycle
loops inside a paper mill change when using LMNFC as a strength additive. Analyzing the
model results from a financial standpoint, elucidates the sensitivity of manufacturing cost on

changes in the furnish dewatering behavior.

Chapter 4 examines the relationship between the morphological properties of LMNFC,
addition rate, and retention in conjunction with the paper’s delamination tendency. Using multi-
ply handsheets with LMNFC addition to only one ply, the negative effect on drainage time was

minimized. In return, adding LMNFC into only one ply required a higher addition rate to



improve sheet strength since the properties of a multi-ply sheet are an average of the individual
ply properties. Pretreating the LMNFC with cationic starch prior to incorporation into the furnish
had a synergistic effect resulting in a higher strength increase than either additive achieved by

itself.

Chapter 5 addresses how the fiber source for LMNFC production impacts its ability to
strengthen the paper. Two fiber sources were examined — a never dried, unbleached softwood
kraft fiber and a fiber obtained by recycling old corrugated containers (OCC). The untreated
fibers allow for a comparison of hornification on LMNFC properties. To further investigate this,
the never-dried softwood kraft fibers were processed through multiple drying and rewetting
cycles to simulate the recycling process. Additionally, the effect of lignin and hemicellulose
content is investigated by exposing both the softwood kraft and the OCC fibers to an oxygen
delignification process. LMNFC from untreated OCC does not have the strength reinforcement
potential that LMNFC from softwood kraft does, but it is possible to regenerate its strength

through delignification.
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Chapter 1 - Literature Review

1.1 Introduction and Motivation

In pursuit of more sustainable products, there has been a significant push for the use of
biomass, specifically packaging papers and biopolymers to limit and/or reduce synthetic
petrochemical-based products (Thakur et al., 2014). Talja et al. (2011) define sustainable
materials as being: environmentally friendly, non-fossil-based, and recyclable. Cellulosic
nanomaterials have gained popularity in recent years as a process additive in packaging papers.
There are two main motivations behind this trend — the potential to replace petroleum-based and
synthetic products with natural products and the potential for improve package performance
(Hubbe et al., 2007). In 2014, a review by Shatkin et al. concluded that the paper and packaging
market has the highest volume potential for cellulosic nanomaterial applications. While the
potential is there, several barriers to wide-scale industrial adoption of cellulosic nanomaterials
exist — predominately their high cost and their effect on operational efficiency (Lindstrom et al.,
2015). This work evaluates the fundamental criteria that drive the high production costs and
effects on operational efficiency to develop a low-cost, cellulosic nanomaterial for better

performance in packaging papers.

1.2 Thesis Objectives

As an alternative to highly processed micro-/nano-fibrillated cellulose (MNFC), this
work develops a low-cost lignin-containing micro-/ nano-fibrillated cellulose (LMNFC) for
packaging applications. This uses a lower cost fiber and less fibrillation than a homogenous
MNFC suspension. Since the fiber has a high lignin content, its applications are limited to

unbleached paper products. While LMNFC will have less strength gains than MNFC, it is



proposed the cost savings and lower impacts on drainage time are valued more than the strength

that is lost by using less-fibrillated LMNFC. The following research objectives will be evaluated:

Chapter 2 focuses on developing LMNFC using a high lignin content fiber; verifying this
LMNFC improves the strength of packaging paper; evaluating the feasibility of using this
LMNFC to produce a lightweight sheet without sacrificing strength or eliminating refining from
the bulk furnish; and performing a technoeconomic analysis (TEA) of the LMNFC to determine

the cost and potential fiber savings.

Chapter 3 uses a WinGEMS mass and energy balance model to evaluate the effects of
LMNFC on the drying process of the paper machine. The model results will also be used to
update the TEA from Chapter 2 to determine the payback period from the capital expense to
install the LMNFC production line and a minimum product selling price (MSP) for the

lightweight-packaging paper grade.

Chapter 4 evaluates LMNFC addition in one ply of a multiply sheet. The goal is to
minimize the impact on drainage and avoid over densifying the sheet. Chapter 5 compares
LMNFC produced from different types of lignin-containing fibers with and without oxygen
delignification pretreatment. The LMNFC is added into handsheets to determine the effects of
lignin-content and the pretreatments on the reinforcing capabilities. Chapter 6 provides a final

summary of the other chapters and remarks on future work.

1.3 Paper Packaging Market
In 2018, the Environmental Protection Agency (EPA) estimated United States generated
82.2 million tons of packaging municipal solid waste (MSW), with 51% of the waste coming

from paper and cardboard packaging materials. The remaining waste was generated from plastic



(18%), wood (14%), glass (12%), and metal (5%) (Advancing Sustainable Materials
Management: 2018 Tables and Figures, 2020). While up to 80.9% (33.89 million tons) of paper
packaging, i.e., corrugated boxes, milk cartons, folding cartons, etc., is recycled and made into
new products, only 8.7% of plastic gets recycled (Advancing Sustainable Materials

Management: 2018 Tables and Figures, 2020)

Paper packaging materials primarily consist of corrugated containers. When corrugated
containers are collected post-consumer use, it is referred to as old corrugated containers (OCC)
and is the largest recycled fiber source for paper packaging materials. In 2018, 32.1 million tons
of OCC were recycled into new products ranging from containerboard and boxboard to
newsprint and tissue papers (Advancing Sustainable Materials Management: 2018 Tables and

Figures, 2020; Where Recovered Paper Goes, 2018).
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Figure 1.1 United States linerboard production lines using technology to produce 1-3 ply sheets with
average recycled fiber content (Fisher International Data, 2020).



Corrugated containers are formed using a minimum of two sheets of linerboard with a
layer of fluting in between. The outer linerboard ply provides a smooth surface for printing,
while the fluting provides most of the compression strength. Paper used for fluting is often made
using a low-cost, high yield pulp from a neutral sulfite semichemical (NSSC) process or recycled
pulp fibers, because appearance is not a critical property. On the other hand, the appearance of
linerboard is just as important as sheet strength. Therefore, high yield kraft pulp fibers are used
to produce linerboard that undergo further processing to meet the visual requirements (Smook,
1992). In response to this demand and attempts to reduce fiber cost, 71% of linerboard in the
United States is manufactured on a multi-ply machine (Fisher International Data, n.d.), so only a
small percentage of the sheet (20-30%) is composed of this high cost, highly processed fiber
(Smook, 1992). Figure 1.1 shows the prevalence of a multi-ply operational strategy and machine

technology in the United States (Fisher International Data, 2020).

In 2021, there were 94 paper machines in the United States producing 35.1 million FST
of linerboard per year (Fisher International Data, 2020). Despite OCC being the primary fiber
source for linerboard production, Figure 1.1 shows that 57% of linerboard is produced at
manufacturing sites with both virgin and recycled pulp production lines. On average, linerboard
produced at these mills have an average recycled fiber content of 35.6%, with the rest being
either virgin softwood, hardwood, or filler materials. Mills with no virgin fiber production, on
average, will have a 99.9% recycled fiber content with the balance being filler materials (Fisher
International Data, n.d.). However, five production lines had incomplete information about the
mill classification, i.e., virgin vs. recycled, and one line did not supply information regarding the
number of plies. The downside to using recycled fibers to produce linerboard is the deterioration

of strength properties (Hubbe et al., 2007).



1.4 Challenges with Recycled Papermaking Fibers

Recycled fibers experience a degradation of strength for three main reasons:
hornification, residual chemicals from both the recycling and papermaking processes, and the
aging of fibers (Hubbe et al., 2007). Hornification of fibers is the irreversible closure of pores
during drying and is the biggest barrier to using recycled fibers in packaging applications. The
mechanism behind this irreversible closure is not fully understood, but it is agreed that the
closure of these pores reduces the fiber’s ability to swell when rewetted (Hubbe et al., 2007;
in paper strength because the fibers are more rigid and do not entangle as much as more flexible
virgin fibers. While the reduction in entanglements will promote better dewatering, there are
significantly fewer contact points between the fibers in the paper sheet (Hubbe & Heitmann,
2007; Nazhad & Paszner, 1994). These contact points are referred to as the relative bonded area,
and as it decreases, paper strength decreases (Page, 1969). Therefore, the key to offsetting the
challenge of recycled fibers experiencing degrading strength properties is to utilize strategies to

improve the relative bonded area.

Re-refining is used to increase fibers flexibility, regenerate fibrils on the fiber surface,
and increase swelling (Brecht, 1947; Hubbe et al., 2007; Minor et al., 1993; Nazhad, 2005;
Szwarcsztajn & Przybsysz, 1976; M. Zhang et al., 2004). Refining is a mechanical treatment to
delaminate the secondary layer of cellulose into fibrils, but too much refining of the fibers
produces an abundance of fine material (fiber particles smaller than 0.2 mm) which negatively
affects the drainage time of the wet paper web on the machine (Gharenhkhani et al., 2015; Hubbe
et al., 2007; Hubbe & Heitmann, 2007) (Yan et al. 2006;). In addition, when using recycled fiber,

refining poses an extra challenge. While refining is a necessary process to recover fiber strength,



these fibers have already been refined at least once in prior papermaking processes, and

subsequent refining produces more fines than a non-recycled pulp at the same refining intensities

Refining is not capable of restoring all the strength characteristics of the recycled fibers,
and later studies hypothesize this is due to the morphological changes between recycled and kraft
fibers. Additionally, there is a limit to refining of recycled fibers because they were refined in
previous papermaking processes, and they are more prone to fragmentation instead of fibril
generation (Hubbe et al., 2007). It is known that fines generated during refining promote
excellent bonding (Hawes & Doshi, 1993), but these strength improvements are limited by the
effect of fines on dewatering (Eklund & Lindstrom, 1991). Two other strategies to restore the
strength of recycled fibers are the addition of a dry-strength agent or the use of process
conditions that promote fiber swelling (Hubbe et al., 2007; M. Zhang et al., 2001). A commonly
used method is to mix recycled fibers with virgin kraft fibers. The fines from the virgin pulp will
help fill in voids that are present from the poor collapsibility of the recycled fibers. The positive
effect of adding kraft fibers can be enhanced further if the recycled fibers are first fractionated to
remove the fines and smaller fibers because there is an optimum level of fines for strength

improvements (S. Zhang et al., 2000).

1.5 Cellulosic Nanomaterials

The biomaterials with the most potential for packaging applications as additives on a
short idea-to-market timeline are nanocellulosic materials. The term nanocellulose describes a
cellulosic material with at least one dimension on the nanoscale (Osong et al., 2016).
Unfortunately, there is not a consensus among scientists on the nomenclature used to describe

nanocellulosic materials. A list of the more common terminology is available in Table 1.1, along



with the fiber length, width, and aspect ratio typically associated with each nanocellulose
subcategory. There are three types of cellulose nanofibers: nanocrystals (CNC), nanofibrils
(CNF), and bacterial nanocellulose (BC), with particle diameters or widths of 1-100 nm. There is
also another hierarchy of nanocellulose where the particle diameters or widths are larger than
100 nm termed cellulose nanostructured materials consisting of microcrystals (CMC) and
microfibrils (CMF) (Osong et al., 2016). Throughout the literature, CMC and CMF are often
referred to as CNC and CNF despite having a more heterogenous structure and larger fibrils
(Osong et al., 2016). Fibril size is measured through transmission electron microscopy (TEM)
image analysis, which is time consuming and tedious, and without it, it is hard to distinguish
whether the nanocellulose should be considered a nanofiber or a nanostructured material (Foster
et al., 2018). To help differentiate between the two, Zambrano et al. (2020) proposed the
terminology micro-, nano-fibrillated cellulose (MNFC) to exemplify the fact the material is
nanostructured and some but not all the fibrils or widths met the requirement of 1-100 nm for
nanofiber classification. For this work, the nomenclature used is CNC, MNFC, and BC. An “L”

prefix will be used to show that a MNFC contains lignin, e.g., LMNFC.

1.5.1 Nanofibrils

Nanofibrils are isolated from various biomass sources such as wood or non-wood
bleached or unbleached fibers through mechanical treatment. There are numerous processes and
equipment to achieve the isolation of fibrils, but the conventional methods use either:
homogenizers, microfluidizers, and grinders (Nechyporchuk et al., 2016). Oftentimes,
researchers will use a chemical pretreatment strategy to aid in fibril production (Osong et al.,
2016). MNFC has the most potential for application in papermaking and will be the primary

focus of this work.



Treating wood fibers prior to mechanical processing has been shown to improve
fibrillation through reductions in energy consumption and smaller fibril size (Islam et al. 2014).
Additionally, chemical pretreatments can add different surface groups onto the fibers altering
their colloidal behavior and compatibility with other substrates (Osong et al., 2016). TEMPO
oxidation adds carboxylate and aldehyde groups onto the surface of the resulting fibrils (Isogai et
al., 2011; Saito & Isogai, 2005), and it is generally accepted that it is not possible to achieve
fibrils small enough to be considered a nanofiber unless TEMPO oxidation is used to pretreat
bleached softwood kraft fibers (Osong et al., 2016; Zambrano et al., 2020). Additional chemical
pretreatments leverage periodate-chlorite primarily to add aldehyde groups (Liimatainen et al.,
2012; Lindh et al., 2014), alkaline extraction to remove lignin (Dufresne et al., 1997),
carboxymethylation to increase the anionic charge of the fibrils and promote electrostatic
repulsion (Wagberg et al. 2008), or enzymes to reduce energy consumption without adding
functional groups or changing the colloidal behavior (Henriksson et al., 2007; Paakkao et al.,

2008).

High pressure homogenization utilizes two types of equipment to disintegrate cellulose
for fibril generation: homogenizers and microfluidizers (Nechyporchuk et al., 2016; Osong et al.,
2016). A homogenizer was first used in 1982 and successfully isolated nanofibers with a fibril
diameter of less than 100nm (Herrick et al., 1983; Turbak et al., 1982). In a homogenizer, the
fiber passes through a small opening that imparts a high shear force which frees individual fibrils

from the surface of the fiber (Nechyporchuk et al., 2016).

A microfluidizer uses a similar mechanism for fibril generation — passing the cellulose
through a small opening which imparts high shear forces on the fibers — but the geometry of the

equipment is different. For microfluidizers, this opening is an orifice 100-400 um wide that has



either a Z- or Y-shape geometry. As a result, microfluidizers are capable of producing fibrils

with diameters 20-100 nm (Zimmermann et al., 2010).

There are two main challenges associated with using homogenization industrially: high
energy consumption and operating efficiency. Work done by (Eriksen et al., 2008b) showed that
homogenization used up to 70 MWHh/t of energy to produce sufficient nanofibrils. However,
more recent work has shown that chemical pretreatment can reduce energy consumption to 2
MWh/t. The other challenge is that microfluidizers are prone to clogging due to the size
differential between the fibers that are being processed and the orifice size (Spence, Venditti,
Habibi, et al., 2010; Spence, Venditti, Rojas, et al., 2010). Agate et al. (2020) shows that
LMNFC requires less time to produce than MNFC when using a dual asymmetric centrifuge.
Equating high energy consumptions with high processing times, this work suggests that
mechanical treatment of lignin-containing fibers can produce micro- and nano-fibrils at lower

energy consumptions than the traditionally used bleached fibers.

Supermasscollider grinders are an alternative option to homogenization. These grinders
use ultra-fine friction to promote fibril generation. The most used grinder is the Masuko by
into the grinder and passes through a stationary and a rotating disk, where delamination of the
cell wall occurs. Grinding is comparable to the refining of papermaking fibers, but in the case of
grinding, the stones utilize a negative gap width. This works by obtaining the zero position — the
point where the stones first meet one another — then setting the “negative” gap once the pulp

flows through the grinder. The fibers keep the stone from touching despite having a negative

gap.



Flow through the grinder can be controlled by adjusting the solids content of the pulp

slurry and the gap width between the two disks. As a result, the grinder is not prone to clogging

like in homogenization (Nechyporchuk et al., 2016). Grinding also has a high energy

consumption during the fibrillation process but like the case with homogenization, pretreatments

can be used to reduce this requirement. MNFC has the potential to address both concerns about

using recycled fibers for bio-based packaging — degrading strength and insufficient barrier

properties — and will be the primary focus of the following work (Boufi et al., 2016; Brodin et

al., 2014; Osong et al., 2016; Zambrano et al., 2020).

Table 1.1 Cellulosic nanomaterial nomenclature and average fibril size (Osong et al., 2016)

Aspect Ratio

Microbial cellulose

. Production Length Width )
Terminology Pathway (nm) (nm) (Iengtr;/W|dth
Nanocrystalline cellulose (NCC) Acid hydrolysis
Cellulose nanocrystals (CNC)* 2-20 100-600 10-100
Cellulose nanowhiskers
Microcrystalline cellulose (MCC) | Acid N
Cellulose microcrystal (CMC) hydrolysis® >1000 >1000 1
Nanofibrillar cellulose (NFC, Chemical
NCF) pretreatment and
Nanofibrillated cellulose (NFC, mechanical 2-10 >10,000 >1000
NCF) treatment
Cellulose nanofibril (CNF)*
Microfibrillar cellulose (MFC, Mechanical
MCF) treatment, 500-
Microfibrillated cellulose (MFC, optional 10-100 50-100
. 10,000
MCF) chemical
Cellulose microfibril (CMF)* pretreatment
Bacterial Nanocellulose (BC), Aerobic bacteria
(BNC) synthesis 10-40 >1000 100-150

*Denotes terminology the ISO standard prefers
&Acid hydrolysis is less intense than in the case for CNC resulting in the larger crystal

structure (Solala et al., 2012)
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1.5.2 Nanocrystals

Nanocrystals are produced from bleached cellulose via acid hydrolysis. CNC was first
isolated from wood and cotton cellulose in 1949 using sulphuric acid hydrolysis (Ranby et al.,
1949), but the majority of CNC research did not take place until the 1970s by Gray et al. The
surface morphology depends on cellulose sources (Nechyporchuk et al., 2016). A wide variety of
cellulose sources has been evaluated, including cotton (Araki et al., 2000), ramie (Habibi &
Dufresne, 2008), hemp (Cao et al., 2008), flax (Cao et al., 2007), sisal (Siqueira et al., 2009),
wheat straw (Dufresne et al., 1996), palm (Bendahou et al., 2009), bleached softwood (Araki et
al., 1999), bleached hardwood (Beck-Candanedo et al., 2005), cotton linter (Cao et al., 2009),
MCC (Capadona et al., 2009), sugar beet pulp (Said et al., 2004), and tunicate (Anglés &

Dufresne, 2000).

To produce CNC, amorphous regions are treated as defects and get removed through
cleavage of the cellulose fibers through strong acid hydrolysis. The type of acid used is
important. Sulfuric acid treatment is the most popular (Habibi, 2014), but hydrochloric (Yu et al.,
2013), phosphoric (Koshizawa, 1960), and hydrobromic (Feese et al., 2011) acids can also be
used. It is also possible to produce CNC using enzymatic hydrolysis (Filson et al., 2009; Pirani &
Hashaikeh, 2013) but it is less preferred than acid hydrolysis. Several reviews have been
published on CNC, which discuss this in more detail (Mariano et al., 2014; Nagarajan et al.,

2021).

1.5.3 Bacterial Nanocellulose
Bacterial nanocellulose (BC) is synthesized through a bottom-up process using an aerobic
bacterium such as Acetobacter. xylinus (Gatenholm & Klemm, 2010). This results in a structure

that is quite different than both CNC and MNFC. BC presents with high crystallinity and
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molecular weight. Since BC is fermented from bacteria, it is also completely free of
hemicellulose and lignin (Klemm et al., 2011). BC exists truly on the nanoscale and size
distributions are easier to control with bottom-up production compared to CNC and MNFC
production. Klemm et al. (2011) have conducted a comprehensive review of the BC synthesis
process and subsequent applications. Bacterial nanocellulose is outside the scope of this work;

thus, it will not be discussed in further detail.

1.6 Cellulose Micro-/ Nano-fibrils for Paperboard Applications

In 2008, Ahola et al. evaluated the application of MNFC as a paper additive. This study
showed a 130% increase in tensile compared to paper with no MNFC. Since then, numerous
studies have corroborated these results showing MNFC is a high-performance strength additive
that can produce tensile strength increases ranging from 15 to 602% (Eriksen et al., 2008b; He et
al., 2017b; Taipale et al., 2010). The following review articles discuss these findings in more

et al., 2020.

The large variation in strength improvement comes from MNFC inherently having
different reinforcing potential based on the fiber sources (D. A. Johnson et al., 2016; Lahtinen et
al., 2014; Stelte & Sanadi, 2009), pulping chemistry (Ferrer et al., 2012; lwamoto et al., 2008;
Solala et al., 2012; Spence, Venditti, Habibi, et al., 2010; Spence, Venditti, Rojas, et al., 2010),
pretreatment (Herrera et al., 2018; Syverud, Chinga-Carrasco, Toldedo, et al., 2011), and
mechanical treatment (Eriksen et al., 2008b) (Su et al. 2014; Madani et al. 2011, Hakeem et al.
2015, Saarikoski et al. 2017). On the one hand, this makes comparing the reinforcement potential
difficult between studies, but it highlights a unique opportunity to strategically choose a specific

MNFC for a designated application (He et al., 2017b; Zambrano et al., 2020). The main
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challenges for industrial application of MNFC are its high production cost and adverse effects on

drainage time.

1.7 Implications for Dewatering MNFC Suspensions

Due to their hydrophilicity and highly fibrillated structure, MNFC forms a swollen, gel-
have proven challenging to dewater. It is generally accepted that the dewatering rate of a fiber
suspension is related to how the particulates move relative to one another (Dimic-Misic et al.,
2013, 2017; Hubbe, Tayeb, et al., 2017; Hubbe et al., 2020, 2020; Hubbe & Rojas, 2008; Taipale
et al., 2010). Additionally, Park et al. (2006) showed that the water retention value of fines-free
fibers increases with beating time, and it is concluded that the increases in water retention is the

result of increased fibrillation, fiber wall delamination, and specific surface area.

While the works by Hubbe & Heitmann (2007) and Park et al. (2006) refer to more
traditional papermaking fibers, their observations and conclusions also apply to MNFC, which is
corroborated in studies by Dimic-Misic et al. in 2013 and 2017 which evaluated water retention
and rheology of both NFC and MFC at varying solids content and fibrillation degrees.
Additionally, Dimic-Misic et al. (2013 and 2017) measured the water retention value as an
indicator of the dewatering tendency for NFC and MFC samples and concluded the fibril surface
area profoundly increases swelling and surface charge, which translates to an increase in fiber

swellability and decreases dewatering (Amini et al., 2019; Park et al., 2006).

NFC has been shown across multiple studies to have higher amounts of bound water, i.e.,
water that is associated closely with the fibrils rather than the bulk solution, than MFC since it
follows the same trends as increases in fiber swellability and water retention (Park et al., 2006;

Salem et al., 2020). This results in MFC dewatering at faster rates compared to NFC (Amini et
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al., 2019; Dimic-Misic et al., 2013, 2017). Additionally, the reductions in NFC dewatering can
be attributed to the fact flexible fibers are more conformable and easily create entanglements
than their more-rigid fiber counterparts (Hubbe & Heitmann, 2007), resulting in the formation of
a denser fiber mat, which water must then try to permeate (Dimic-Misic et al., 2013). In the case
of a bulkier structure, like the one MFC forms, the suspension will retain larger drainage
channels that are less susceptible to plugging by small particles, and it will dewater more freely
(Dimic-Misic et al., 2013; Kugge et al., 2005). Higher furnish consistencies exacerbate this
phenonium (Dimic-Misic et al., 2013, 2017; Park et al., 2006), and these observations hold true,
albeit to a lesser degree, when MFC and NFC are incorporated into a fiber slurry representative
of more-traditional papermaking fibers (Dimic-Misic et al., 2013, 2017). While these studies
provide some insight into the fundamental reason why nanocellulose resists dewatering,

dewatering is a complicated process and still not fully understood.

Currently, there is no one-size-fits-all answer on how to overcome the challenge of
dewatering NFC and MFC (Balea et al., 2020). Numerous studies have shown how
polyelectrolyte (PE) addition changes the dispersion forces of cellulose fibers and is quantified
using sedimentation tests by the presence of a bulkier wet web (Alince & Robertson, 1974;
Hakovirta et al., 2014; Hubbe & Heitmann, 2007; Kline, 1966; Kugge et al., 2005). Additionally,
sedimentation studies of NFC and MFC have evaluated how increases in fibrillation result in a
more condensed fibril network (Agate et al., 2020; Luis Sanchez-Salvador et al., 2020). Utilizing
polyelectrolyte (PE) addition in NFC suspensions, there’s the potential to modify the dispersion
forces between the fibrils to promote agglomeration of fibrils and the formation of a bulkier wet
web structure resulting in better dewatering (Hubbe et al., 2020), and sedimentation

measurements can be used to optimize the type of PE to use and how much.
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Since the use of PE in papermaking furnishes containing NFC and MFC has been shown
to improve dewatering rates due to the retention of the bulky structure (Diab et al., 2015; Liu et
al., 2019; Lourenco et al., 2020; Merayo et al., 2017a, 2017b), it is not unreasonable to expect
similar behavior in a suspension consisting of only nanocellulose. An alternative strategy to
mitigate issues around dewatering is the incorporation of additional colloidal particles, e.g.,
precipitated calcium carbonate (PCC), to disrupt fibril interactions with water resulting in lower
amounts of bound water (Alves et al., 2019; Amiri et al., 2019; Balea et al., 2020; Dimic-Misic
et al., 2013). It is recommended to minimize the fibrillation level of NFC and MFC so the
maximum strength benefits can be achieved with the lowest decrease in dewatering rates

(Zambrano et al., 2020).

1.8 Driving factors behind MNFC performance in papermaking

The review article by (Zambrano et al., 2020), proposed several variables that affect
MNEFC’s performance in papermaking applications which can be summarized into three
categories: formulation, furnish composition, and operational. Formulation variables include the
inherent properties of the MNFC, papermaking pulp fibers, chemical additives, and bulk solution
(i.e., pH and salinity). Furnish composition variables refer to the ratio of MNFC-to-pulp fibers
and any other chemical additives. While the operational variables include, but are not limited to,
processes such as mixing, wet pressing, and drying temperature. The remainder of this chapter
will further discuss formulation and composition variables that will be the focus of the following

chapters.

1.8.1 Fiber source
At similar fines content, hardwood MNFC makes weaker films than softwood MNFC

(Stelte & Sanadi, 2009; Vartiainen et al., 2015; Zhao et al., 2017) and so the conclusion is that
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hardwood pulp is harder to fibrillate than softwood. Alternatively, a few studies suggest
hardwoods are easier to fibrillate due to a higher hemicellulose content facilitating fibrillation
(D. A. Johnson et al., 2016; Syverud, Chinga-Carrasco, Toledo, et al., 2011). Herrera et al.
(2018) disagrees with the earlier studies and speculates that the presence of lignin and
hemicellulose hurts fibrillation. Work done by Osong et al. in 2014 supports the theory that
lignin hinders fibrillation because the lignin-free MNFC improves the strength profile of
handsheets more than the lignin-containing MNFC. Although, it should be noted that the
LMNFC did lead to strength improvements. Table 1.2 contains an overview of LMNFC

produced from softwood pulp fibers with various pulping chemistries and mechanical treatments.

1.8.2 Pretreatment

Pretreatment is useful to reduce the energy consumption that is needed to free elementary
fibrils from the cellulosic fiber, which allows for more efficient production of highly fibrillated
materials (Isogai, 2013). It is widely accepted that it is impossible to have a homogenous mixture
of CNF without the use of chemical pretreatment and high energy consumption (Osong et al.,
2016). Studies evaluating CNF prepared with and without pre-treatments (either chemical,
mechanical, or enzymatic) in papermaking applications concluded that CNF with higher degrees
of fibrillation (mainly, TEMPO-oxidized CNF) improved strength properties the most (Delgado-

Aguilar, Gonzalez, Tarrés, et al., 2015).

1.8.3 Particle size trade-off

Eriksen et al. (2008a) saw a decrease in particle size of MFC led to increases in tensile
strength for thermomechanical pulp, but there were diminishing returns in strength when
processing the MNFC past a certain energy consumption. The authors observed a drop in tensile

index once they passed an optimal level of fibrillation. Although studies have shown that using
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more of a lesser-fibrillated CNF, it is possible to obtain similar strength improvements to that of
the highly processed CNF (D. A. Johnson et al., 2016; Zambrano et al., 2021). He et al. (2017a)
concluded that MNFC should be produced for a specific application to achieve the optimal

fibrillation degree.
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Table 1.2 Literature survey of LMNFC produced from softwood pulp.

Pulping Method Reference Delignification | Bleaching Cl:‘olg?égt Her&')ﬁ!zltose Cellulose Content
Kraft (Lahtinen et al., 2014) N 2.6 16.84
Y 1 15.97
(Osong et al., 2013)* Y - - -
(Rojo et al., 2015) Y 0.5
(Hoeger et al., 2013) Y 0.2 16 79.6
(Oliaei et al., 2020) Y 1.8 18.6 79.6
N 11 17.9 69.7
N 23.6 17.2 57.2
(Spence, Venditti, Habibi, Y 0.08 20 79.2
etal., 2010) N 8.8 22 69
N 13.8 29.2 65.2
SO»-ethanol (Rojo et al., 2015) N 1.7
extraction 3.7
13.5
(Morales et al., 2014) N 2.1 3.7 94.2
N 1.7 7.8 90.5
N 4.1 11 84.9
N 5.9 10 84.1
N 13.5 11.5 74
Thermomechanical | (Diop et al., 2017) N N - -- --
(Hoeger et al., 2013) N N 29.2 22.3 39.1
Neutral sulfite AQ | (Hanhikoski et al., 2020) N N 23.4 24.3 475
N N 20.1 24.2 50.9
N N 14 25.3 60.4
N N 9.9 22.8 66.9
N N 24 22.3 49.3
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Table 1.2 (Continued)

Sulfate (Visanko et al., 2017) N N 27.4 13 57.4
Y 0.2 3.9 95.8

(Diop et al., 2017) * N N - - --
Soda (Espinosa, Sanchez, et al., N 10.31 11.9 64.9

2017)

* = the pulp was a mixture of softwood species
Blank cells in the table are when the information was not specifically said or clarified within the cited reference
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Chapter 2 - Lignin-containing Micro/Nanofibrillated Cellulose to
Strengthen Recycled Fibers for Lightweight Sustainable

Packaging Solutions

2.1 Abstract

As e-commerce drives the packaging growth, consumers are pushing for more sustainable
packaging solutions. Considering the current societal needs, we have been able to engineer a new
pathway for sustainable packaging solutions by developing lignin-containing micro- and nano-
fibrillated cellulosic (LMNFCs) materials to strengthen the recycled fibers. LMNFCs from
unbleached, softwood pulp containing 14.4% lignin at high and low fibrillation levels were
produced. Packaging papers from recycled old-corrugated containers were strengthen with
LMNFCs with varying addition levels of 1-3 wt.% at two basis weights. The results show 2 wt.%
addition LMNFC can enhance strength at low levels of fibrillation, and that basis weight can be
reduced by 16.7%, from 150 GSM to 125 GSM, while maintaining a burst strength of 49-53 Ibs.
Reduction in basis weight and high lignin content of LMNFC also enhanced dewatering during
sheet formation with the lowest increase in drainage time, 9%, relative to the 150 GSM with no
LMNFC. The techno economic analysis supports the feasibility of using LMNFC to produce
lightweight and sustainable packaging materials at industrial scale with an 8% reduction in fiber

cost.

Keywords: Nanocellulose; lignin; Microfibrillated cellulose; dewatering; strength aid;

lightweight recyclable packaging; sustainable packaging
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2.2 Introduction

With consumer preference shifting away from petroleum-based packaging to more
sustainable options, paper-based packaging is experiencing a compound annual growth rate of
3.41% (More, 2019). In conjunction with the shift to more sustainable packaging, customers are
looking for smaller, light-weight packaging options without sacrificing the integrity of the
package contents (Euromonitor, 2019). Lightweight packaging has two main benefits: reduction
of raw material usage and cost savings across the supply chain, especially in shipping costs
(Lightweight Packaging Trend Must Balance Eco Impact and Consumer Experience, 2014;
Shaw, 2016). It is widely accepted that paper strength is influenced by the relative bonded area
(RBA) of the fibers, e.g., a higher RBA yields a stronger sheet (Page, 1969). During the process
of creating lightweight packaging paper, less fibers are used in the final sheet which reduces the
RBA and results in a weaker sheet unless papermakers take additional steps to account for these
strength losses (Page, 1969; Retulainen & Nieminen, 1996). Due to this significant drop in paper
properties, particularly bending stiffness, fiber can only be removed from the sheet if the paper

consistently performs better than the desired properties (Retulainen & Nieminen, 1996).

Refining is the most common treatment in the paper industry to increase RBA through
the delamination of the cellulose fiber’s secondary layer into fibrils, but the amount of fibril
generation must be balanced with machine run ability because larger amounts of fines present in
a furnish slow down the drainage time of the wet paper web  (Eklund & Lindstrom 1991;
Hubbe et al., 2007; Hubbe & Heitmann, 2007). For recycled grades, refining poses a difficult
challenge. On the one hand, refining is necessary to recover paper strength in the final product,
but on the other hand, recycled fibers have already been refined at least once, which leads to an

even higher fines generation (Hubbe et al., 2007).
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Ahola et al. (2008) evaluated the addition of MNFC into paper, achieving a 130%
increase tensile relative to paper with no MNFC. Numerous studies confirmed the reinforcement
potential of MNFC, showing increased tensile index values ranging from 15 to 602% (Boufi et
al., 2016; Brodin et al., 2014; Osong et al., 2016; Zambrano et al., 2020). The wide range of
results arises from the variation of cellulose properties due to fiber source, pulping chemistry,
mechanical treatment, drying, etc., which creates a unique opportunity to strategically choose a
production pathway for application specific MNFC (Zambrano et al., 2020). A common feature
of all MNFC is a high aspect (length-to-width) ratio that ranges from 50-100 to over 1000,
depending on whether the fibrils are on the micro- and nano- scales, respectively (Osong et al.,
2016). Many researchers accept that the high aspect ratio is the driving factor behind the
increased RBA and subsequent increase in strength due to having a larger surface area capable of
creating inter-fiber bonds (Boufi et al., 2016; Brodin et al., 2014; Osong et al., 2016; Taipale et
al., 2010). Despite these promising results for improved strength, there are several downsides to
using MNFC as a paper reinforcement. The first being the high cost of production and the second
being the negative impact on drainage time. Both challenges must be addressed before MNFC

can be used successfully on an industrial scale.

A techno-economic analysis (TEA) completed by Abbati de Assis et al. (2018) showed
50% of the MNFC production cost is attributed to the fiber cost. This study used a bleached
market pulp for MNFC generation with a cost of 1,016 USD/ton. Bleached softwood kraft fiber
has been the primary fiber source in MNFC research due to good processability, especially if a
chemical pretreatment is used (Abbati de Assis et al., 2018; Agate et al., 2020; Delgado-Aguilar
et al., 2016; Iwamoto et al., 2019; Spence, Venditti, Rojas, et al., 2010). A recent study by

(Zambrano et al., 2021) shows that even though the fiber source significantly influences the
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processing requirements to produce a uniform product, once fibrillated, the fiber source has a
negligible impact on paper properties. Additional studies using a bleached fiber source for
MNFC production confirm this by showing that even though high levels of fibrillation will give
a larger improvement in mechanical properties, low levels of fibrillation will still provide
significant increases (Bossu et al., 2019; Fall et al., 2014; He et al., 2017; Hii et al., 2012; Tarrés,

Pelach, et al., 2017).

The other main barrier for industrial implementation of MNFC is the negative impact on
drainage time of the fiber slurry during paper manufacturing. MNFC with lower levels of
fibrillation have been shown to impact drainage less, especially when added at low addition rates
(Balea et al., 2016, 2020; Delgado-Aguilar, Gonzalez, Pelach, et al., 2015; Tarrés, Pelach, et al.,
2017; Vallejos et al., 2016) Gonzalez et al., 2012. Additionally, a couple of studies have shown
that optimization of wet-end chemistry and the use of drainage aids are effective at offsetting the
negative impacts on drainage caused by MNFC (Balea et al., 2016; Merayo et al., 2017b; Rice et
al., 2018). The use of drainage aids introduces additional costs to the system but are relatively
small. Drainage time can also be decreased through either reducing the sheet’s basis weight or by
refining the pulp less, but both options yield a significant strength reduction attributed to the
decrease in RBA and would have to be mitigated as well. Since the addition of MNFC increases
the RBA of paper, it is possible that strength losses associated with the reduction of basis weight

or elimination of refining could be offset.

Considering the above factors, we propose to study the use of high yield fibers (lignin-
containing) for low-cost, onsite production of micro- and nano-fibrillated cellulose in addition to
lower levels of fibrillation. It is hypothesized that the fibril size will range from the micro-scale

to the nanoscale at lower fibrillation levels (Osong et al., 2016). For the purposes of this work,
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the acronym LMNFC will be to indicate that fibrillated produce was made using lignin-

containing fibers and is a mixture of both micro- and nano-fibrils.

The paper industry utilizes 19 million tons of recycled paper for containerboard
production each year (Where Recovered Paper Goes, 2018), but with each subsequent
reprocessing cycle of fiber there is a decrease in mechanical properties attributed to the
resistance of fiber swelling when rewet after being dried (Hubbe et al., 2007). The use of
LMNFC in containerboard could offset the decreased strength associated with this by increasing
the RBA of the paper. Since containerboard is an unbleached paper product, the use of LMNFC
as a wet-end strength enhancer will have negligible effects on the appearance and optical

properties of the sheet (Tarrés, Pellicer, et al., 2017).

In this work, fibers with high lignin contents were used to produce LMNFC at low levels
of fibrillation to enhance the mechanical properties of linerboard, and to produce lightweight
packaging products. We also addressed the issue of drainage through the use of low fibrillation
of LMNFC, reduction of basis weight and refining. The best solution can be the combination of
fibrillation degree and addition rate that meets the target strength requirement of the linerboard
while increasing the drainage the least which we hypothesis is the low-fibrillated LMNFC at low
addition amounts. This study is the first to evaluate a cost-effective use way to produce LMNFC

for recycled papermaking applications to produce light-weight products.

2.3 Experimental

2.3.1 Materials
A softwood pine, unbleached kraft pulp was used to produce LMNFC. Compositional

analysis of the softwood pulp was determined via the NREL procedure (Sluiter et al., 2012).
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Results showed the fibers are 70.1% cellulose, 15.0% hemicellulose (total), and 14.4% lignin
(total). The pulp had a number-weighted fines content of 54%. Recycled old-corrugated
container (OCC) was collected pre- and post-refiner from a recycle linerboard paper mill.
Freeness of the pulp obtained before refining was 500 csf and refining decreased the freeness to
450 csf. Further comments on the freeness of the furnish with and without LMNFC addition are
included in Appendix A. The OCC pulp was treated with biocide at the mill and was centrifuged

to approximately 28% solids content in the lab for storage.

Refined or

Unbleached
Softwood Kraft Pulp Unrefined OCC

& 1
¥
5 LMNFC-HI
- o OL) _,.

—> [MNFC-LO

British

Disintegrator Handsheet

Figure 2.1 Process diagram of LMNFC production and application in OCC. For simplicity, this
diagram does not show all combinations of LMNFC and OCC that were evaluated.

2.3.2 LMNFC Production

The unbleached softwood kraft pulp was diluted with tap water to 2% consistency. The
LMNFC samples were then prepared by grinding the pulp with a supermasscolloider (Masuko
Sangyo Co. Ltd., Japan) with silicon carbonate grinding stones (E6-46 DD). Two LMNFC
samples were produced as shown in the production pathway highlighted in Figure 2.1 along with
a process to combine the LMNFC with the OCC for handsheet production. The first LMNFC

sample was collected after a net energy consumption of 3000 kwWh/ton oven dry (OD) pulp and is

25



named “LMNFC-LO.” The second sample was collected after a net energy consumption of 5600
kWh/ton OD pulp and is referred to as “LMNFC-HI”. The net energy consumption was
calculated on a pass basis by subtracting the no load power of the grinder from the average
power reading recorded for each pass. The total net energy consumption is a sum of the
individual passes. The solids content was measured by drying an 8-gram sample in a 105°C oven

for 24 h.

2.3.3 LMNFC Characterization

2.3.3.1 FQA. The number-weighted fines content was measured using OptTest Fiber Quality
Analyzer considering particle size smaller than 0.20 mm as fines with a lower detection limit of

0.07 mm.

2.3.3.2 Cationic Charge Demand. The cationic charge demand of the fibrils was measured
using the charge analyzing system (CAS) Il touch automatic titration device. Samples were
diluted to 0.05% consistency with deionized water and subsequentially filtered. About 10 mL of
the filtrate was added into the titration chamber and titrated using 0.001 N

polydiallyldimethylammonium chloride (PolyDADMAC) to a neutral charge.

2.3.3.3 Scanning Electron Microscopy (SEM). To prepare the LMNFC samples for SEM
imaging, they were diluted to approximately 0.005% and subsequently freeze dried. The SEM
images were collected using a Verios 460L. The magnification level was set to 500x with a 13-

pA beam current and a 2.00 kV high voltage. There was no bias on the beam.

2.3.3.4 X-ray Diffraction (XRD) Analysis. To determine the crystallinity index, the samples
were dried flat in a 105°C oven. Once dried, the samples were exposed to Ni-filtered Cu K

radiation using a Rigaku X-ray Diffractometer using a scan speed of 0.02°s-1 over the range of
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5° to 45°. The diffractometer was operated at 44 kV and 40 mA. Crystallinity content was
determined from the resulting diffractograms based on the method described by (Segal et al.,

1959).

2.3.4 Evaluation of LMINFC Enhancement

This experiment was completed in three parts. The first part was conducted to show that
the addition of LMNFC could enhance the strength of linerboard. The other two parts were
performed to evaluate various methods to reduce the negative effects of LMNFC on drainage
through the reduction of basis weight or the elimination of refining on OCC. The factors and
levels used for each part are shown in. A control sample (handsheet with no LMNFC addition)
was made for all three furnish and basis weight combinations. The refined OCC sheet with a
basis weight of 150 GSM with no added LMNFC is considered as the baseline and the target

strength when reducing basis weight or refining.

2.3.4.1 Linerboard Strength Enhancement. LMNFC-HI were added into refined OCC at 2
wt.% and 3 wt.% levels and then compared to the refined OCC with no LMNFC addition. The
LMNFC and OCC were diluted to 1% consistency and mixed for 15,000 revolutions in a British
disintegrator, then diluted to 0.3% to make handsheets. A linerboard handsheets of 150 GSM

were then made according to TAPPI standard 205.

2.3.4.2 Basis Weight Reduction. Instead of making a new, super grade paper, the feasibility of
producing paper at the same strength while using less fiber overall was evaluated first. In this
case, handsheets were made from refined OCC with LMNFC-LO added at 1 wt.% and 2 wt.%

content levels. Based on preliminary results and the impact of LMNFC addition on drainage

27



time, lower LMNFC addition levels were evaluated in this case. No other changes were made to

the procedure.

2.34.3

2.3.4.4 Elimination of Refining. In addition to the reduction of basis weight, it was evaluated
whether refining could be eliminated. Handsheets of 150 GSM basis weight were made from
unrefined OCC with the addition of LMNFC-LO at 1 wt.% and 2 wt.% levels. No additional

changes were made.

Amount of
F ish . \
urnis Basis Weight LMNFC Added LMNFC Added
2%
LMNEFC-HI F
3%
150 gsm . Linerboard Strengt]
Enhancement
2%
LMNFC-LO
Refined
OCC (450 3%
csf) i
1%
125 gsm LMNFC-LO — Basis Weight
: 20 Reduction
1%
Unrefined
OCC (500 150 gsm LMNFC-LO — Elimination of
cst) Refining
2%

Figure 2.2 Design of experiment for LMNFC evaluation.
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2.3.5 Pulp and Paper Characterization

Freeness was measured according to TAPPI T 227 om-21. Drainage time was measured
according to TAPPI T 221 cm-22. Five handsheets were pressed at a time and air dried under
restraint in a TAPPI conditioned room (50% relative humidity and 23 °C) for at least 24 h prior
to testing according to TAPPI T 402 sp-21. Burst and short span compression strength (STFI)
values were measured according to TAPPI T 403 om-15 TAPPI T 826 om-21, respectively. All

results were normalized by basis weight.

2.3.6 Manufacturing Cost of LMNFC-LO

Using the cost model developed by de Assis et al. (2018), the production costs for a 50-
ton/day, on-demand, co-located LMNFC was estimated. This scaled up, industrial production of
LMNFC assumes that the specific energy used in the mass supercollider (3,000 kWh/t) will
corresponded to the specific energy loading in an industrial disk refiner. Other than using
unbleached softwood kraft as the raw fiber source, the only additional change in the model not
needing to install a hydro pulper since the mill produces both virgin softwood kraft and OCC

which will reduce the capital installation costs and further reducing the cost of LMNFC per ton.

2.3.7 Cost Savings from Basis Weight Reduction

The 150 GSM handsheet was used as the baseline to calculate the cost savings on a
square footage basis. The square footage production from 1 ton of fiber was calculated by Eq. 1
where X is the basis weight in GSM and Y is the amount of square footage produced from 1 t of
fiber. When producing a 150 GSM sheet, 1 t of fiber will yield 64 MSF. The amount of square

footage produced with 1 t of fiber (YY) was calculated for each incremental reduction in basis
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weight. Using Eq. 2, this production value was scaled to determine the tons of fiber (Z) needed to

produce 64 MSF. The cost to produce 64 MSF, (C) was calculated using Eqg. 3.

4.8 gsm

1

msf\ _ 20001b
Y (T) 1t 1Trll_l;f X gsm (1)
64 msf
Z(t)="%; )
t
USD USD
¢ (USD) = (2t x15352) +{(Z t x 2%) x 75222 3)
Table 2.1 Characterization of lignin containing fiber at increasing levels of fibrillation.
. Fines Content Crystallinity
Energy Consumption . Charge
number-weighted Index
(KWh/ton) ((% ) J (meq/L) (%)
Starting Fiber -- 54 0.0130 52
LMNFC-LO 3,000 73 0.0168 50
LMNFC-HI 5,600 79 0.0197 46

2.4 Results and Discussion

2.4.1 LMNFC Characterization

In this study, energy consumption during mechanical treatment, fines content, and charge
were measured. Additionally, the crystallinity of the LMNFC was measured as it is commonly
reported in previous studies evaluating nanocellulose (Espinosa et al., 2018; Hoeger et al., 2013)
(He et al., 2017). Figure 2.3 shows the SEM images of the kraft fiber that was used for making
the LMNFC and the two LMNFC samples evaluated in this study. These images showed that the
number of fibrils on the fiber surface increased as more energy was applied. The data reported in
Table 2.1 quantifies this observation using the fines content, charge, and crystallinity of the

LMNFC.
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Figure 2.3 SEM images of unbleached softwood kraft fibers (a) before mechanical treatment, (b) after
3,000 kWh/ton, and (c) after 5,600 kWh/ton. All images are at the same scale and magnification.

Moreover, the surface charge increased with increasing energy consumption due to the
generation of a larger fibril area. Using fines content as a measure of the degree of fibrillation,
the starting fiber suspension contained 49% fines, which increased to 73% and 79% after the
application of 3,000 kWh/ton and 5,600 kWh/ton of energy, respectively. Like the effects seen
with refining, as the amount of energy applied to the fibers during LMNFC production increases,
there was an increase in the fines content. This trend also occurs when fibrillating a bleached
softwood kraft fiber. (D. Johnson et al., 2016) shows an increasing fines content to a maximum
around 95% at an energy consumption of 2500 kWh/ton. It only took 1500 kWh/ton to reach a
fines content of 77% in the (D. Johnson et al., 2016) study. The discrepancy between the fines
content of the bleached and unbleached softwood kraft fiber can be attributed to two things:
different production methods (refiner vs. mass supercollider) and the lignin content. While it is
still debated whether lignin containing fibers are harder to fibrillate than bleached fibers
(Zambrano et al., 2020), it has been shown that lignin-containing nanocellulosic material will
have a less efficient reinforcing capabilities than lignin-free nanocellulose (Osong et al., 2014).
LMNFC-LO and LMNFC-HI may not increase the strength properties as well as a bleached

softwood kraft nanocellulose, there should still be some improvements.
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Figure 2.4 Diffraction pattern of lignin containing cellulose fibers at different degrees of fibrillation.
The diffraction patterns are offset in the y-axis to aid visibility since intensity is reported in an arbitrary
unit. The inset graph shows crystallinity content (%) decreases with increasing energy consumption
due to damage to the crystalline regions resulting in a higher content of amorphous regions.

When increasing the mechanical treatment applied to fibers, the crystalline regions are
damaged and become more amorphous (Salem et al., 2020). This leads to the decreasing trend in
crystallinity index. As shown in Table 2.1 the crystallinity index of the starting fiber was 52%
and it decreased to 50% and 46% when 3,000 kWh/ton and 5,600 kWh/ton of energy,
respectively was applied to the fibers. Figure 2.4 shows this decreasing trend along with the
diffractograms generated during XRD analysis. The peak at 20 = 22.6° is associated with the
crystalline plane, and the peak at 26 = 18° is representative of the amorphous region. In contrast
as reported in (Hoeger et al., 2013), a bleached softwood kraft containing only 0.2% lignin had a
crystallinity index of 46% at an energy consumption of 3280 kWh/ton. The fibers were also
fibrillated using a mass supercollider. The bleached softwood kraft fiber had a crystallinity index
of approximately 58% after pulping before fibrillation. Since lignin is a branched heterogenous

32



polymer, a higher lignin content will decrease the proportion of crystalline regions to amorphous
regions, resulting in a lower crystallinity index. In (Hoeger et al., 2013) 3280 kWh/ton decreased
the crystallinity index by 12-percentage points, whereas in this study 3000 kWh/ton only
decreased the crystallinity index by 2-percentage points. It took almost twice as much energy to
reduce the crystallinity index of the lignin-containing softwood fiber to the same crystallinity
index of the bleached softwood fiber. (Hoeger et al., 2013) suggested lignin might be serving as
a protecting agent during the fibrillation process, and the crosslinks between lignin and
hemicellulose must be severed before considerable damage to the cellulose crystalline structure
can take place, and the crystallinity index of LMNFC-LO and LMNFC-HI further align with that

hypothesis.

2.4.2 Linerboard Strength Enhancement

After the two LMNFC samples were quantified, they were added to linerboard to
evaluate their performance as a strength enhancer. The linerboard strength tests for the refined
OCC are shown in Figure 2.5. Incorporation of LMNFC into linerboard handsheets increased
burst strength by 20% from a baseline of 53.3 Ibf to 65 Ibf on average, but there was no
substantial difference in strength improvement between LMNFC-LO versus LMNFC-HI
indicating that the LMNFC does not need to be very highly fibrillated to achieve property
enhancements. Additionally, there was no statistical differences between the 2% and 3% addition
rates, which agrees with the results from Taipale et al. (2010) suggesting that the optimal dosage
rate is around 2%. The caveat to this assumption is that there are many factors that impacts this
equilibrium such as fiber type, bleaching, and other chemical additives being used. In addition to
burst strength, STFI is used as an indication of box compression strength. The STFI values

followed the same trend as that of burst strength as shown in Figure 2.5.
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These results confirmed that the use of LMNFC could improve burst strength while also
improving STFI. Being able to add a lower amount of LMINFC, with a low fibrillation level, will
minimize the impacts on drainage time. Even though the combination of the fibrillation level and
addition rate did not have different results on the strength properties, there was a noticeable
difference in drainage time which was increased anywhere from 34% to 215%. Figure 2.6 shows
the compounding effect of addition rate and fibrillation level on drainage rate. The amount of
time it took for the pulp to drain exponentially increases with higher addition rates and

fibrillation levels which agrees with previous studies (Balea et al., 2019; Rice et al., 2018; Tarrés

et al., 2018; Tarrés, Pelach, et al., 2017).
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Figure 2.5 Addition of LMNFC to refined OCC at 150 GSM improved both (a) burst strength and (b)
STFI.

2.4.3 Basis Weight Reduction

Based on the results showing that LMNFC addition improved the strength of linerboard,
the reduction of basis weight was evaluated. Drainage on the wet end of the paper machine and

strength is related to the basis weight of the sheet. Figure 2.7 shows that decreasing the basis
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weight from 150 GSM to 125 GSM, a 16.7% reduction in basis weight, lowers the sheet strength
from 53.3 Ibf to 39.5 Ibf, a 26% strength reduction. Through the addition of LMNFC, this
decrease in strength can be offset. At 125 GSM, a 2% addition of LMNFC-LO increased burst
strength by 10.3 Ibf to 49.9 Ibf. Figure 2.7 also shows how the incorporation of LMNFC
improves STFI in addition to the burst strength. Addition of LMNFC-LO at 2 wt.% increased
STFI to 14.5 Ibf/in. This value is comparable to the baseline short span compression value of
15.1 Ibf/in. After the reduction of basis weight, introducing the LMNFC at a 2% addition rate
only increased the drainage time by 5% compared to the 150 GSM sheet with no LMNFC
addition. Since no drainage aids were used in this study, future work could be done to optimize a

wet end chemistry program to completely mitigate this increase.
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Figure 2.6 LMNFC fibrillation level and addition rate increases drainage time compared to the control
(OCC with no LMNFC addition).
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2.4.4 Elimination of Refining

As the addition of LMINFC could allow for basis weight reductions, the alternative of
eliminating refining process on the OCC was evaluated. Figure 2.8 compares the influence of
using unrefined OCC pulp with the addition of LMNFC to the baseline. Adding 2% of LMNFC-
LO to unrefined OCC increased burst strength to 54.3 Ibf compared to the baseline strength of
53.3 Ibf for the refined OCC. This addition makes the strength of the unrefined sheet comparable
to that of the refined sheet with no added LMNFC, but drainage time was increased by 21% from
9.5 sto 12 s. Since there are no additional strength benefits of combining unrefined OCC and
LMNFC and the drainage time was increased, it is better to refine the main OCC furnish and
forgo the addition of LMNFC. Although, this study only looked at the complete elimination of
refining step, and it will be beneficial to evaluate the tradeoff of refining versus LMNFC

addition. This concept might be of importance for mills that are refiner limited.
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Figure 2.7 Refined OCC with the basis weight reduced to 125 GSM with the addition of LMNFC was
able to maintain the baseline (a) burst strength and (b) STFI.
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2.4.5 LMNFC Cost Analysis

Using the financial assumptions and base equipment costs listed in Appendix A, it was
determined that the LMNFC-LO produced in this study costs 752 USD/ton, on an oven dried
basis. Abbati de Assis et al. (2018) showed that the cost of MNFC is driven by the high cost of
northern bleached softwood market pulp, but in this study the cost is mitigated by using a low-
cost fiber source. Unbleached softwood kraft fibers are 80% cheaper than their bleached, market
pulp counterpart (199 USD/t and 1,016 USD/t respectively). So, the use of unbleached fibers to
produce LMNFC reduces the production cost by 51%, from 1,546 USD/t to 752 USD/t (dry
basis). With such a huge reduction in fiber cost, the main driver of the LMNFC cost is now
energy consumption but based on a sensitivity analysis of using 25% more or less energy, the
cost varies by only $50/t. Since one of the main barriers for using nanocellulose in papermaking
is its high production cost, this analysis shows that it is possible to use unbleached fibers to

produce nanofibrils at a significantly lower cost for reinforcing recycled packaging paper.

—#* No LMNFC & LMNFC-LO LMNFC-HI

a0 20
Baseline - -
- 60 | Baseline ; =1 » L -
= =
% 40 t T = 10
: :
20 @ 5
0 (a) 0 (b)
Mo LMMFC 1% 2% Mo LMMFC 1% 2%
Addition of LMNFC Addition of LMNFC

Figure 2.8 Addition of LMNFC allowed for unrefined OCC sheets at basis weight of 150 GSM to
recover the enhancement of a (a) burst strength and (b) STFI that is typically associated with refining
of the main furnish.
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2.4.6 Cost Savings from Basis Weight Reduction

Based on the experimental results showing that a 2% addition of LMNFC-LO provides
the most optimal conditions to reduce basis weight, the techno economic analysis was further
used to calculate the possible cost reductions in the pulp mill that results from the reduced fiber
usage on the paper machine. To parallel the laboratory results, a 150 GSM OCC sheet was used
as the reference for this analysis. OCC pulp costs 153 USD/t to repulp (Fisher International
Data, n.d.). On a tonnage basis with the incorporation of LMNFC, the pulp production cost
increases 9.8% from 153 USD/t to 169 USD/t in the case of no basis weight reduction, which
would not be practical unless manufactures can convince existing customers to pay more for a
premium product. The cost savings will be clear when evaluating the reduction in fiber that is
needed on a square footage basis, since customers do not necessarily care about how much fiber

is in their product if it meets their minimum strength requirements.

Table 2.2 Fiber cost savings when using LMNFC-LO to reduce basis weight on an equivalent square
footage basis using Eg. 1 to calculate MSF produced /t fiber, Eq. 2 to calculate tonnage at required to
produce 64 MSF (t), and Eq. 3 to calculate the cost (USD).

Basis Weight Reduction (%) -- -- 5 10 15 16.7
Basis Weight (GSM) 150 150 142.5 135 127.5 125
LMNFC-LO (% Addition) 0 2 2 2 2 2

MSF produced/t fiber 64 64 67.4 71.1 75.3 76.8
Tonnage to produce 64 MSF (t) 1.0 1.0 0.95 0.9 0.85 0.83
Cost (USD) 153 168 160 151 143 140

When evaluating the addition of LMNFC in conjunction with a basis weight reduction of
10-15%, Table 2.2 shows a savings of 1.2% - 8% in fiber costs is achievable. This estimate relies

on the assumption that the square footage produced is more valuable than the tons of fiber in the
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sheet with the stimulation that the sheet keeps the same strength targets. While this techno
economic analysis looks promising, it only accounts for the costs to produce the LMNFC in the
pulp mill. Changes in costs associated with processing on the paper machine were not considered
but should be in future work to show the full economic impact of using LMNFC in the

manufacturing of packaging paper.

2.5 Conclusions

This work shows the novel method of using lignin containing LMNFC as a viable route
to produce lightweight packaging materials. Even though LMNFC-LO is less fibrillated than
LMNFC-HI, the incorporation of LMNFC-HI does not provide additional strength benefits.
Although the impact on drainage time does depend on the level of fibrillation — LMNFC-HI had
a larger, negative impact than using LMNFC-LO. Using the criteria of achieving the largest
increase in fiber strength and the smallest increase in drainage time, the LMNFC-LO addition at
2% level performs the best as an internal additive in linerboard. This approach helps to overcome
the challenges in large scale utilization of nanocellulosic materials because of their slow
dewatering and energy intensive processing requirements. Additionally, a techno-economic
analysis puts the cost of LMNFC in the study at 752 USD/oven dry ton. When evaluating the
addition of LMNFC in conjunction with a basis weight reduction of 10-16.7%, a savings of 1.2%
- 8.0% in fiber costs is achievable. Further, the study supports that the capital investment to co-

produce LMNFC ay a linerboard mill could be profitable.
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Chapter 3 - Technical Economic Analysis of Lignin-Containing
Micro- and Nano-Fibrillated Cellulose (LMNFC)

to Light Weight Linerboard

3.1 Abstract

A WInGEMS process model is used to evaluate changes in paper machine economics
when using lignin-containing micro-/nano-fibrillated cellulose (LMNFC) as a dry-strength
additive. The model is based on state-of-the-art linerboard paper machine technology capable of
producing 84 O.D. tons per hour. The results show that basis weight can be reduced by 17% with
the addition of LMNFC when compared to the base case producing a 150 GSM linerboard grade
with 1.5% cationic starch addition as a retention agent with no LMNFC addition. The alternative
case reduced the cationic starch addition to 0.8% and added 2% LMNFC to produce a 125 GSM
linerboard with the same strength profile as the 150 GSM linerboard. This decrease in basis
weight corresponds to a 12.5% reduction in costs when accounting for incremental fiber and
manufacturing costs. Using LMNFC to eliminate refining instead of reducing basis weight
increased manufacturing costs by 3.5% but decreased the amount of dissolved wood solids going
to the sewer from 24.6 to 0.4 t/hr. Even though the increased paper machine manufacturing cost
is not ideal, the reduction in dissolved wood solids will reduce water treatment processing

requirements.

3.2 Introduction
Previous models of paper machine drying made using MATLAB have evaluated the mass
and energy balances for a static condition (Kong et al., 2016; Kong & Liu, 2012; Y. Zhang et al.,

2018). Some of the key findings were that the basis weight of the sheet has a larger impact on
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how much drying energy is required than the energy associated with increasing machine speed,
e.g., energy consumptions of drives, auxiliary fans, and pumps (Kong & Liu, 2012). Since these
models are only a snapshot of the system, they do not account for the interdependencies of the
papermaking process. Papermills are highly interconnected; therefore, minor changes in one
process stream can significantly affect the rest of the process. While these static models provide
significantly more information about the process than previously available, more work is needed

to understand the big picture.

WInGEMS software was developed specifically for the paper industry to overcome the
limitations of a static process model. Additionally, it has built in calculations specifically for
papermaking operations. This gives users the capability to quickly evaluate process changes and
potential capital investments by understanding how all parts of the process will respond. For
example, one of the key process variables that influence the mass and energy balance in the dryer
section, is the water content in the sheet after the presses as it enters the dryers. In short, higher
amounts of water increases drying energy and steam demand. But there are hundreds of process
variables that affect how much water is in the sheet after pressing, from what type of chemical
additives are used for retention and drainage aids, vacuum box pressure and retention times,

machine speed, press nip type, headbox solids, degree of fiber refining, etc.

Previous work shows that MNFC has been shown to be a novel, effective dry-strength
agent in papermaking, particularly in linerboard packaging paper (Starkey et al., 2021; Zambrano
et al., 2020, 2021). The strength gains achievable with LMNFC addition depend on its degree of
fibrillation, the amount added, and the level of refining on the base stock (Zambrano et al.,
2020), but as fibrillation, addition rates, and refining increases, the draining ability of the free-

water decreases (Hubbe & Heitmann, 2007; Starkey et al., 2021). Lower rates of drainage effects
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paper machine performance and runnability by reducing the solids content entering the press.
The press section is only able to remove a set amount of water, typically 20%. So, if a sheet with
lower solids content enters the press, it will still have a lower solids content entering the dryers.
Traditionally paper machines are slowed down to allow for more drainage on the forming wire to

keep a higher level of solids entering the press and dryers.

Since LMNFC has a higher water retention value than traditional papermaking fibers,
their effect on furnish dewatering is one of the main barriers to wide-scale, industrial adoption
(Hubbe, Ferrer, et al., 2017; Lindstrom, 2019; Lindstrom et al., 2015). Numerous studies have
discussed how wet-end chemistry programs can be adjusted to offset the negative effects of
LMNFC on dewatering (Taipale et al., 2010). Additionally, a study by (Starkey et al., 2021)
shows the negative effects on drainage can be offset through the reduction of basis weight or
refining in the absence of any retention and drainage aids. This WinGEMS model will
complement the lab-scale data reported in (Starkey et al., 2021) (Chapter 2) to develop more
understanding of the production impact when adding LMNFC into the furnish. If the results
show no undesired changes in the process and a positive influence on gross profit, then the
model can be used to justify shifting production of linerboard away from heavy grades to more

sustainable light-weight grades and provide paper mills a means to make the change.

3.3 Materials and methods

WIiInGEMs was used to build a mass and energy balance. The model paper machine
consists of a singly-ply fourdrinier former with a short and long white water circulation unit.
Operation of the machine is limited by steam availability in the dryer section, and the machine
drives have the capacity for increased production speeds. These limitations were chosen to

constrain the model to a realistic scenario. If looking to use this model to understand the impacts
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of LMNFC in a different paper machine, these assumptions must be updated to match its specific
constraints. This machine does not have a size press. For simplicity, the only chemical additive
included in this analysis is cationic starch addition for the retention of fiber and/or LMNFC. The
process diagram of the system is illustrated in Figure 3.1, and detailed process information for

building the model is provided in Appendix B.

The feedstock for the model is a high lignin content, virgin softwood kraft pulp. The pulp
enters the paper machine stock prep system at 12% consistency from the pulp mill. The pulp mill
process is outside of the confines of this model. The proposed addition of the LMNFC
production line utilizes the main papermaking feedstock as the raw material to manufacture
LMNFC in a “co-located on demand” basis. Due to the low fibrillation levels of the LMNFC, the
illustrated refiner system has the capacity to produce 50 tons of LMNFC per day. This is enough
LMNFC to use as a dry-strength additive at a 2% addition rate for a machine producing up to
100 o.d. tons of linerboard per hour. Fiber for LMNFC production is split off of the main pulp
feed to the model using a control function. This function splits off enough fiber to make LMNFC
for a 2% addition rate, and accounts for some fiber loss during the fibrillation process, e.g.,

formation of dissolved wood solids.

Four scenarios were evaluated with the developed process model. The base case is
Scenario 0, where the machine produces 150 GSM paper with no LMNFC addition, 1.5%
cationic starch addition, and the use of mechanical refining of the bulk furnish. The other
conditions, listed in Table 3.1, were chosen to understand what happens to the process and
subsequent costs when LMNFC is used to replace refining in the heavy-weight sheet (Scenario
1) and light-weight the sheet (Scenario 3) relative to the existing grades (Scenario 0 and Scenario

2) of the heavy and light-weight sheets, respectively.
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Table 3.1 Process scenarios evaluated using the WinGEMS model.

Scenario 0 | Scenario 1 Scenario 2 Scenario 3
Basis weight (GSM) 150 150 125 125
LMNFC Addition (wt. %) 0 2 0 2
Refining Energy (hp-day) 5 0 5 5
LMNFC Fibrillation Energy (MWh/t) -- 3.2 - 3.2
Starch Addition (%o) 1.5 0.8 15 0.8
Starch Addition (Ib/t) 30 16 30 16

A sensitivity analysis on manufacturing cost was done by varying the solids content

entering the dryer section by 2% for Scenario 2. The solids content was adjusted in the

WIinGEMSs model, and the results of the converged model were exported to excel for analysis.

The detailed parameters for the sensitivity analysis are listed in Table 3.2.

Table 3.2 Progression of water removal on the paper machine

Inputs Low Water Base Case High Water Removal
Removal
Headbox solids content, % 0.5 0.5 0.5
Table solids content, % 12 12 12
Couch solids content, % 18 29 22
Solids after 1% press, % 33 35 37
Solids after 2" press, % 43 45 47
Solids after dryers, % 99 99 99

3.3.2 Key Process and Financial Assumptions

Assumptions regarding the amount of material being retained in the system were made

based on experimental observations, an early-stage pilot machine trial, and existing literature

data. The amount of fiber, LMNFC, and starch retained across the system is reported in the

Appendix B.

The capital investment for installing LMNFC production line to a pre-existing linerboard

machine was determined using the TEA published in Abbati de Assis et al. 2018 in Chapter 2

(Starkey et al. 2021). A manufacturing cost of $752/ton was determined (does not include the

44



post manufacturing treatment/processing of the LMNFC) with an MSP of $916/ton at a 16%
hurdle rate (Starkey et al. 2021). Other raw material and utility costs for the economic analysis
are listed in Table 3.3. Incremental costs in steam, energy, fresh water, starch, and fiber were
determined for each of the grades. Square footage production rates were also calculated using the
equations provided in Starkey et al. (2021) and Chapter 2. Manufacturing costs were calculated
on a relative basis compared to Scenario 0. This simplifies the analysis since only the changes in
flows/costs need to be determined. The original capital investment for installing the LMNFC
production line was updated by using the model results from Scenario 3 to perform a technical
economic analysis. The payback period based on a 16% internal rate of return were calculated
for the LMNFC production line investment. The technical economic analysis was also provided a
minimum product selling price. The technoeconomic analysis is based on the previous works by

(Abbati de Assis et al., 2018).

Table 3.3 Raw materials and utility costs

Item Unit Value References
Pulp USD/t 199 (Fisher International Data, n.d.)
LMNFC USD/t 752 Starkey et al. 2021
Starch USD/t 134 (Abbati de Assis et al., 2018)
Energy USD/MWh 72 (Abbati de Assis et al., 2018)
Steam USD/t 10 (Abbati de Assis et al., 2018)
Paper USD/MSF 150 Assumption
Fresh Water USD/t 0.66 (Abbati de Assis et al., 2018)

3.4 Results and discussion

Table 3.4 lists the model results for the major process streams. The biggest difference is
the amount of material sewered — both in total sewer flow and the number of dissolved solids.
There was a small variation in steam consumption across Scenarios, but it was within 5% of the
base case, and it was concluded that this difference was insignificant. Linerboard is typically

priced and sold by a thousand square feet (MSF) rather than tons. So, despite each of the
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scenarios producing the same tonnage of paper, the lighter grade (125 GSM) will produce 77

MSF/t while the heavier grade (150 GSM) will only produce 64 MSF/t. Light weighting while

maintaining strength has the benefits of not only reducing fiber costs but also the benefits of a

higher linear production to increase revenues.

Table 3.4 Values of key streams in the model output.

Scenario 0 | Scenario 1l | Scenario2 | Scenario 3

(Base

Case)
Paper Production (od t/hr) 84.8 84.4 84.8 84.2
Pulp Yield (%) 99.6 98.8 98.8 98.8
LMNFC Yield (%) - 96 - 96
(F,Z‘)per Composition (Fiber/LMNFC/Starch | g7 6/ 11 4 | 96.4/1.9/0.7 | 97.6/-/1.4 | 96.4/1.9/0.7
Steam Use, Dryers (Ib/hr) 299,710 298,300 299,710 297,540
Steam Use, Silos (Ib/hr) 75,381 75,368 75,381 75,360
Sewer Flow (st/hr) 1536 1554.7 1536.4 25462
Dissolved Solids, Sewer Flow (st/hr) 24.6 0.37337 24.578 24.867

In the case of using LMNFC to lightweight the sheet, relative to the base case, there is a

12.5% reduction in manufacturing costs on a square footage basis. This primarily comes from the

fact that the lighter sheet produces more square footage. If the costs are evaluated on a tonnage

basis, there is an increase in the manufacturing cost from 221 USD/t to 232 USD/t. Which cost

basis will depend on the specific manufacturing facility and what cost position they prioritize, as

the manufacturing cost per ton is typically used to benchmark machines. The sensitivity analysis

determined that a reduction in solids content entering the dryers by 2% decreased the cost

savings from 12.5% to 12.25% relative to Scenario 0. Increasing the solids content entering the

dryers increased the cost savings from 12.5% to 13%.

Plugging the cost data for scenario 3 into the TEA/capital investment excel at a 16%

hurdle rate, there’s a 5-year payback period with a minimum selling price of 246 USD/ O.D. t of
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linerboard. This is the minimum selling price for the light weighted sheet with the same strength

properties as the heavier sheet.

Table 3.5 Changes in the manufacturing costs of each scenario relative to Scenario 0 (the base case).
These values were calculated directly form the results of the model. Significant changes from the base
case (Scenario 0) are bolded and colored green (good change) or red (bad change).

Scenario 0 | Scenariol | Scenario2 | Scenario 3
MSF Produced 5429 5404 6515 6468
Fiber Cost 16,476 16,197 16,476 16,156
LMNFC Cost (includes the energy to 0 1,206 0 1,203
produce)
Steam Cost, Dryers 1,499 1,492 1,499 1,488
Steam Cost, Silos 377 377 377 377
Starch ($134/t) 159 79 159 79
Total cost / hr 18,511 19,430 18,511 19,382
Total cost / ton 221 229 221 232
Total cost / MSF 341 3.60 2.84 3.00
Change relative to base case - 3.5% -16.7% -12.5%

3.5 Conclusion

This work developed the first model that evaluates the changes in steam use on the paper

machine when adding LMNFC into the paper as a dry strength additive. Additionally, this model

is beneficial to understanding the dynamic changes across multiple aspects of the process at

steady-state conditions. The results showed that the reduction in basis weight frees up drying

capacity to offset the drying requirements of the LMNFC and corresponds to a 13% reduction in

manufacturing costs. Further, the analysis showed the capital expense required for installing the

LMNFC production line a payback period of within 5 years with the linerboard minimum selling

price at 246 USD/ O.D. t.
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Figure 3.1 Flow diagram of the papermaking process with the proposed addition of LMNFC production. To keep the diagram simple, the full

white water recirculation loop is not illustrated but is specified in Appendix B.
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Chapter 4 - Synergistic Effects of Micro/Nanocellulose Fibrillation
Degree, Addition Rate, and Retention on Paperboard

Ply Bond Strength

4.1 Abstract

LMNFC was added into the top ply of a two-ply sheet to evaluate the affect on z-direction
delamination. Linerboard is exposed to large amounts of stress during the printing and converting
process, and the strength in the z-direction is a critical property for manufacturing quality products.
A low level of LMNFC fibrillation and a “high” addition rate increased ply bond strength by
64.3%, but no significant changes in tensile, short span compression strength, or density were seen.
Mixing LMNFC with starch prior to addition in the sheet had a synergistic affect for increased ply
bond strength by 147%, but the combination densified the sheet and lowered tensile energy
absorption (TEA) and tensile stiffness. The synergistic affect supports the assumption that the
starch addition retained more LMNFC, but retention was not directly measured in this study. The
findings demonstrate that using nanocellulose to enhance ply bond strength is not only dependent
on the addition rate and degree of fibrillation but on the retention rate as well. This work further
supports the case for co-producing nanocellulose on site as the minimum specifications will be

process and product dependent.

4.2 Introduction
Ply bond is a critical property for packaging papers since the converting and printing
processes induce high sheer stress in the z-direction and causes sheets to be prone to

delamination (Fellers et al., 2012). Delamination describes the phenonium that occurs when the
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paper fails at the surface between two plies, which is accepted as the weakest point of the sheet
(Breen, 1969; Fellers et al., 2012; Hagman & Nygards, 2016). The most common method used in
the paper industry to evaluate the ply bond strength is the Scott bond test (Fellers et al., 2012;
Tolfors, 2021). Scott bond measures the energy required to gradually delaminate the paper. This
delamination occurs through a combination of shear and tensile stresses that is not fully
understood (Fellers et al., 2012; Tolfors, 2021). An alternative method for measuring ply bond
strength is the z-direction tensile test (Breen, 1969; Fellers et al., 2012; Hagman & Nygards,
2016; Laitinen et al., 2020; Lindstrom et al., 2016; Tolfors, 2021; Wahlstrom & Makela, 2005).
Unfortunately, z-direction tensile and Scott bond tests do not correlate with each other. Fellers et
al. (2012) hypothesized the value recorded by the Scott bond test is related to the area under the
elongation curve produced while measuring the z-direction tensile, i.e., tensile energy absorption,
but they saw the two tests produced contradicting results with respect to sheets with a high

strength vs. a lower strength.

There are two papermaking process variables that directly impact delamination tendency:
increased production speeds and fines distribution in the sheet. Machine speed typically
correlates with the solids content of individual plies when they are combined. Several studies
show that the optimal water content of the sheets when combined is approximately 90% (Breen,
1969; Lindstrom et al., 2016; Wahlstrom & Makeld, 2005). This is because it limits the amount
of fiber-fiber bonding that can occur between the plies because it has already been “set.” Fines
distribution in the z-direction is a critical factor for a few reasons. First, it causes each ply to
exhibit 2-sidedness behavior which is amplified in the case of two-ply sheets. Fines present on
the surface of the plies that come together to form the ply bond migrate into the opposite ply

(Tolférs, 2021). This phenomenon is most pronounced on machines using a multi-layered
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headbox where one can see visible mixing of the top and bottom plies (Smook, 1992). Current
strategies to improve the ply bond outside of controlling the amount of dewatering on the
forming table include spraying starch between the plies right before combining them and
increasing the pressure at the couch roll nip where the plies are combined (Tolférs, 2021). It is
important to make a stronger ply bond than to try to protect it from deteriorating in downstream

processes (Smook, 1992).

Nanocellulose is known to increase fiber-to-fiber bonding in paper and has a higher
affinity towards water (Zambrano et al., 2020). While the increased water retention is detrimental
to drainage on the forming table, in the case of a multiply sheet, the higher water content will
provide the ideal condition at sheet combination to maximum ply bond strength (Breen, 1969;
Lindstrom et al., 2016). Studies have shown that as the individual plies get thinner and the
number of plies increases, the more the sheet approximates a single ply sheet (Breen, 1969). This
supports the theory that the mechanical property of a multiply board is a function of the
properties of the individual plies (Wahlstrom & Makeld, 2005) and that the formation of ply
bond strength behaves similarly to strength formation in single ply sheets (Breen, 1969;
Lindstrom et al., 2016; Wahlstrom & Makeld, 2005). So, in addition to a high moisture level at
ply combination, ply bond strength is most notably improved with an increase in refining (Breen,
1969; Hagman & Nygards, 2016; Laitinen et al., 2020; Tolfors, 2021) and sheet density (Laitinen
et al., 2020; Tolfors, 2021). Chapter 2 showed a 22% increase in burst strength for a single ply
sheet with LMNFC addition. Following the logic that ply bond strength is influenced by the
same variables that increase the strength of a single ply sheet, it is hypothesized that the strength
increases observed when adding LMNFC to a single ply sheet will translate to an increase in ply

bond strength when incorporated into a multiply sheet.
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Therefore, this work evaluates the effects of LMNFC on ply bond strength through wet-
end addition. To minimize the impact on drainage, LMNFC was added into only the top ply of a
two-ply sheet. This also has the benefit of producing a sheet for improved printability. Here, we
show how the degree of fibrillation, the amount of nanocellulose added, and the amount retained

in the sheet synergistically improves ply bond strength in two ply packaging paper.

4.3 Experimental Plan and Methods

4.3.1 Materials

Unbleached softwood kraft pulp (pine) was obtained from a paper mill in the
Southeastern United States. The lignin content was measured via compositional analysis as
detailed in Sluiter et al. (2012) at 14.1%. The softwood pulp was used for LMNFC production.
Refined, old corrugating containers (OCC) pulp was obtained from a paper mill in the
Southeastern United States and was used for handsheet production. Cartaren Blue AN F-CN dye,
lot no. 061012, from Clariant Pigments (Tianjin) Ltd. was used to dye the OCC pulp fibers in
select handsheets. The cationic starch (waxy, corn-based) used was an industrial sample provided

for research.

4.3.2 LMNFC Production and Characterization

LMNFC samples were mechanically treated with a supermasscolloider grinder, Masuko
from Sangyo Co. Ltd., Japan, using a set of silicon carbonate grinding stones (#E6-46 DD). Two
LMNFC samples were produced using an approximate net energy consumption of 3.5 MWh/ton
and 6.2 MWh/ton. Solids content of the LMNFC samples were found by drying them for 24
hours in a 105 °C oven. Samples were characterized using the methods provided in Chapter 2
(Starkey et al., 2021) for fiber quality analysis, cationic charge demand, scanning electron
microscopy imaging, and X-ray diffraction.
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4.3.3 Handsheet Preparation

4.3.3.1 Conditions

Both LMNFC-3.5 and LMNFC-6.2 was added into the top ply stock at two levels, 10.5
and 21.0 wt.%, relative to the top ply sheet weight. Table 4.1 details the full design of
experiment for evaluating the effects of fibrillation degree, addition rate, and cationic starch
addition rates. To evaluate the synergistic effects of LMNFC pre-treated with cationic starch,
starch addition rates of 0.8 and 1.5% were evaluated and were chosen based on previous
publications (Gonzalez et al., 2012; Rice et al., 2018; Taipale et al., 2010). Preliminary results
showed LMNFC-LO at the 21.0% addition rate had the best strength enhancement; therefore, it

was chosen as the condition evaluated with starch addition.

Table 4.1 Handsheet conditions with starch and LMNFC addition rates.

Starch Addition Rate, | Starch Addition Rate, LMNFC Addition
wt.% relative to top Ib/ton relative to top LMNFC ID Rate, wt.% relative to
ply weight ply weight top ply weight

0 0 -- --
0 0 LO 10.5
0 0 LO 21.0
0 0 HI 10.5
0 0 HI 21.0

0.8 16 -- --

0.8 16 LO 21.0

15 30 -- -

For the set of handsheets containing LMNFC-HI at a 21.0% addition, blue dye was added
into the base ply stock prior to disintegration to visualize the delamination point during ply bond

failure.

4.3.3.2 Cationic Starch Preparation
Cationic starch was prepared as a 1% slurry in water and heated to a temperature of 80° -
90°C. The slurry was exposed to heat until it became translucent (approximately 30-45 minutes)

53



and was cooled to room temperature before use. To avoid negative impacts from an aged starch

paste, any unused starch after 12 hours was discarded, and a new batch was made.

4.3.3.3 Stock Preparation

To ensure homogenous dispersion of LMNFC with the OCC, 24 OD g of the furnish was
mixed at 1.2% consistency for 15,000 revolutions in a British disintegrator following TAPPI
Standard T 205 sp-18. After disintegration, the pulp was diluted to 0.3% consistency and
continuously stirred at 400 rpm while the handsheets were made. For the stock prepared with
cationic starch, a 1 L solution of the LMNFC and starch were mixed for 4,000 rev in the British
Disintegrator (equivalent to mixing at 400 rpm for 10 minutes) and then mixed with 24 OD g of

OCC at 1.2% consistency for 15,000 rev.

4.3.3.4 Ply Formation

130 GSM handsheets were made from refined OCC with a 70-30 base-to-top ply split.
TAPPI standard T 205 sp-18 was modified slightly to make the handsheet out of two plies
instead of one. Stock at a 0.3% solids content was used to form the base ply following the
standard. After sheet formation, instead of using the couch plate and roller to couch the sheet
from the screen, blotter paper was used to carefully remove the sheet with minimal pressing and
water removal. The blotter was placed on the lab bench with the side of the handsheet that

touched the screen facing up.

After forming the top ply, it was not removed from the screen. The base ply was placed
over the top ply and once the two plies were lined up, the base ply was laid on the top ply. The
side of the base ply that came into contact with the blotter papers is the side that formed the ply
surface. Three blotter papers were laid onto the top of the combined sheet, and the plies were

couched together according to the standard procedure reported in T 205 sp-18.
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Handsheets were pressed in groups of 10 with two blotter papers in between each sheet.
The press plate was applied to the base ply side of the handsheet. After pressing, the sheets were
placed into rings and air dried, under restraint in a TAPPI Conditioned room at 23 °C and 50%
relative humidity for a minimum of 24 hours prior to testing. This method follows the standard

procedures T 205 sp-18 and T 402 sp-13.

4.3.4 Handsheet Testing

The following properties were measured according to their corresponding TAPPI
Standard methodology: air permeability (Gurley method) T 460 om-16, Scott Bond T 569 om-
14, short span compression T 826 om-13, and tensile T 494 om-21. Tensile testing also provided
stretch, tensile energy absorption, and tensile stiffness values. Tensile strength and short span
compression values were divided by its measured basis weight to obtain the respective strength
index, then multiplied by the target basis weight of 130 GSM to obtain the normalized strength

values.

Caliper was measured following TAPPI Standard T 411 om-15. Basis weight was
calculated for each handsheet by dividing the sheet mass (g) by its area (m?). Dividing basis
weight by the caliper provided apparent density values and is reported in g/cm?®. Young’s

Modulus was approximated by Equation 4.1:

TSI XBW
t

E =

(4.1)

Where TSI is the tensile stiffness index, BW is the basis weight of the handsheet, E is the

Young’s Modulus value, and t is the sheet thickness (caliper).
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4.3.4.1 Statistical Analysis

An analysis of variance (ANOVA) was done for each handsheet property using R Studio.
The H, (null hypothesis) of the model states the means of all populations are equal. The
alternative hypothesis, H, , states that the means of all populations are not equal. When the
ANOVA returns a p-value (< 0.10), the null hypothesis is rejected, and it is concluded that at
least one of the population means is not equal to the others at the 90% confidence level. ANOVA

does not provide information regarding which mean is different.

Tukey HSD pair-wise comparison was done on the ANOVA models that rejected the null
hypothesis to determine which population means are significantly different than the others. A p-
value < 0.10 for a given comparison indicates the two conditions are significantly different than

each other at the 90% confidence level.

(@ - (b) ©

Figure 4.1 SEM images of (a) softwood kraft fiber, (b) LMNFC-LO, and (c) LMNFC-HI. All images
are at the same scale. When the sample is not dilute enough when prepared for imaging, it is hard to
focus on a single fiber and the result is an image focused on the fiber closest to the lens with a network
of fibers (and fibrils) behind it.

4.4 Results and Discussion

4.4.1 LMNFC Characterization
Two LMNFC samples were fibrillated from an unbleached softwood kraft pulp using a
mass supercollider. The first sample, “LMNFC-LO,” was collected after reaching a specific
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energy consumption of 3.5 MWh/ton, and “LMNFC-HI” was collected after reaching 6.2
MWh/ton. The samples’ degree of fibrillation is visually depicted in the SEM images provided in
Figure 4.1. With increasing energy consumption during processing, delamination of the fibers’

secondary wall into micro-fibrils is visible.

With the addition of 3.5 MWh/ton of grinding energy to the fibers, the average length
decreases from 2.4 mm to 0.5 mm, and the average width decreases from 35.2 um to 30.4 pm.
Grinding the pulp sample to a cumulative energy consumption of 6.2 MWh/t, decreases the
average fiber length and width to 0.2 mm and 25.7 um, respectively, for a total reduction in

length of 91.7% and width of 27.0%.

Curl is a measurement of how straight a fiber is relative to the fiber axis based on how it
is measured; fibers with a low curl index value are “straighter,” e.g., a curl index of 0 aligns
completely along its axis. Since the curl index value increases by 21.0 — 33.1% after mechanical
treatment, this adds further support to the claim that the secondary wall is damaged during
fibrillation. A highly curled fiber will coil into itself rather than aligning along an axis
(Robertson et al., 1999). Figure 4.1(b) shows a fiber that is still intact, but instead of lying
straight along an axis like the fiber in Figure 4.1(a), it forms a “c” shape. Highly curled LMNFC
will take on the shape of a self-associating, hydrodynamic sphere. Despite having a higher
number of fibrils (more surface area), the LMNFC with a high curl index will preferentially
hydrogen bond with itself rather than other fibers suggesting that the dispersion forces among the
LMNFC limit its interactions with papermaking fibers and the potential strength reinforcements

(Salem et al., 2020).

While the curl index provides information about the number of bends in a fiber, the kink

index provides information about the severity of a bend. Curl and kink indexes do not always
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increase together unless substantial damage to the fiber structure occurs (Robertson et al., 1999).
In this case, as reported in Table 4.2, the kink index increases with increasing curl index and

reaffirms fibrillation via ultra-friction grinding significantly damages the fiber structure.

In addition to changing the dimensions and shape of the fibers, the harsh mechanical
treatment delaminates the crystal structure of cellulose. This is quantified via a reduction in
reduction in crystallinity index (Salem et al., 2020). The diffraction patterns, illustrated in Figure
4.2, show two broad peaks at 2e values of approximately 15° and 23° along with a small peak at
approximately 34.7°. It is widely known that when exposed to radiation, cellulose fibers produce
broad peaks that are hard to differentiate from one another (Park et al., 2010). While the
softwood kraft fiber, LMNFC-LO, and LMNFC-HI samples only have three distinct peaks, there
are, in fact, a total of five crystalline peaks present in cellulose samples. Although, most studies
will only analyze the following for peaks for crystallinity index determination: 14.3°, 16.2°, 23°,
and 34.7° (Park et al., 2010). Without an amorphous control, the area under the XRD diffraction
patterns does not provide insightful information and makes peak deconvolution difficult-to-
impossible. As a relative measure, the crystallinity index can be calculated by taking the
difference between the maximum intensity value of around 23° and the minimum value of
around 18° (Park et al., 2010; Segal et al., 1959). In this case, the crystallinity index decreased by

12.7% and 17.7% after being treated with 3.5 and 6.2 MWh/ton of energy, respectively.

Table 4.2 Quantitative data describing the degree of fibrillation of LMNFC samples.

Starting Fiber | LMNFC-LO LMNFC-HI
Energy Consumption (MWh/ton) -- 3.5 6.2
Fiber Length (mm, length-weighted) 2.4 0.5 0.2
Fiber Width (mm, arithmetic) 35.2 30.4 25.7
Curl Index (length-weighted) 0.124 0.150 0.165
Mean Kink Index 0.740 2.035 2.215
Fines Content (length-weighted %) 13.6 38.5 65.6
Cationic Charge Demand (peg/l) 23 45 111
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Cationic charge demand is used as an indirect measurement of surface area (Hubbe,
2007). As fibers are fibrillated, the secondary wall is delaminated, which exposes more of the
cellulosic surface. Cellulose is anionic, so when a higher amount of the cellulose structure is
exposed, the anionic charge of the sample increases, as well as the amount of cationic polymer
needed to titrate neutrality. Prior to fibrillation, the cationic charge demand of the fibers is 23
peg/l. After low and high amounts of fibrillation, the charge demand increases to 45 peg/l and
111 peq/l, respectively. This 95.7 — 383% increase in cationic charge demand further supports

that the increased energy consumption during ultra-fine friction grinding resulted in two LMNFC

samples at different levels of fibrillation.

—— Starting Fiber
—— LMNFC-LO
—— LMNFC-HI

Intensity (A.U))

I|I|I|I|I|I|III
5 10 15 20 25 30 35 40 45

26 (%)

Figure 4.2 XRD diffraction patterns of the softwood kraft fiber prior to fibrillation with an ultra-fine
friction grinder and the two LMNFC samples produced at low and high fibrillation.

4.4.2 Analysis of VVariance

Multiple studies have discussed the synergies between LMNFC addition rates and

fibrillation degrees. Zambrano et al. (2020) discusses how bleached micro-fibrils have a tradeoff
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between the addition rate with fibrillation degree — either add more of a low fibrillated level or
add less of a higher fibrillated level to achieve similar strength performance. This study

examines low levels of energy consumption (3.5-6.2 MWh/t).

Fitting each of the response variables (ply bond strength, tensile, density, etc.) using an
analysis of variance (ANOVA) model showed that the interaction between LMNFC fibrillation,
LMNFC addition rate, and starch addition was significant (p-value < 0.1) for all terms. The exact
model parameters are listed in Appendix C. Therefore, the null hypothesis can be rejected,
indicating at least one combination of LMNFC fibrillation, LMNFC addition, and starch addition
produces a mean that is significantly different than the others. To find what conditions are
significantly different, a Tukey HSD pair-wise comparison was done. The result of this
comparison is reported in the figures for each of the handsheet properties via a letter above the
means. Conditions that have the same letter are not significantly different at the 90% confidence

level.

4.4.3 Ply Bond Strength

Figure 4.3 shows how the interaction between LMNFC fibrillation, LMNFC addition
level, and starch addition impacts ply bond strength. The letters above each bar are from the
Tukey pair-wise comparison test. Conditions sharing the same letter have equal ply bond
strength at the 90% confidence level. When adding LMNFC without any starch, only the highly
fibrillated sample was statistically different from the control (OCC with no starch and no
LMNFC) at the 20.9% addition rate. Ply bond strength from the addition of LMNFC-LO at
20.9% and LMNFC-HI at 10.5% is objectively higher than the control strength, but the pair-wise
comparison had a p-value of 0.268 and 0.857 compared to the control, respectively. So, we failed

to reject the null hypothesis (that the means are equal).
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The addition of starch at both 0.8% and 1.5% significantly increased ply bond strength
compared to the control with no starch (p-value = 8.04e-3 and 4.64e-3, respectively), but there
was no difference in strength when increasing the starch addition from 0.8% to 1.5% (p-value =
1.00). The increase in strength from starch addition was statistically equivalent to adding
LMNFC-LO at 20.9% (0.8% p-value = 1.00 and 1.5% p-value = 1.00) or LMNFC-HI at 10.5%

(0.8% p-value = 0.806 and 1.5% p-value = 0.684).

The highest ply bond strength of 176, almost 100-points higher than the control ply bond
strength of 80, was achieved by adding both starch and LMNFC to the sheet. At the 90%
confidence level, none of the other conditions achieved the same strength. Adding only starch to
the sheets provided approximately a 60-point increase in strength, and the addition of only
LMNFC to the sheets provided a similar increase in strength. This indicates that the interaction
between LMNFC and starch for ply bond is synergistic since the strength increase in the

combined sheet was greater than the increase that either accomplished alone.

Scott Bond is a measure of how much energy is needed to fracture the sheet in the z-
direction, which is related to the relative bonded area (RBA). Based on the failure mechanism of
the Scott Bond equipment, only a few fibers are broken during the test, and it is concluded that
sheet strength in the z-direction strength is a better indication of fiber-to-fiber bond strength
rather than the strength of individual fibers (Delgado-Aguilar, Gonzéalez, Pelach, et al., 2015;
Delgado-Aguilar, Tarres, Puig, et al., 2015). There are two approaches to improving fiber-to-
fiber bond strength: improve the strength of the bonds that are present (e.g., use of dry strength
additives like cationic starch) or keep the same bond strength but increase the total number of

bonds that are sharing the load (e.g., LMNFC addition, increase RBA).
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Figure 4.3 Ply bond strength increases with LMNFC and starch addition. A Tukey HSD pairwise
comparison test (showed by letters above the bars) was used to determine what conditions were not
significantly different from one another at the 90% confidence interval. Error bars stand for the upper
and lower confidence level of the mean.

In many studies, the authors speculated that the strength improvements were from MNFC
forming a different type of network structure with increased load bearing capacity, but they
proposed this phenomenon was different from any strength increases that were occurring from
increased RBA (Espinosa, Dominguez-Robles, et al., 2017; Espinosa, Sanchez, et al., 2017).
Since then, Bossu et al. (2019) showed that keeping density constant and increasing the sheet’s
basis weight increased the amount of energy the fiber network can dissipate elastically. Only
evaluating one level of LMNFC addition with starch, prevents a definitive conclusion being
made, although; it can be inferred that some combination of increasing the strength of the bonds
already present, increasing the number of bonds, and the resulting physical changes in the

structure all affect the results.
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Figure 4.4 Image of dyed"anseet showing ply bond rupture ding Scott Bond testing, condition
LMNFC-HI with HI addition rate. A base ply of handsheet untested, B, base ply of handsheet after ply
bond rupture, C, top ply of handsheet after ply bond rupture

4.4.4 Ply Bond Failure

To investigate whether LMNFC addition changed the point of failure in the z-direction,
blue dye was added to the base ply fibers. This was done for one condition, LMNFC-HI, at a
20.9% addition rate. In this case, the LMNFC has the potential to form stronger bonds that
potentially bridge the ply bond surface, causing it to no longer be the weakest part of the sheet.
Figure 4.4 shows the color difference between the dyed base ply before Scott Bond testing, as
well as the top and base ply separated after the test is completed. Upon visual inspection, there
was a clean split at the interface of the ply bond as no blue fibers were seen on the top ply, and
no un-dyed fibers were seen on the base ply. While this image only includes the results of one
repetition, all repetitions were inspected and had the same visual properties, and it was concluded

that the addition of LMINFC into multi-ply sheets did not change the failure point of the sheet.
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4.4.5 Sheet Densification

Drainage time of the top ply increased with increasing fibrillation and the amount of
LMNFC added and showed similar trends as the results in Chapter 2 (Starkey et al., 2021).
Although, due to the sheet being a multi-ply construction the effect of fibrillation and amount of
LMNFC added on density was diluted. Therefore, an increase in drainage time did not show a
denser sheet like past studies suggested (Brodin et al., 2014; Costa et al., 2021; Taipale et al.,

2010), but it is reasonable to expect that the drainage time is an indication of a denser top ply.

——100pm

Figure 4.5 SEM cross section of handsheets, ply bond is shown by a line. The top ply is physically
found above the line in all images. (a) is OCC with no LMNFC, (b) OCC with 1% LMNFC-LO in the
top ply, (c) OCC with 2% LMNFC-LO in the top ply, and (d) OCC with 1% LMNFC-HI in the top ply.

Since the LMNFC and starch were only added into the top ply of the handsheet, there is
likely some effect from the multi-ply structure. Comparing the density values of the two-ply
sheets with density values from Chapter 2, the number of plies had a significant effect. Two
possible explanations for this: (1) the single ply sheets have LMNFC added throughout the entire

sheet vs. only in a portion of the two ply sheet; therefore, the two ply sheet is not become as
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dense as it would if it had LMNFC added in both plies and/or (2) the process of combining the

two ply sheet has a densification effect that is not attributed to the addition of LMNFC or starch.

Visual inspection of the sheet’s cross section through SEM imaging, in Figure 4.5, shows the
base ply in all conditions appears to be “closed off” to equivalent degrees, but the top ply
collapses on itself with the addition of LMNFC. This effect is attributed to an increase in RBA
(Brodin et al., 2014) within the top ply resulting in a 6.1 — 10.2% increase in density, shown in

Figure 4.6.

Starch Addition 0% . 0.8% 1.5%

None LMNFC-LO LMNFC-HI
. d
0.6 g, Be B pc o
{,é\ . I == I T
2
\904-
P
‘0
c
8 0.2
0.0+
0 10.5 20.9 10.5 20.9

LMNFC Addition (%)

Figure 4.6 Sheet density was only increased by 6.1 — 10.2%. Improving strength while not densifying
the sheet is desirable. A Tukey HSD pairwise comparison test (showed by letters above the bars) was
used to determine what conditions were not significantly different from one another at the 90%
confidence interval. Error bars stand for the upper and lower confidence level of the mean.

Based on where the starch was added while making handsheets, it is more likely to
behave as a strength enhancer rather than a retention aid. This means it would increase the

number of hydrogen bonds in the system by acting as a bridge between fibers, but it would not
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directly increase the amount of LMNFC retained in the handsheet. Air permeability values,
plotted in Figure 4.7, agree with this theory. Adding only starch to the sheet did not result in a
statistically different air permeability than the control (p-value = 0.795 for 0.8% addition and p-
value = 1.00 for 1.5%). So, starch addition increased ply bond strength without closing off the

pore structure.
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Figure 4.7 Two ply handsheets air permeability. A Tukey HSD pairwise comparison test (showed by
letters above the bars) was used to determine what conditions were not significantly different from one
another at the 90% confidence interval. Error bars stand for the upper and lower confidence level of the

mean.

On the other hand, the addition of LMNFC at all levels produced sheets with lower air
permeability values than the control, which were statistically significant at the 90% confidence
level. The 10.5% addition level of both LMNFC-LO and LMNFC-HI were similar to one another
(p-value = 0.140). The 20.9% addition of LMNFC-LO and LMNFC-HI also were similar to one

another (p-value = 1.000), but the 20.9% addition of LMNFC resulted in lower air permeability
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than the 10.5% addition (p-value = 2.75e-6 for LMNFC-LO and p-value = 1.89e-5 for LMNFC-
HI). So, it can be concluded that increasing the amount of LMNFC added closed off the pore
structure without significant increases in density. The density is affected by the distribution
throughout the z-direction while decreases in air permeability only require a small layer of fibers
in the z-direction network to be closed off to increase the path air must travel to go through the
sheet. There was not a significant difference in air permeability when adding starch in addition to
LMNFC-LO at the 20.9% level compared to LMNFC-LO addition with no starch (p-value =

1.000).

4.4.6 Tensile Strength

The addition of only starch did not increase tensile strength compared to the control (p-
value of 0.8% = 0.313 and p-value of 1.5% = 0.972). The addition of LMNFC did improve
tensile strength relative to the control at all levels, as shown in Figure 4.8, but the fibrillation
level and LMNFC addition rate did not produce distinguishable differences from each other.
Even the addition of starch with LMNFC-LO at 20.9% resulted in a tensile strength that was
statistically indistinguishable from LMNFC-LO at both addition rates and LMNFC-HI at 20.9%

addition, which is seen in Figure 4.8.

The addition of LMNFC into the sheet also improved tensile energy absorption (TEA),
but the addition of starch did not. Figure 4.9 shows when adding starch and LMNFC together,
the TEA is reduced to 101 J/m? compared to 106 J/m? at LMNFC-LO at 20.9% with no starch (p-
value = 0.010). Since the control has a TEA of 89 J/m? and the starch only samples have a value
of 97 J/m? at 0.8% and 100 J/m? at 1.5% addition, it can be concluded the interaction between
starch and LMNFC is overwhelming driven by the effect of adding starch. Starch helps increase

strength by forming more hydrogen bonds between fibers and starch, but these bonds have low

67



elastic behavior and are unable to dissipate as much energy as a fiber-to-fiber bond can. TEA is
an important property for packaging grades. So, while increasing ply bond strength is beneficial,

this reduction in TEA when combining both starch and LMNFC poses concerns about the final

product design and performance.
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Figure 4.8 Tensile strength increased when adding LMNFC to the sheet, but there was essentially no
difference between the different levels of LMNFC fibrillation and addition rate. A Tukey HSD
pairwise comparison test (showed by letters above the bars) was used to determine what conditions

were not significantly different from one another at the 90% confidence interval. Error bars stand for
the upper and lower confidence level of the mean.

4.4.7 Short Span Compression

The only condition that increased short span compression strength compared to the
control at a 90% confidence level was the combined addition of starch with LMNFC. As shown
in Figure 4.10, short span compression was increased by 19% from 13.7 Ib¢/in to 16.3 Ib¢/in. This
observation is not surprising since there was very little change in sheet density across the

conditions. Adding both starch and LMNFC to the sheet increased the density from 0.486 g/cm?
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to 0.551 g/cm?. The Shallhorn model for short span compression assumes a positive, linear
relationship with density. Since the only condition that significantly increased density was also
the condition that increased short span compression, it is concluded the Shallhorn model holds
true for LMNFC addition (Shallhorn et al., 2004). Although, the Shallhorn model does not

explain why or how the addition of LMNFC by itself does not increase short span compression.
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Figure 4.9 Two ply tensile energy absorption. A Tukey HSD pairwise comparison test (showed by
letters above the bars) was used to determine what conditions were not significantly different from one
another at the 90% confidence interval. Error bars stand for the upper and lower confidence level of the
mean.

The two-ply structure has an effect as it does for density. Since the LMNFC is only added
into one ply, that ply may be more resistant to compressive failure, but the other ply does not
have any additional reinforcement against compression and is causing the sheet to either to fail at
the ply bond or within the unenforced base ply where the fiber network is not able to disperse the

compressive forces as well.
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Figure 4.10 Short span compression. A Tukey HSD pairwise comparison test (showed by letters above
the bars) was used to determine what conditions were not significantly different from one another at the
90% confidence interval. Error bars stand for the upper and lower confidence level of the mean.

4.5 Conclusion

This work manufactured two grades of LMNFC with different fibrillation extents. Both
LMNFCs were evaluated as a dry strength additive in multi-ply linerboard. To minimize the
effect on drainage and prevent over densification of the sheet, LMNFC was only added into the
top ply of the two-ply structure. The results show that the addition of LMNFC in the sheet
increases the resistance to delamination in the z-direction. The addition of LMNFC by itself did
not produce significant increases in tensile, short span compression strength, or density
compared to the control. The combination of LMNFC and starch produced the highest increase
in ply bond strength, but it densified the sheet and worsened tensile energy absorption and tensile

stiffness response. Evaluating handsheet properties with a full design of experiment would

70



elucidate the interaction between starch and LMNFC. We could speculate on the relationship but
could not make any definitive conclusions due to only having one level of combined starch and

LMNFC addition.
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Chapter 5 - Effect of LMNFC Fiber Source and Pretreatments

5.1 Abstract

Never-dried softwood kraft (SK) and recycled OCC pulp were used to evaluate the effect
of hornification on LMNFC production. The never dried SK was also processed to simulate an
“ideal” recycled pulp for comparison. Additionally, both SK and OCC were pretreated with
oxygen delignification to evaluate the effect of lignin and hemicellulose content on LMNFC
production. It was found that the oxygen delignification treatment significantly increased cationic
charge demand and made comparisons of fibrillation degree between LMNFC conditions difficult.
LMNFC made from untreated OCC did not improve compression strength of paper like the
LMNFC made from softwood did, but the results suggest it is possible to regenerate the strength
of OCC through the oxygen delignification pretreatments. Further work should be done to evaluate
the relationship between fiber source and pretreatment on cationic charge demand since there was
a 6-12% increase in short span compression strength when the charge demand was approximately

10 to 15 peq/l.

5.2 Introduction

Cellulose has attracted a lot of attention due to its abundance and renewable properties. It
is also gaining popularity due to its multiscale and tunable properties on the milli-, micro-, and
nano- meter scales. Several research efforts have focused solely on the production of cellulose
nanofibrils which is an energy intense process using anywhere from 1.5 to 4.0 MWh/metric ton
(Boufi et al., 2016; Brodin & Eriksen, 2015; D. Johnson et al., 2016; Osong et al., 2016;
Zambrano et al., 2020). Due to the high energy consumption needed to produce MNFC, in most

commercially available cellulose nanofibrils are produced from highly chemically modified (low
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yield) feedstock to obtain the desired fibrillation (Lindstrom & Aulin, 2014; Spence, Venditti,
Habibi, et al., 2010; Spence, Venditti, Rojas, et al., 2010; Stelte & Sanadi, 2009). Cellulosic
materials must be designed and efficiently manufactured with specific and controlled physical,
chemical, and biological properties. This will ensure commercial success and utilization in a
variety of industry sectors, such as personal care, hygiene, packaging, beverages,
pharmaceutical, cosmetics, agriculture, biosensing, electronics, and the paper industry (Y. Zhang

etal., 2013).

This foundational work is focused on a systematic understanding of the influences of
energy intensity during mechanical treatment in conjunction with the following pretreatments:
oxygen delignification, fractionation, and recycling. Characterization of the LMNFC regarding
fibril morphology and changes in properties that are indicative of fibrillation degree, i.e.,
crystallinity, surface charge, and water retention, are reported. Handsheet preparation and testing
elucidated more information on the relationship between the properties of LMNFC in solution

and composite applications.

5.3 Experimental
5.3.1 LMNFC Pretreatment

5.3.1.1 Recycled Softwood Kraft Pulp Production. 50 O.D. g of never-dried softwood kraft
was disintegrated in two batches of 25 O.D. g for 30,000 revolutions at 1.5% consistency. Pulp
was diluted to 0.3% consistency and stirred continuously at 400 rpm while making handsheets.
Handsheets had a target weight of 3.5 O.D. g and were formed using a TAPPI standard
handsheet mold following TAPPI T 205 sp-18. After couching, the handsheets were placed
directly on a flat, speed dryer. After about 10 minutes, the handsheets were moved to a 105 °C
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oven to finish drying (at least 30 minutes). Once dry, the handsheets were split into two equal
weight groups. Each group was placed in a bucket where water was added to completely cover
the sheets (roughly a 4:1 water-solids ratio) and left to soak for 30 minutes. The pulp was
disintegrated in two batches (with each batch being half of the total pulp) for 30,000 revolutions.
After diluting the disintegrated pulp to 0.3% consistency, the next set of handsheets were made.
This procedure was repeated six times. After the last repetition, instead of making handsheets,
the pulp remained in a 1.5% solid suspension for LMNFC production. In total, the fibers were

dried five times.

5.3.1.2 OCC Fractionation. The OCC pulp was fractionated in four batches of 10 O.D. g. First,
the fibers were diluted to 2 L and disintegrated for 15,000 revolutions in a British disintegrator.
Then the disintegrated pulp fibers were fed into a Bauer McNett screening unit and ran for 20
minutes, according to TAPPI T 233 cm-95. The Bauer McNett consists of a series of five screens
with slits decreasing from 16 mesh to 200 mesh. Figure 5.1 shows the amount of pulp fiber
recovered as rejects from the five screens for each batch. Rejects were vacuum filtered and dried
to calculate the fiber distribution. The difference between the mass fed to the Bauer McNett and
the mass of the rejects was assumed to be the mass of the accepts (everything that passed through
the 200-mesh screen), but this fraction was not collected. The 16 and 30-mesh rejects were
resuspended in water and combined from all four batches to make the “OCC long fiber” fraction
used in subsequent experimentation. Rejects from the 50, 100, and 200-mesh screens were
considered the “short fiber” fraction and the accepts from the 200-mesh screen were considered

fines.
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Figure 5.1 Bauer McNett fiber distribution of OCC pulp fibers. The numbers above the columns are
the amount of fiber in each fraction by weight calculated as an average of all four batches. The amount
of accepts from the 200-mesh screen was assumed to be the differential from the input pulp fiber and
the obtained rejects.

5.3.1.3 Oxygen Delignification. Softwood kraft and OCC pulp fibers were treated with 6%
NaOH for 1 hour at 10% solids in a vessel pressurized to 100 psi with oxygen. The reduction in
Kappa number, post-reaction filtrate pH, and reaction yield information is listed in Table 5.1.

Kappa number was measured according to TAPPI T 236 om-13.

Table 5.1 Kappa number before and after oxygen delignification for OCC and SK fibers. Filtrate pH and
the yield of pulp fibers are reported as an indication of how much reaction occurred.

. Starting Kappa Ending Kappa . Pulp Fiber Yield
Pulp Fiber Nur%berpp Nu?nberpp Filtrate pH P (%)
OCC 84.1 70.6 7.71 90.6
SK 111 40.1 8.94 89.4

5.3.2 Compositional Analysis

Extractive, cellulose, hemicellulose, and lignin content of softwood kraft and OCC pulp

before and after oxygen delignification was determined by compositional analysis following the
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National Renewable Energy Laboratory procedure “Determination of Structural Carbohydrates

and Lignin in Biomass” (Sluiter et al., 2012).

5.3.3 LMNFC Production
LMNFC was made using a supermasscolloider Masuko following the procedure from
(Starkey et al., 2021) (Chapter 2). Table 5.2 shows the target energy consumptions for the low,

medium, and highly fibrillated LMNFC and what energy consumptions were actually used.

Table 5.2 Specific energy consumption (MWh/t) used to produce a low, medium, and highly
fibrillated fiber from each of the raw materials.

Low Fibrillation Medium Fibrillation High Fibrillation
Target 1.8 3.2 54
OCC, As Is 1.6 3.1 5.3
OCC, Delignified 1.8 3.1 54
OCC, Fractionated 2.7% 3.3 5.4
SK, As Is 1.6 3.2 55
SK, Delignified 1.7 3.1 5.2
SK, Recycled 1.9 3.2 55

The first solids content measurement of the fractionated OCC was high and
underestimated the amount of specific energy consumption. The solids content was
remeasured, to obtain a more representative specific energy consumption. At this point,
the fiber was already processed beyond the target energy consumption.

5.3.4 LMNFC Characterization
Fiber quality analysis, cationic charge demand, and x-ray diffraction data were collected

using the methods outlined in (Starkey et al., 2021) (Chapter 2).

5.3.4.1 Fourier Transform Infrared Spectroscopy (FTIR). Films were made by drying 30 wet
grams of the sample in an aluminum pan in a 105 °C oven for 24 hours. The samples were
removed from the oven and placed directly into a plastic bag to prevent moisture gain prior to
testing. A Bruker-Opus ATR-FTIR spectrometer was used to scan the LMNFC samples with a

10 cm! resolution over a range of 650-4000 cm™. The results are reported in Appendix D.
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5.3.5 LMNFC Handsheets Reinforcements

Handsheets were made following TAPPI T 205 sp-18 with a target basis weight of 125
gsm and a LMNFC addition rate of 2%. Handsheets were tested for drainage time (TAPPI T 221
cm-22), basis weight (TAPPI T 410 om-19), caliper (TAPPI T 411 om-21), air permeability
(TAPPI T 460 om-21), short span compression (TAPPI T 826 om-21), and tensile strength
(TAPPI T 494 om-22). All sheets were conditioned according to TAPPI T 402 sp-21 for a
minimum of 24 hours prior to testing. The strength measurements were normalized by dividing
the result by the basis weight of the individual handsheet and then multiplied by the target basis

weight of 125 GSM.

5.3.6 Data Analysis
A correlation matrix, included in Appendix D, was generated using R Studio to visualize
trends between the properties of the LMNFC and the handsheets. Variables with a correlation

value greater than 0.5 or less than -0.5 were looked at in more detail.

5.4 Results and Discussion

5.4.1 LMNFC Morphology

OCC is a mixture of hardwood and softwood fibers since the inside fluted layer of
corrugated boxes is typically made from hardwood fibers, while the outside layers are made
mostly from softwood fiber. Therefore, on average, it can be assumed that a suspension of OCC
fiber will consist of 66% softwood and 33% hardwood. The fiber length distribution in Figure
5.2 illustrates this mixed fiber composition with respect to a pure suspension of only softwood
fibers. Hardwood fibers range from 0.5 to 2 mm in length and softwood fibers range from 2 to 4

mm which explains the decrease in the average fiber length of 2.80 mm for the pure softwood
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suspension to 1.54 mm of the OCC suspension. In addition to the presence of hardwood fibers,
the recycling process is known to degrade fibers, particularly by cutting them (reductions in fiber
length) and generating fines, which contributes to the reduction in fiber length (Gharenhkhani et

al., 2015).
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Figure 5.2 Distribution of fiber length (length weighted) of OCC and SK prior to no mechanical
treatment. The FQA is limited and does not measure material in the size range of 0 to 0.2 mm.

Fibrillation during mechanical treatment behaved as expected with decreases in fiber
length, increases in fines content, and increases in charge demand with increasing energy
consumption for all fiber types. The specific values are reported in Appendix D. Significant
differences in these properties arise when looking at the percent differences with respect to the

same fiber type with no mechanical fibrillation. Figure 5.3 shows that delignified SK generated
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fines slower than the untreated SK fiber. It is widely accepted that fines content correlates to the
amount of fibrillation of the fiber surface (Gharenhkhani et al., 2015). So, in this case, it appears
that the untreated SK LMNFC is more fibrillated than the oxygen delignified SK LMNFC at low,
medium, and high levels of fibrillation. The untreated SK LMNFC also has shorter fiber lengths
than the delignified SK, as reported in Appendix D, and supports the conclusion that untreated

SK LMNFC is more fibrillated. Although, the cationic charge demand is not in agreement.

Table 5.3 Compositional analysis results. The number following ‘+’ is the standard deviation.

ocCcC OCC Delig | SK Delig SK OCC Frac
Cellulose (%) 68.2+08 | 734+28 | 726+02| 689+0.3 | 70.9+1.0
Hemicellulose (%) 16.1+15| 142+04 |170+£0.1| 16.0+0.1 | 149+0.1
Klason Lignin (%) 138+0.1| 106+02 | 7.7+06 | 140+1.7 | 13.2+1.0
Acid Soluble Lignin (%) | 0.95+0 | 0.58+0.03 | 0570 041+0 |051+0.02
Ash (%) 0320 0310 030+0 [033+001| 035%0
Extractives (%) 0.65 0.15 0.38 0.31 0.16

Oxygen delignification oxidizes the hydroxyl groups of fibers and creates new carboxylic
acid groups that dissociate into the negatively charged carboxylate when the pH ranges from 2-8.
Higher pH favors more carboxylate formation. As the carboxylate content increases, the amount
of cationic titrate need to reach the neutral point also increases, resulting in a higher cationic
charge demand. Delignified SK has a higher charge demand than untreated SK across all
fibrillation levels. Part of this increase in charge demand is a result of the change in carboxylate
content of the fibers after delignification, but how much it is affected is unknown. Previous work
used cationic charge demand as an approximation of surface area to measure increases in
fibrillation, but this approximation is not necessarily valid when comparing LMNFC with
different chemical compositions. Looking at the delignified OCC and untreated OCC, the fiber

length, fines content, and cationic charge demand agree that delignified OCC LMNFC is more
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fibrillated than the untreated OCC, which is the opposite of the results with SK fibers but is

possibly explained by the differences in fiber composition.

800 — -
700 5 — 5000
g - T 5%
o 500 - [ g
£ 4 — 4000 £ .2
O 400 — Qs
SN { &
o 300 — %’ 8
= T —_ =
T 200 — 3000 ;T ©
100 — b
0 L] I L] I L] I L] I L] 2000
1 2 3 4 5 6
Energy Consumption (MWh/t)
—l-0OCC, As Is —J-SK, As Is

- OCC, Delignified —/\— SK, Delignified
~4- OCC, Fractionated —(— SK, Recycled

Figure 5.3 Fines generation with increasing energy consumption (x-axis) for LMNFC production.
OCC, Long is plotted on the secondary y-axis while all other samples are plotted on the primary y-axis.

Charge demand is known to increase with increases in lignin content (Pettersson et al.,
2021) and residual hemicellulose (Foster et al., 2018). Table 5.3 illustrates how all fiber
conditions have varying amounts of hemicellulose content, with both the SK and delignified SK
having 2-3 percentage points more hemicellulose than the untreated and delignified OCC.
Additionally, oxygen delignification is known to have different effects for hardwood pulps than
softwood pulps. On average, a typical oxygen delignification stage can reduce the kappa number
of softwood pulps by 55-65% while only reducing the kappa number of hardwood pulps by 45-

50%. Table 5.1 shows the pre- and post-delignification kappa numbers for both SK and OCC.
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The delignification process lowered the kappa number of SK by 63.9%, which corresponds to a
decrease in lignin content from 14.4 to 8.3%. Meanwhile, the kappa number of OCC was
reduced by 16.2%, corresponding to a decrease in lignin content from 14.8 to 11.2%. While a
slightly lower reduction in kappa for the OCC pulp is expected, such a low reduction in kappa
number suggests that the oxygen delignification treatment conditions were not sufficient. Most
likely, the fact that the OCC pulp has gone through an unknown number of drying and rewetting
cycles irreversibly closes off the pore structure within the fibers, thus limiting the rate of reaction
that can occur. To have a better comparison between the delignified OCC and SK, the reaction
conditions for OCC should be optimized to achieve an equivalent amount of delignification

relative to SK.
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Figure 5.4 Crystallinity index of all starting fibers and LMNFC samples is plotted by the increasing
levels of specific energy consumption. OCC fibers and LMNFC are grouped together on one x-axis
while the softwood kraft samples are grouped on a second x-axis. The y-axis is shared across the OCC
and softwood kraft samples. Color and fill of the points show the type of pretreatment used.

For the two delignified fibers, when exposed to increasing mechanical fibrillation, the

crystallinity index decreases as expected (Salem et al., 2020), but the non-delignified samples
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deviate from this trend when evaluating the low-fibrillation level around 1.5 MWh/t, as seen in
Figure 5.4. In the case of untreated OCC, the crystallinity index increases with fibrillation up to
3.2 MWh/t and decreases once reaching 5.4 MWh/t. These results are in agreement with the
analysis by Hoeger et al. (2013), where the authors proposed lignin acts as a protecting group,
e.g., the crosslinks between lignin and hemicellulose must be broken before the crystal structure

experiences any damage.

As an extension of this logic, when the fibers were pretreated with oxygen
delignification, the number of lignin protecting groups was decreased and the remaining lignin
would already be more susceptible to cleavage when exposed to the mechanical energy from
grinding, allowing for delamination of the crystalline region to occur at lower energy
consumptions. Whereas, for the high-lignin content samples, the mechanical energy had to first
break up the protecting groups and then fibrillate the cellulose regions. This explains that
bleached fibers are easier to fibrillate than unbleached fibers, but the current study is the first to
look at delignified samples with such a high lignin content. Most of the previous studies have
evaluated samples with a low lignin content of 1-4% after delignification as their intention was

to compare it to the fully bleached (effectively 0% lignin content) fibers.

Unlike previous studies on LMNFC production from SK, the diffraction patterns in
Appendix D for the untreated OCC show additional crystalline peaks at 13°, 25°, and 30°.
Comparing the peaks to Gates-Rector & Blanton (2019), these peaks correspond to Silicon Oxide
(PDF 01-086-4002) and Aluminum Silicate Hydroxide (PDF 00-058-2002) and are most likely
indicating the presence of Kaolin clay in the recycled fiber furnish. The diffraction pattern of the

untreated SK sample at 1.6 MWh(/t fibrillation energy also has a small peak at 30°, which was not
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present in previous samples, e.g., Chapter 2 (Starkey et al. 2021) and Chapter 4. Therefore, it is
likely that there was some contamination of the SK sample from the OCC sample due to
incomplete cleaning of the supermasscolloider between sample preparation. The peaks at 2e =
137, 25°, and 30° were not present after fractionation of the OCC, delignification of both OCC
and SK, or recycling of SK, which further supports the conclusion that the un-treated OCC pulp

had a Kaolin clay additive from previous papermaking cycles.

Recycled softwood kraft fibers had a higher crystallinity index than its never-dried
counterpart, as reported in Figure 5.4. It is theorized that the recycling process re-crystallizes
cellulose due to hydrogen bond formation during the drying process. These re-crystallized
regions are resistant to delamination when repulped (Hubbe, 2007; Hubbe et al., 2007), and this
data supports this theory. Additionally, the recycled SK had a higher crystallinity index than both
the untreated and delignified SK. The exception is at the ~2 MWHh/t fibrillation level, but since
this sample was not measured in duplicate, replications should be collected prior to making a

definitive conclusion.

While previous studies have predominately used crystallinity indices as an indicator of
fibrillation degree (Salem et al., 2020; Starkey et al., 2021), the complicated relationship between
recycled fibers and the irreversible effects of hornification makes it difficult to elucidate a
meaningful relationship between different fiber types. However, despite the difficulties of
comparing the fibrillation level across the conditions, it can be concluded that for each fiber type,

increases in mechanical treatment led to increased fibrillation.
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5.4.2 Handsheet Strength Reinforcement

Being able to improve compression strength without overly densifying the sheet is an

important aspect of producing packaging papers. In addition to sheet densification, compression

strength is also improved by using shorter fibers, i.e., hardwood fibers (Smook, 1992). With

LMNFC-LO and LMNFC-HI having an average fiber length 67-87% smaller than the OCC pulp

furnish, it suggests that the shorter fiber length from the LMNFC additive may be a contributing

factor to improved compression strength values. Fiber quality data was not collected on each of

the furnishes (just the individual LMNFCs) but should be considered in the experimental design

phase of future experimentation.
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Figure 5.5 Change in drainage time plotted vs. the energy consumption during mechanical fibrillation.
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Like previous studies, changes in drainage time trended with increasing energy

consumption (Balea et al., 2016; Rice et al., 2018; Starkey et al., 2021; Tarrés et al., 2018;

Tarrés, Pellicer, et al., 2017; Tarrés, Pelach, et al., 2017). The work by Spence, Venditti, Habibi,

et al. in 2010 suggests water removal is less impacted by surface area than initially thought for

MNFC and relies more on the pore structure. In this study, the pore structure is influenced by

delignification and recycling. Oxygen delignification is known to promote fiber swelling,

particularly at high pH. So, for both the delignified SK and OCC to have a bigger impact on

drainage time can be reasonably expected and is confirmed by the results graphed in Figure 5.5.

Additionally, the delignified SK was never dried before LMNFC production and would have a

more open network of pores compared to the delignified OCC, which had gone through an
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unknown number of drying and re-wetting cycles, which is observed by delignified SK
increasing drainage time by 25%. In comparison, OCC only increased drainage time by 21%
after mechanical treatment with 5.5 MWh/t. The interesting observation is that the influence of
the LMNFC on drainage time did not necessarily translate to increased density or decreases in air
permeability. This is likely attributed to the fact that air permeability and density did not follow
the expected trend with energy consumption. In fact, density did not correlate to energy

consumption (correlation factor = 0,) and air permeability only had a correlation factor of -0.2.
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Figure 5.7 Percent change in short span compression (STFI) plotted versus density.

There does not appear to be an explanation for why there is such a large spread in tensile
values at densities 0.450 g/cm? (-7 to 2% change in tensile) and 0.500 g/cm? (5 to 14% change in
tensile) when accounting for the differences in fiber type, treatment, and fibrillation levels as
illustrated in Figure 5.6. A similar cluster relationship emerges when plotting the change in short

span compression strength against density Figure 5.7. Short span compression also varied from
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an 8-27% decrease in sheets with a density of 0.450 g/cm?® and a 1-14% increase in strength in

sheets with a density of 0.500 g/cm?.

These results indicate that OCC fibers (with no chemical modification and oxygen
delignification) resulted in lower tensile and compression strength than the never dried/chemically
modified samples. The recycled SK at the lowest fibrillation level improved short span
compression similar to the higher fibrillated SK samples; otherwise, it performed similar to the
untreated OCC. The only LMNFC from OCC that performed on par with the SK LMNFC were
ones made using the fractionated OCC. Untreated OCC and recycled softwood kraft also had the
lowest short span compression values at 3.2 MWh/t fibrillation energy. It is concluded that
something from the recycling process is influencing the LMNFC’s ability to improve recycled

handsheet strength.
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Figure 5.8 Graphical representation of how improvements in short span compression responded to
increases in charge demand. This figure only plots the data points identified as having a positive impact
on compression and/or tensile strength.
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The LMNFC that resulted in the largest improvements in compression values were also
the LMNFC that resulted in the largest improvements in tensile strength except for delignified
SK after 1 MWh/t of fibrillation. Plotting only the data points in the cluster around the density
value of 0.500 g/cm?, Figure 5.8 shows a clear relationship between compression strength and
cationic charge demand. A charge demand in the range of 10-15 ueg/l had the greatest ability to
influence the compression strength. After 15 ueqg/l, there is a plateau in compression strength

improvements before more increases in charge demand result in decreased strength.

5.5 Conclusions

Earlier work has shown that decreases in fiber length and crystallinity, as well as, increases
in fines content and cationic charge demand, correlate with higher levels of fibrillation of LMNFC.
However, these trends do not necessarily hold when comparing LMNFC from different fiber
sources and pretreatments, as seen in the case of untreated softwood kraft fiber and oxygen
delignified softwood kraft. Untreated SK LMNFC has a fiber length of 1.43 to 0.59 mm, and the
delignified SK LMNFC has a fiber length of 1.65 to 0.67 mm suggesting the untreated LMNFC is
more fibrillated. However, the cationic charge demand for the delignified SK LMNFC is
significantly higher than the untreated SK LMNFC, 21.9 to 26.4 peg/l and 13.3 to 17.2 peg/I,
respectively. Delignification has a compounding effect on both fibrillation and charge demand
from changes in the chemical composition of the fiber and the oxidation of hydroxyl groups.
Oxidation of the cellulose surface is known to help promote fibrillation, but the delignification of
OCC suggests a minimum level of oxidation needed before the fibrillation process is enhanced
because reducing the lignin content by 3.2% was not significantly different when quantifying the

amount of fibrillation.
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Despite the complicated comparison of fibrillation degree between fiber types and
pretreatments, all of the LMNFCs that increased short span compression strength by 6-12% had a
cationic charge demand ranging from approximately 10 to 15 peg/l. This correlation supports the
theory that fiber-to-fiber bond strength depends on charge demand, and further experimentation
should be done to evaluate how the fiber source and pretreatment influence the final LMNFC
charge demand. Being able to fine-tune the performance of LMNFC by alternating the cationic
charge demand with pretreatment opens the opportunity to use fibers other than softwood kraft as
a raw material which expands the feasibility of the light weighting technology to recycled

linerboard paper mills that do not have a source of softwood kraft pulp on site.
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Chapter 6 - Summary & Future Work

The literature review in Chapter 1 established that MNFC production should be tailored
to a specific application due to the infinite possibilities of fiber choice, pretreatments,
manufacturing methods, and ultimately the degree of fibrillation. Not all applications will need a
highly purified, homogenous nanofibril suspension, which can result in lower production costs
and makes the benefits of micro- /nano-fibrils accessible to non-premium applications, such as

linerboard packaging papers. This is the basis for the work completed in Chapters 2-5.

Chapter 2 developed a new LMNFC material from softwood kraft pulp containing
14.1% lignin and evaluated two fibrillation levels in handsheets. This work showed it was
possible to improve handsheet strength by 22%. As an alternative to creating a new “‘super-
grade” of paper, reductions in basis weight and refining were evaluated. It was concluded that
adding LMNFC into the sheet allowed for either a 17% reduction in basis weight or the
elimination of refining without sacrificing handsheet strength relative to the higher basis weight
sheet with refining. A cost analysis determines the LMNFC costs $752/0.d. t to produce, and in
the case of light-weighting, an 8% reduction in fiber cost can be achieved. The following

chapters serve as an extension of this work.

Chapter 3 expanded on the cost analysis from Chapter 2 using a WinGEMS model of a
paper machine’s mass and energy balance. This model provides additional information regarding
the impact of LMNFC addition into the sheet, particularly on how the steam and energy demand
in the dryer section changes. One of the barriers to LMNFC application in packaging paper is
concerns about needing a higher amount of drying due to the increased water retention
characteristics of LMNFC. The model determined that the reduction in basis weight frees up
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drying capacity to offset the drying requirements of the LMNFC and corresponds to a 13%
reduction in manufacturing costs. While this is the first dynamic model to look at LMNFC’s
effects on the mass and energy balance of the paper machine, future work to revise the model is
needed, especially to verify the assumptions the model made, as these will significantly impact
the results. Another thing to consider updated in the model is the dryer section to better reflect

the multiple types of drying for pulp fibers rather than lumping them into one calculation block.

In Chapter 4, the LMNFC developed in Chapter 2 were used for application in two-ply
handsheets with addition in only one ply. The results showed that ply bond strength was
significantly approved without overly densifying the sheet. Ply bond strength also showed a
synergistic response when adding LMNFC with cationic starch. However, this study was limited
to only evaluating one condition of LMNFC and cationic starch addition as a proof-of-concept.
Future work with an expanded design of experiment is needed to fully understand the
relationship of LMNFC and cationic starch synergies. Additionally, work is needed to
understand how much LMNFC is retained in the sheet and could be accomplished by the use of

fluorescent dyes.

Chapter 5 investigates the fundamental pulp properties that are known to influence
MNFC fibrillation and performance. In particular, lignin content, oxygen delignification, and
hornification were evaluated across six pulp types with three levels of fibrillation. All LMNFC
produced was also evaluated as an additive in linerboard packaging paper handsheets like in
previous studies. Cationic charge demand was the LMNFC property that best trended with the
handsheet properties. While cationic charge demand can be considered an approximation of

surface area and degree of fibrillation, with the differences in pulp types that have a large effect
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on the pulp slurry’s charge demand, it was difficult to make a definitive conclusion on the effects
of LMNFC addition into the handsheets. Future work should focus on identifying more specific
characterization methods that can clarify significant differences in the fibrillation levels across
the conditions in addition to the fibrillation level within the condition. Further, OCC can be
treated with more intense oxygen delignification conditions to ensure the delignification reaction

is complete and to have a comparable amount of delignification to the softwood kraft.
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APENDIX A: Supplementary Information for Chapter 2

Table A.1 Freeness of refined and unrefined handsheets at 150 GSM with LMNFC addition rates

varying from 0 to 3% by weight.

Furnish Type LMNFC ID LMNFC Addition Freeness (csf)
(%)
Unrefined -- 0 496
Unrefined HI 2 373
Unrefined HI 3 351
Refined -- 0 454
Refined HI 2 416
Refined HI 3 313

Table A.2 Effect of increasingly, high addition rates of LMNFC-HI to unrefined OCC on short span

compression and burst strength.

LMNFC-HI Addition (%) Short Span Compression Burst Strength
1 8.5 50
2 8.2 56
3 7.3 55
5 10.8 65
8 11.8 73

Table A.3 Financial assumptions used in the CAPEX analysis for installing a LMNFC production line
on-site of a linerboard paper machine.

Input Unit Value References
Project Start 2016 | Assumed
Project Year 0 % Of capacity 80% | Assumed
Project Year 1 % Of capacity 100% | Assumed
Project Life Years 10 | Assumed
Contingency % Of direct cost 18% | Assumed
% Of CAPEX Spent in Year-2 50% | Assumed
% Of CAPEX Spent in Year-1 50% | Assumed
[L)ien%rematlon Schedule, Straight Years 10 Assumed
i i 0,
Working Capital % Of ;2!;5 next 10% Assumed
Annual Production Increase % 0.5% | Assumed
Maintenance Cost % Of RAV 204 (z,g\tl)g)atl de Assis et al.,
Capital Reinvestment % Of RAV 1% (z,g\tl)g)atl de Assis et al.,

119




Hourly and Administrative Staff

Employees 2

(Abbati de Assis et al.,

2018)

Overhead Costs % Of sales 30 (Abbati de Assis et al.,
2018)

Other Fixed Costs % Of RAV 15% (Abbati de Assis et al.,
' 2018)

Inflation % Per year 1.0 gg\li)g;tl de Assis et al.,

Taxes on EBIT % 35 (Abbati de Assis et al.,
2018)

Hurdle Rate (Abbati de Assis et al.,
% 16 2018)

Project Terminal Value (at Year- | Times EBITDA 5 Assumed

10)

Table A.4 Direct and indirect cost considerations for estimating capital expenditure. Direct costs are
listed as a percentage relative to the base equipment cost and the indirect costs are listed as a percentage

relative to the total direct costs.

Item Percent
Purchased equipment 100.%
Purchased Equipment 25.0%
Erection
. Instrumentation and Controls 8.0%
Direct costs (percentage of —
base equipment cost) Plplng_ 16.0%
Electrical Systems 29.8%
Yard Improvements 10%
Service Facilities 30%
Sub-Total Direct Cost 219%
Engineering 4.7%
Construction 12.5%
Indirect costs (percentage of | Legal Expenses 1.6%
direct costs) Contractor Fee 5.4%
Contingency 17.9%
Sub-Total Indirect Cost 42.1%

Table A.5 Equipment cost of the LMNFC production process, scale up exponent of 0.6 was used

Equipment Quantity | Base Equipment Cost Description
Pump 1 $100,000
LMNFC tank 4 $125,000 Cost for one tank
LMNFC pump 1 $100,000
Disk refining 1 $9,000,000 Includes pumps for refiner
system system
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[ Total | $9,700,000 |
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APENDIX B: Supplementary Information for Chapter 3

Table B.1 Model input parameters for pulp stream into the blend tank.

Parameter Description Value
Softwood flow 100 st total/hr
Consistency 12%
Suspended solids component 100% pulp
Temperature 100 °F

Table B.2 Starch addition rates.

Model Condition

Amount of Starch

With no LMNFC

1.5% relative to oven dried pulp

With LMNFC

0.8% relative to oven dried pulp

Table B.3 Locations with freshwater addition and corresponding flow rates.

Location Amount
Headbox Showers 72 tihr
Breast Roll Shower 58 t/hr
Wire Showers 225 t/hr
Trim Showers 4.5 t/hr
Total Fresh Water (Excess to Save All) 700 t/hr
Fresh Water Temperature 80 °F
Table B.4 Model parameters for the white-water recirculation loops.
Process Stream Source Process Stream Flow Rate
Refiner dilution 380 t/hr

Cloudy White-Water

Secondary cleaner dilution

All remaining cloudy
ww

Chest

Silo white water to fan pump (excess to save 11,700 t/hr
all)
Secondary cleaner dilution 1,300 t/hr

Clear White-Water Chest

Thick stock dilution

742 t/hr (dilution
control to 3.5%
solids)

Broke dilution

200 t/hr (dilution
control to 3.5%
solids)
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Table B.5 Solids content of pulp fibers in the process streams.

Process Stream Description

Solids Content (%)

Machine chest feed (all fiber input streams) 3.5%
Refiner feed 3.5%
Secondary cleaner feed 0.33%
Sheet after foils 3.0%
Sheet after suction boxes 12.0%
Sheet after couch roll 20.0%
Sheet after first press 35.0%
Sheet after second press 45.0%
Sheet after dryers 94.0%
Save all fiber mat 11.0%
Table B.6 Values for inputting the mass splits into the model.
. . Pulp LMNFC (%) Starch
Process Stream Description Liquor (%) (%) (%)
Primary cleaner accepts 97.6 90 90 90
Secondary cleaner accepts 99.995 99 99 99
Screen rejects 0.01 0.14 0.42 0.42
Trim at couch roll 5 5 5 5
Wet end broke after couch roll 5 5 5 5
([j)ry end broke and winder losses after 5 5 5 5
ryers

Table B.7 Fiber and additive retention in the paper machine wet end.

Process Location Pulp (%) LMNFC (%) Starch (%)
Foils 74 50 50
Suction Boxes 97 80 80
Couch Roll 99.5 94 94
First Press 100 99 99
Second Press 100 99 99
Table B.8 Miscellaneous model parameters.

Description Value
Seal pit and silo temperature 122 °F
Direct heating with 60 psig steam
Refiner pulp loss to dissolved wood solids 0.2%
Pulp loss to dissolved wood solids during LMNFC production 0.2%
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Table B.9 Paper machine dryer section operational variables.

Variable Value

Outlet Sheet Temperature 176 °F

Outlet Sheet Solids 99%

Heat Loss 5%

Pressure Drop 5 psia

Exhaust Air Temperature 190 °F

Blow Through Steam 5%

Steam Vent to Atmosphere 5%

Dryer Steam

60 psig, 307 °F

PV Air Properties

flow rate: 50% of exhaust air

0 psig, 170 °F

1.0 %mass water vapor
99.0 %mass air

0.01 H.O/dry abs. humidity
76.9 °F DP temperature
82.2 °F WB temperature

Tramp Air Properties

flow rate: back calculated

0 psig, 90 °F

1.0 %mass water vapor
99.0 %mass air

0.01 H.O/dry abs. humidity
53.6 °F DP temperature
67.2 °F WB temperature
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APENDIX C: Supplementary Information for Chapter 4

Table C.1 ANOVA statistical coefficients to find interaction term significance for each of the paper properties investigated. A p-value less than
0.1 shows a statistically significant interaction at the 90% confidence interval.

Degrees of Sum of Mean Sq | F-Value | P-Value | Residuals Residuals | Residuals

Freedom Squares sum sq mean sq
Ply Bond 7 30037 4291 18.93 4.59-9 28 6348 227
Tensile Strength 7 3.963 0.566 26.3 1.0e-12 38 0.817 0.022
Density 7 0.018 0.003 15.7 6.4e-10 42 0.007 0.000
Short Span 7 25.2 3.6 10.28 4.42e-7 37 12.95 0.350
Compression
TEA 7 4335 619.3 6.925 2.51e-5 38 3398 89.4
Air Permeability 7 14775 311.07 180.2 <2e-16 36 42.2 1.17
Stretch 7 1.622 0.23178 8.574 2.84e-6 38 1.027 0.02703
Tensile Stiffness 7 31925 4561 7.166 1.8e-5 38 24185 636
Young’s Modulus 7 24252 3465 14.76 3.66e-8 30 7041 235
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Figure C.2 Bar chart of stretch grouped by the type of LMNFC added (LO or HI) and ordered by
increasing amounts of LMNFC addition. A Tukey HSD pairwise comparison test (showed by letters
above the bars) was used to determine what conditions were not significantly different from one
another at the 90% confidence interval. Error bars are the upper and lower confidence level of the

Figure C.1 Bar chart of tensile stiffness grouped by the type of LMNFC added (LO or HI) and ordered
by increasing amounts of LMNFC addition. The bars are colored according to the amount of starch
used. A Tukey HSD pairwise comparison test (indicated by letters above the bars) was used to
determine what conditions were not significantly different from one another at the 90% confidence
interval. Error bars represent the upper and lower confidence level of the mean.
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Figure C.3 Bar chart of Young’s Modulus grouped by the type of LMNFC added (LO or HI) and

ordered by increasing amounts of LMNFC addition. A Tukey HSD pairwise comparison test (showed
by letters above the bars) was used to determine what conditions were not significantly different from
one another at the 90% confidence interval. Error bars are the upper and lower confidence level of the

mean.
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APENDIX D: Supplementary Information for Chapter 5

Stretch - 0.4
LMNFC Curl 03 0
Charge Demand - 06 01 0
LMNFC Length 1 04 03 -02 0
Short Span Compression 7 0.1 O -02-06 .
Density - 09 03 02 -02 06 08
Tensile .. 0 0.1 0.1 -05 .
Young's Modulus - 09 . . 01 02 -0.1 06 OB
Condition 1 0.2 01 2 0.2 05 04 -0.1 -0.2
Stiffness - 02 08 06 05 06 -03 0 0.1 04 -06
Drainage Time - 06 -02 05 04 03 04 04 03 06 -0.1 06
TEA- 05 05 -0.1 0.3 04 02 02 -03 0.3 05 05 -0.3
LMNFC Fines 04 05 03 0 0O 01 -02 0 . ‘03 0.5 02 -01
EnergyConsumption-. 04 07 05 01 02 02 0O 01 . 0 06 0.1 -0.2

%\&O ;&(@q 0.} 8 @,%\\\\ Oo & o 0?0 w\é( " &
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Figure D.1 Correlation matrix of LMNFC properties and handsheets properties. Figure generated by R
Studio using the packages ggplot2 and ggcorrplot.
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Table D.1 LMNFC characterization test results.

Specific _ Fiber Fines Cationic Wate_r
Eiber Energy Fiber Length Width Kink curl Content Charge | Retention

Consumption (mm) %) Demand Value

(MWht) (hm) (6 (ea/) | (glg)
0 1.54 21.4 1.51 0.09 8.9 8.8 --
1.6 1.06 23.7 1.26 0.07 15.7 12.4 --
OCC, Asls 3.2 0.76 25.2 1.40 0.09 22.1 14.1 ~
5.3 0.59 25.9 1.51 0.10 33.6 11.8 21
0 1.76 26.0 1.65 0.12 10.9 13.1 --
OCC, 1.8 1.09 28.4 1.66 0.12 19.6 14.1 --
Delignified 3.1 0.62 27.4 2.02 0.14 33.6 13.3 --
5.4 0.37 27.2 1.84 0.12 44.6 14.1 148
0 2.23 24.6 1.44 0.11 0.8 5.2 --
OCC, 2.7 0.71 27.8 1.40 0.10 22.0 10.5 --
Fractionated 3.3 0.59 27.7 1.38 0.10 26.8 11.6 --
5.4 0.39 27.1 1.65 0.10 40.9 11.2 10
0 2.80 34.8 0.07 0.09 5.3 115 --
SK.As I 1.6 1.43 36.0 1.11 0.09 14.6 13.3 --
' 3.2 0.88 35.6 1.52 0.12 22.9 15.1 --
5.5 0.59 32.3 1.80 0.14 36.7 17.2 32
0 2.65 34.7 0.71 0.09 6.1 8.6 --
C 1.7 1.65 34.7 1.31 0.11 9.6 25.4 --
SK, Delignified 3.1 0.95 333 1.87 0.14 18.4 26.1 ~
5.2 0.67 31.1 1.87 0.14 26.6 21.9 71
0 2.67 31.4 0.43 0.06 3.9 12.1 --
SK, Recycled 1.9 1.02 34.2 1.14 0.09 15.4 10.7 --
' 3.2 0.84 33.7 1.35 0.10 22.2 13.0 --
55 0.46 32.2 1.68 0.13 32.7 13.7 27
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Table D.2 Handsheet properties with 2% LMNFC addition. The number after “+” indicates the range for the upper and lower confidence interval at
the 90% confidence level.

. Specific Drainage . .
LMN.Il_:C Fiber Energy_ Time Density Alr - Tensile TEA SCT Stretch Stiffness
ype Consumption (sec) Permeability | Strength
(MWh/t)

Control Sheet - 103+0.2 | 048+001 | 143+15 |413+006 | 78+6 | 159+14 | 260+0.13 | 530+9
1.6 8.7+0.2 | 051+0.01 11+£2 438+022 | 72+6 | 174+05 | 2.36+0.14 | 559 + 16

OCC, As Is 3.2 95+03 | 044+001| 237+14 |386+0.09| 80+5 | 11.6+0.6 | 263+0.15 | 577 +13
1.8 88+0.1 | 043+001| 246+14 |393+0.09| 71+6 | 119+03 |251+0.21 | 512+6

OCC, Delignified 3.1 11+04 | 044+£000| 163+15 |415+004 | 85+5 | 126+0.3 | 2.77+0.14 | 549+ 10
5.4 124+04 | 0.44+0.01 178+3 419+0.16 | 79+10| 11.9+0.3 | 255+0.21 | 562 + 15

0CC 2.7 88+03 | 044+001| 231+16 |4.09+0.08| 78+9 | 12+0.3 | 2.63+0.24 | 546 +24
Fract’ionated 3.3 10.3+0.2 | 0.51 £0.02 88+17 460+006 | 85+1 | 17.3+0.9 | 257+0.05 | 587+9
5.4 104+02 | 049+0.01 | 122+19 |444+0.06| 82+3 | 17+06 |2.64+0.07 | 538+ 12

1.6 10.8+0.2 | 0.51+0.01 9+23 448+0.14 | 83+6 | 176+05 | 254+0.14 | 576+8

SK, As Is 3.2 89+0.3 | 045+0.01 19.8+2 422+005| 84+4 | 126+05 | 271 +0.11 | 553+ 12
5.5 13.2+0.2 | 0.50 £ 0.01 85+1.1 453+024 | 83+9 | 179+0.8 | 245+0.14 | 619+13

1.7 95+05 | 053+005| 17.6+8.9 |446+0.00 | 79+0 | 146+4.7 | 250+0.00 | 5360

SK, Delignified 3.1 116+04 | 045+000 | 159+13 | 4.03+008 | 84+3 | 126+0.3 | 2.77+0.12 | 544 £ 20
5.2 12.8+0.6 | 0.51+0.01 8.7+0.8 469+003 | 83+5 | 17.8+05 | 244+0.12 | 5964

1.9 108+04 [ 049+001 | 106+19 |435+011| 73+2 | 16.1+0.6 | 240+0.06 | 559+8

SK, Recycled 3.2 9.3+0.1 | 044+001| 204+16 |385+011 | 75+4 | 11.8+0.5 | 2.65+0.20 | 537 + 29
5.5 11+08 | 045+0.01 | 171+13 |417+009 | 78+4 | 12.7+0.3 | 254+0.10 | 570+ 10
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Figure D.2 Bar chart of young’s modulus grouped by the fiber source (OCC or softwood kraft) and
pretreatment type order by increasing degree of fibrillation. The bars are colored based on the fiber
source (OCC or softwood kraft) and the horizontal grey line indicates the value of the control
handsheet (no LMNFC addition). Error bars represent the upper and lower confidence level of the
mean.
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Figure D.3 Figure. The XRD diffraction patterns of LMNFC produced from A. untreated softwood kraft, B. oxygen delignified softwood kraft,
C. recycled softwood kraft, D. untreated OCC, E. oxygen delignified OCC, and F. fractionated OCC. These diffractions did not decrease in
intensity values with increasing fibrillation like previous studies (Chapter 2 and Chapter 4). Since the Segal method was used to calculate the
relative crystallinity indexes, the absolute intensity values are not as important because of the peak broadening indicative of cellulose samples.
Additionally, it is worth noting that the orientation of the crystals influences the raw intensity values and change with differences in sample
preparation (Park et al. 2010).
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