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Abstract
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Chair of the Supervisory Committee:
Renata Bura
Bioresource Science and Engineering

The 21st century has been marked by the transition from a petroleum-based economy to a more
renewable and sustainable era. Nanocellulose is a plant-based material and an excellent
alternative for petroleum-based materials and chemicals in various applications due to its
abundance, sustainability, and exceptional properties. Yet, major barriers such as high

production costs hinder nanocellulose from achieving its full application potential. Thus, this
research project presented a unique interdisciplinary approach that combined efforts in process
engineering, computational modeling, and materials science to develop a sustainable and
scalable process to produce nanocellulose from low-cost, unconventional waste feedstocks. First,
the conversion process developed in this work effectively produced lignocellulosic nanomaterials
from a wide range of low-cost feedstocks (wheat straw, corn stover, reed canary grass, and

industrial hemp), as demonstrated through laboratory experimentation. All feedstocks generated



two product fractions comprising lignocellulosic nanofibrils (LCNF) and microfibrils (LCMF).
LCNFs had similar morphology and behavior in aqueous media as nanofibrils produced via
conventional TEMPO oxidation (~2 nm wide and ~1 pm long - characteristic of elementary
fibrils) while undergoing a milder and more environmentally friendly process. LCMFs, on the
other hand, comprised extremely long fibrils ~16 nm wide that formed a web-like network.
Second, a large-scale facility using 100-tonne wheat straw feedstock per day was modeled with
process simulation software with an 18,400 tonnes/year of lignocellulosic nanomaterials
production capacity. The economic analysis revealed an outstanding minimum product selling
price (MPSP) of US$4.60/kg at a 15% discount rate as a result of low-cost feedstock and
conversion process simplicity. Finally, the nanomaterials were applied as reinforcing agents in
polyvinyl alcohol (PVA) plastic composite films, with a remarkable case of simultaneous
strengthening and toughening of the polymer nanocomposite with high specific tensile strength
(up to 59.5 MPa g cm?), elastic modulus (up to 2.6 GPa g* cm?®), and fracture strain (up to
138%), while maintaining excellent optical transmittance in the visible region (up to 92%). The
excellent improvements in the composites' mechanical properties demonstrate the application
potential of these nanomaterials in plastics and packaging. This research project has shown the
effectiveness and robustness of a novel conversion process to produce lignocellulosic
nanomaterials using various low-cost feedstocks. The process comprises mild reaction conditions
and employs green chemistry principles, resulting in lower cost and environmental impact than
conventional nanocellulose production methods. This commercially viable process could
produce nanomaterials at a large scale with commaodity product economics, enabling their use as

petroleum-based materials substitute in high-volume applications.
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Chapter 1. Introduction

1.1  NANOCELLULOSE NOMENCLATURE AND DEFINITIONS

Cellulose is a polysaccharide found in plant cell walls and the most abundant biopolymer existing
in nature. Cellulose fibrils (bound with hemicellulose and lignin) comprise long chains
hierarchically organized that can be broken down into microfibrils and nanofibrils (Figure 1.1).
Thus, the term ‘nanocellulose’ is broadly defined as any cellulose product originating from
nanofibrils less than 100 nm wide. The two main types of nanocellulose products are cellulose
nanofibers (CNF) and cellulose nanocrystals (CNC), and the main difference between the two is
the presence or absence of amorphous cellulose regions (Figure 1.1). CNFs are long fibrils
comprising both crystalline and amorphous regions, while CNCs consist of short fibrils comprising
only crystalline regions (1). This research project is focused exclusively on the production of

CNFs.
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Figure 1.1. Hierarchical structure of plant biomass leading to the production of nanocellulose

products (nanofibers and nanocrystals). Reproduced from (2) with modifications.



The terminology ‘CNF’ has been used interchangeably in the literature to refer to any cellulose-
derived fibril product with widths up to 100 nm, with synonyms including nanofibrillated cellulose
(NFC), cellulose microfibrils (CMF), microfibrillated cellulose (MFC), among other variations
(1,3), which may cause confusion to the readership. Thus, this dissertation adopted more specific
terminologies for clarity purposes. In this study, the term ‘nanofibrils’ refers to individual
elementary fibrils up to 5 nm in width (4), while the term ‘microfibrils’ describes all other
individual fibrils and bundles with widths between 10-100 nm (5,6). In addition, the terms ‘CNF’
and ‘nano-microfibrils’ are used interchangeably throughout this dissertation to represent both
nanofibrils and microfibrils in a more general sense. Finally, the term ‘nanocellulose’ is used

therein to refer to all cellulose-based nanoproducts, including both CNFs and CNCs products.

1.2 NANOCELLULOSE PROPERTIES AND POTENTIAL APPLICATIONS

Due to its hierarchical structure, nanocellulose contains unique properties that make it of interest
for many applications. It is renewable, non-toxic, biocompatible, and biodegradable, providing
end-of-life with low environmental impacts. Also, because of its high surface area, nanocellulose
offers excellent mechanical properties while being extremely lightweight (7). Thus,
nanocellulose’s abundance, sustainability, and unique properties make it a suitable alternative to
replace petroleum-based chemicals and materials in several applications, promoting the reduction
in CO2 emissions associated with the production and end-of-life of such synthetic materials. In
addition, utilizing plant-based nanomaterials instead of petroleum-based ones contributes to a
lower carbon economy, given that the CO> absorbed by the plants during their growth is captured
in the form of a long-lasting biomaterial. The potential applications for nanocellulose include paper
products (8,9), food packaging (10-12), water treatment (13,14), cement composites (15),

electronics and sensors (16), automotive parts (17), drug delivery (18), among others. These



applications can be divided into high-volume/low-cost applications (e.g., packaging, paper

products, construction) and low-volume/high-cost applications (e.g., electronics, drug delivery).

1.3 CELLULOSE NANOFIBRILS PRODUCTION METHODS

The process of generating CNFs can be simplified into four main stages, as illustrated in Figure
1.2. The first stage consists of selecting the feedstock, which is the raw material utilized to produce
the CNFs. Historically, nanocellulose products (including CNFs and CNCs) were primarily
obtained from high-quality fiber materials such as bleached wood pulp containing virtually pure
cellulose. However, this raw material presents economic and environmental issues, as its
production involves several reaction steps at high temperatures and pressure that, most often,
utilize harmful chemicals (19). For this reason, there has been increased interest in producing
nanocellulose from other types of feedstocks, including agricultural residues (e.g., wheat straw,
rice husk, corn stover, sugarcane bagasse), forest residues (sawdust, logging residues, fiberboard),
natural plant fibers (jute, flax, hemp), industrial by-products (fruits and tuber waste, waste paper,
waste pulp), and others (20,21). These feedstocks are currently used in low-value markets (e.g.,
animal bedding, cattle feed, ropes, electricity generation, etc.) or are disposed of. Thus, by using
them to produce high-value CNF products, not only the process becomes more sustainable, but it

also gives these feedstocks an increased market value.
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Figure 1.2. Scheme showing different types of processing steps that can be utilized in CNF

production.

The second stage in CNF production is called pretreatment, and it is optional. Pretreatment
usually refers to chemical or enzymatic treatments that can change the chemistry of the feedstock
to either facilitate the mechanical fibrillation (third stage) and/or promote specific chemical
changes to the fibers (1,3). Figure 1.2 includes examples of pretreatments currently used in the
production of CNFs. When using a raw/unprocessed feedstock such as agricultural and forest
residues, primary chemical pretreatments can be applied to remove specific biomass components
(e.g., lignin and hemicellulose). These chemical pretreatments include alkali treatments, bleaching,
ionic liquids, and organosolv (1,3). Furthermore, pretreatments such as TEMPO oxidation,
enzymatic hydrolysis, and carboxymethylation are often considered as secondary pretreatments
because they are usually performed on processed feedstocks like bleached pulp (3). Generally,
secondary pretreatments promote chemical and physical changes to the cellulose fibers, facilitating

the mechanical fibrillation step and/or adding specific surface functionalization to the fibers.



After the optional pretreatment stage, there is the mechanical fibrillation stage. This stage is
crucial for decreasing the fiber size and isolating the nano-size fibrils, which requires intensive
mechanical treatments (22). Several types of mechanical approaches to reducing the fiber size to
the nano-level have been reported (Figure 1.2), such as high-pressure homogenization,
microfluidization, refining, and ultrasonication (22). Some methods for CNF production are
considered ‘purely mechanical’ as they do not include a pretreatment stage. An example of a purely
mechanical process is that of the University of Maine. UMaine’s process to produce CNF utilizes
wood pulp as starting material that undergoes several passes in a refiner (23,24). Furthermore, the
literature commonly refers to this purely mechanical process as a very energy-intensive and
expensive process that is not economically feasible. As a common solution to this problem, the
various pretreatment methods described above can be utilized to facilitate fibrillation during
mechanical treatments, reducing its energy requirements. However, it is essential to realize that
some pretreatments also come with drawbacks that should be considered, such as difficult scale-
up, expensive chemicals or enzymes, toxic chemicals, and excessive depolymerization, among
other issues (25).

As can be seen in Figure 1.2, the number of possibilities to produce CNF is vast due to the
different choices of feedstock, pretreatment, and mechanical fibrillation techniques that can be
used (26). Thus, depending on the process conditions, the resulting CNF products will present very
different characteristics that can be suitable for different applications. In addition, CNFs can
undergo post-production surface modification reactions to incorporate specific chemical
functionalization into the material (1). For example, acetylation modifications can make CNFs

more hydrophobic so they can be dispersed in nonpolar polymeric matrices (27), and the addition



of specific chemical groups in the fibrils can make them able to absorb certain pollutants in water

treatment applications (14).

1.4 LIGNOCELLULOSIC NANOFIBRILS

The combined utilization of raw/unprocessed feedstocks with mild pretreatment reactions results
in a unique type of CNF product containing not just cellulose, but also hemicellulose and residual
lignin, which is referred to as lignocellulosic nanofibrils (LCNFs) or lignin-containing cellulose
nanofibrils in some cases (19,28). In LCNF production, the different components from biomass’
native state are preserved, resulting in higher yields. Process-wise, eliminating the several process
steps involved in making the high-purity pulp (i.e., intensive pulping and bleaching) significantly
reduces production costs. In addition, using low-cost waste feedstocks to produce nanomaterials
is much more sustainable than using the conventional bleached pulp. Therefore, LCNFs comprise
a new way to make nanomaterials with significant economic and environmental benefits compared
to the conventional types (19).

LCNFs also present unique properties that pure cellulose CNFs do not have due to the presence
of hemicellulose and lignin components (Figure 1.3). Hemicellulose is a low molecular weight,
highly-branched heteropolysaccharide containing uronic acid groups (depending on the feedstock
type) that promote easier fibrillation colloidal stability of the nanocellulose product (29,30).
Lignin, on the other hand, is a highly-crosslinked aromatic molecule that can promote
hydrophobicity, UV absorption, improved barrier properties, and thermal stability (31,32). These
two components, along with cellulose fibers that confer strength and rigidity, form a nanomaterial
with excellent properties. Therefore, LCNFs have been considered for applications such as thin

barrier films in packaging and reinforcing agent in polymer composites and paper products (19).
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Figure 1.3. Scheme showing specific properties derived from different plant cell wall

components (i.e., cellulose, hemicellulose, and lignin).
1.5 LABORATORY TO INDUSTRY: MARKET PERSPECTIVES

Because of the enormous application potential of nanocellulose, its desirable properties, and its
sustainability benefits compared to petroleum-based chemicals and materials, the market for this
biomaterial is expected to grow rapidly. Nanocellulose market is projected to grow 30% annually,
reaching a volume around 250,000 tonnes of nanomaterials in 2025 (33). The CNFs product
segment contributes to the largest market share of nanocellulose products (more than 50%),
followed by CNCs, bacterial nanocellulose (BNC), and others - and this difference is expected to
keep growing in the following years (34). In addition, the composites and packaging applications
represent the major market driver for nanocellulose (34,35). As can be seen, there is a lot of
potential for utilizing nanocellulose in the current market, especially for CNFs applied in
composites and packaging. Yet, the worldwide production of nanocellulose products is far from

reaching this high demand. According to TAPPI Nano 2018 Cellulose Nanomaterials Production



Summary, less than 13,000 tonnes/year of nanocellulose products were reported to be produced
worldwide, with CNFs representing only 10% of this capacity (36).

Currently, the leading global producer of nanocellulose products is FiberLean Technologies
(UK), with the capacity to produce 8,800 dry tonnes/year of microfibrils (~100 nm in width) via
co-grinding mineral with pulp fibers (36,37). Other key producers include Borregaard (Norway),
with a capacity of 1,100 dry tonnes/year of microfibrils (widths ranging between 20 - 300 nm)
(36,38); Nippon Paper Industries Co. (Japan), with 560 dry tonnes/year of nanofibrils (3 - 4 nm in
width) (36,39), thus producing the smallest nanofibrils from all companies due to the utilization
of TEMPO oxidation method; and University of Maine (US) with a production capacity of 260
dry tonnes/year of CNF (widths ranging between 5 — 200 nm) through purely mechanical
treatments (i.e., pulp refining) (36,40). Altogether, as of 2018, the total reported production
capacity of CNFs was less than 12,000 dry tonnes/year globally (36), which is not enough to reach
the current market potential for these products.

One of the main reasons for the low CNF production capacity worldwide is the high production
costs. Nanocellulose production is very capital-intensive, therefore requiring high initial
investments. The high production costs make scale-up more challenging, which in turn increases
the price of nanocellulose products and limits their applications. As a result, most CNF produced
nowadays is used mainly in lab-scale research efforts or low-volume applications. An exception
to this rule is the case of paper product application since CNFs can be made in-house at pulp and
paper mills and utilized in their own products, therefore significantly reducing their costs
(33,36,41). In order to have CNF manufactured at large-scale and enable its utilization in various

applications, the barrier of production costs must be addressed. Only by achieving cost-effective



and scalable production practices the transition of CNF from the laboratory to industry will be

possible.

1.6 RESEARCH OBJECTIVES

The research presented in this dissertation aimed to develop a sustainable and scalable process
to produce nanocellulose from low-cost, unconventional waste feedstocks with the ultimate goal
of making this biomaterial more affordable and accessible to its many applications. To achieve
this goal, this project employed a unique research approach at the intersection of process
engineering, computational modeling, and material science. This interdisciplinary approach
enabled the a) development of a comprehensive and robust conversion process in the laboratory
and collection of key conversion yields and characterization data; b) determination of economic
feasibility of a large-scale operation based on the process developed therein; and c) application of
the nanomaterials as polymeric reinforcing agents in plastic composites.

The specific objectives of this research included:

1. Developing a new conversion process to obtain lignocellulosic nanomaterials from wheat
straw feedstock. An environmentally-friendly pretreatment was evaluated as an alternative
to conventional TEMPO oxidation pretreatment, and the produced nanomaterials were
characterized and compared. Finally, the application of these nanomaterials as polymeric
reinforcing agents in plastic composites was investigated.

2. Performing techno-economic analysis (TEA) of the proposed process in Objective 1
through modeling and simulation techniques to determine the production costs of a large-
scale operation and the minimum product selling price (MPSP) of the nanomaterials

generated. The impact of facility size and co-location on final MPSP was also evaluated.



3. Assessing the robustness of the process developed in Objective 1 by utilizing different
types of waste feedstocks, including corn stover, industrial hemp stalks, and reed canary
grass, to produce lignocellulosic nanomaterials. The impacts of feedstock chemical and
physical characteristics on the production yields and the final nanomaterials’ properties

were elucidated.

1.7 DISSERTATION OVERVIEW

This dissertation comprises three original research papers that will be individually submitted to
peer-review journals for publication. For this reason, Chapters 2, 3, and 4 of this dissertation
include their own summary, introduction, methods, results and discussion, and conclusions.
Chapter 2 comprises the first research paper about the development of a conversion process to
produce lignocellulosic nanomaterials from wheat straw and their application in plastic
composites. Chapter 3 consists of the second research paper about the economic feasibility of a
large-scale facility based on the process developed in Chapter 2. Then, Chapter 4 presents the third
research paper about testing the robustness of the process developed in Chapters 2 and 3 using
different heterogeneous feedstocks. Finally, Chapter 5 summarizes the key conclusions from all

three studies from a broader impact perspective and provides direction for future work.
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Chapter 2. Lignocellulosic nanomaterials production from wheat
straw via peracetic acid pretreatment and their application in plastic

composites

2.1 SUMMARY

Cellulose nanofibrils are typically prepared from high-purity bleached pulp through harsh
chemical treatments (e.g., TEMPO oxidation), resulting in high costs and environmental impact.
In this work, we utilize inexpensive wheat straw feedstock and alkaline peroxide pulping followed
by mild peracetic acid (PAA) pretreatment to produce lignocellulosic nanomaterials (nano and
microfibrils) with potential bioplastics applications. PAA was chosen due to its biodegradability,
non-toxicity, and high reaction selectivity. As-synthesized lignocellulosic nanomaterials were
thoroughly characterized and compared to nanofibrils produced via TEMPO oxidation
pretreatment and then applied as reinforcing agents in plastic composites. A remarkable case of
simultaneous strengthening and toughening of the polymer nanocomposite was achieved with high
specific tensile strength (up to 59.5 MPa g* cm?®), elastic modulus (up to 2.6 GPa g* cm®), and
fracture strain (up to 138%). This work is a comprehensive investigation of all process steps
involved in lignocellulosic nanomaterials production, from original residue feedstock to final

product application.

Pascoli DU, Dichiara AB, Roumeli E, Gustafson R, Bura R.

Manuscript published in Carbohydrate Polymers journal (2022)
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2.2 INTRODUCTION

Cellulose nanofibrils (CNFs) have unique properties (e.g., large surface area, biocompatibility,
outstanding mechanical properties, low thermal expansion, low density, and biodegradability) that
make them a great candidate for application in packaging, construction, cosmetics, biomedical,
automotive, papermaking, and more (1). For example, CNF is a biomaterial that can be used in
polymer composites to reduce the amount of fossil-based plastics used in packaging, thereby
reducing the environmental issues associated with plastics production and disposal. If 5% of the
367 million tonnes of plastic produced globally in 2020 were replaced by CNF, it would generate
a market of about 18 million tonnes of CNF per year (42,43). Still, the full potential of CNF
utilization in various markets is hindered by its low production capacity and high price. As of
2018, the worldwide production of nanocellulose products (including fibrils and crystals) was
about 12,290 dry tonnes/year, with CNF representing only 10% of this capacity (36). The low CNF
production capacity reflects its current market prices, reaching up to $1,000/kg depending on the
product specifications (e.g., fiber size, type of feedstock and pretreatment utilized, surface
modification, etc.) (9,44). Thus, to promote the use of nanofibrils in applications such as plastics,
we must continue developing lower-cost manufacturing processes (41).

Commonly, CNF is produced from bleached wood kraft fibers, a premium feedstock containing
virtually pure cellulose costing US$800-1,600/tonne (varying with wood type, pulping and
bleaching process, and location) (45,46) that undergo mechanical fibrillation to isolate the
nanofibrils. Due to the high energy demand of mechanical fibrillation, different pretreatment
techniques can be utilized to facilitate the fibrillation step and reduce energy requirements.
TEMPO (2,2,6,6-Tetramethylpiperidin-1-oxyl) oxidation is one of the most widely accepted

pretreatment technologies for the production of CNF. It promotes the oxidation of cellulose fibers,
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increasing their surface charge density, which results in electrostatic repulsion between the fibers
and high nanofibrillation yields (47). The main drawbacks of using TEMPO oxidation are the high
chemical costs and TEMPO’s toxicity (48) (TEMPO oxidation requires expensive separation
processes, such as dialysis, to remove trace amounts of residual TEMPO from fibers). For these
reasons, TEMPO oxidation is not suitable for industrial-scale operations. To achieve economic
success on a large-scale, CNF production requires a more cost-effective conversion technology
(49).

The production of lignocellulosic nanofibrils (LCNF) is a promising solution to this issue. It
utilizes cheaper, lignin-containing feedstocks instead of the fully bleached pulp, along with mild
treatments, resulting in high-yield products containing cellulose, hemicellulose, and lignin
components (28). Studies have shown that hemicellulose and lignin can provide unique properties
to the final materials. Hemicellulose is known to promote easier fibrillation and colloidal stability,
while lignin provides hydrophobicity and improved barrier properties (29-32). Various feedstocks
have been used to produce LCNF, including unbleached wood pulp, wood chips, sugarcane
bagasse, switchgrass, wheat straw, among others (19). Wheat straw (WS), the by-product of wheat
production comprising the stalk leftover after harvesting the wheat grains, is an excellent feedstock
choice due to its high availability. The United States is the fourth largest wheat-producing country
in the world (50), with an annual production of about 52 million tonnes during the 2019/20 period
(51). Furthermore, because it is an agricultural residue, WS prices are considerably lower than that
of other types of feedstocks, costing between US$60-100/tonne depending on quality and location
(52). Thus, WS represents an inexpensive and abundantly available non-wood fiber source for the

production of high-value lignocellulosic nanomaterials.
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Several processes to produce LCNF have been reported in the literature, and excellent reviews
of these processes can be found elsewhere (19,28). Among those, a relevant method includes
LCNF production from Norway spruce fibers via SOz-ethanol-water pulping, which is based on
the AVAP® process employed by American Process Inc. (31). Still, the costs associated with this
process can be high as it utilizes expensive woody biomass feedstock and more severe process
conditions (elevated temperature and pressure). Ideally, a process should be simple, cheap, and
environmentally friendly for easy scale-up, which can be achieved using mild reaction conditions
(atmospheric pressure, low temperatures) and non-toxic chemicals. In this scenario, peracetic acid
(PAA) pretreatment is a promising alternative, as this chemical is biodegradable and reacts with
lignocellulosic biomass at temperatures lower than 100 °C. PAA is known for its strong oxidation
potential that selectively removes lignin while simultaneously protecting carbohydrates from
solubilizing, promoting higher yields. In addition, PAA may oxidize the reducing ends of
carbohydrates, creating a negative surface charge that can help nanofibrillation and promote stable
colloidal suspensions (53-55).

PAA pretreatment offers many advantages compared to the conventional TEMPO oxidation
method for CNF production. PAA is less toxic and more environmentally friendly than TEMPO
and provides better control over removing lignin and hemicellulose from the pulp material.
TEMPO oxidation is an extensive reaction carried out using strong delignifying agents (NaClO),
which results in a final material with very low lignin content and high hemicellulose losses. Thus,
the PAA approach enables higher process yields than TEMPO oxidation by keeping more of the
different native components from the original material. In addition, PAA and TEMPO have
different oxidation mechanisms — PAA only oxidizes the reducing ends of carbohydrates, while

TEMPO oxidizes the C6 hydroxyl groups of cellulose that are present in a much higher number.
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Hence, the final surface charge of the fibrils produced via PAA and TEMPO will differ
significantly. To this date, research employing PAA treatments for the production of CNF or
LCNF remain relatively scarce. Studies on PAA-synthesized CNFs typically aim at the complete
removal of lignin, and other subsequent treatments are sometimes performed for the complete
removal of hemicellulose as well, resulting in pure cellulose CNFs with lower mass yields (56—
58). To the best of our knowledge, no studies have conducted mild PAA pretreatment yet, aiming
to keep as much hemicellulose and residual lignin in the final LCNFs for improved yields. The
structure and composition of the nanofibrils produced via PAA treatment vary greatly from those
prepared via conventional TEMPO oxidation, providing unique opportunities to examine how
these differences influence their physico-chemical properties and their applications in polymer
composites.

As mentioned above, CNFs can be used as additives in plastic composites to reduce the amount
of petroleum-based compounds and improve the composites’ properties. In particular,
biodegradable and hydrophilic polymers, such as poly(vinyl alcohol) (PVA), are known to have
inferior mechanical properties than their synthetic counterparts, such as polyethylene (PE),
therefore requiring the incorporation of other various additives to enhance its properties (59).
Previous studies have reported that CNFs can improve the mechanical performance of PVA
nanocomposites when added at very low amounts (i.e., <5 wt.%) due to CNFs high aspect ratio,
large surface area, and good interfacial interactions with PVA matrix. Most of these studies
assessing CNF reinforcement of PVA either use commercially available CNFs (60,61), or utilize
bleached pulp to produce the CNFs (62—64), while only one study thus far has investigated the use

of LCNFs prepared from lignocellulosic biomass in such composites (65).
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In this work, we aim to demonstrate that by utilizing low-cost agricultural residue feedstock
(wheat straw) along with mild alkaline peroxide pulping followed by environmentally friendly
PAA pretreatment instead of harsh TEMPO oxidation pretreatment, nanomaterials with good
plastic reinforcing properties can be obtained. The proposed process comprising PAA pretreatment
results in nanomaterials with different structure and composition than that obtained via TEMPO
oxidation, thus the impact of such differences in their application in polymer composites is also
investigated. Therefore, this work comprehensively investigates all steps involved in
lignocellulosic nanomaterials production, from original residue feedstock to final product
application. First, by using biomass raw material and mild process conditions, the hemicellulose
and lignin components were preserved along with cellulose, resulting in lignocellulosic
nanomaterials (nanofibrils and microfibrils) with high yields. The changes in the chemical
composition of the WS fibers after each chemical reaction were also assessed. Then, the
lignocellulosic nanomaterials produced via PAA pretreatment were thoroughly characterized
(light transmittance, surface charge density, crystallinity, FTIR, fiber morphology, thermal
stability) and compared to nanofibrils obtained via TEMPO oxidation. Finally, all fibrils produced
were added to PVA plastic nanocomposites as reinforcing agents, and the final properties of the

composites were correlated with the chemical and morphological characteristics of the fibrils.

2.3 MATERIALS AND METHODS

2.3.1 Materials

Wheat straw (WS) bales were sourced from Snohomish County, WA. Sample preparation
consisted of cutting the whole wheat straw into half-inch pieces using a hand pruner. The feedstock
was air-dried (moisture content 6.7%) and stored in closed containers at ambient temperature until

use.

16



Polyvinyl alcohol (99+% hydrolyzed, molecular weight 89,000-98,000) and 32% (w/w)
peracetic acid were purchased from Sigma Aldrich. Other reagents include: 50% (w/w) sodium
hydroxide (VWR Chemicals BDH), 50% (w/w) hydrogen peroxide (Cascade Columbia
Distribution), diethylenetriamine pentaacetic acid (DTPA) 98+% (Acros Organics, Fisher
Scientific), 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO) (Tokyo Chemical Industry), sodium

bromide (VWR), sodium hypochlorite (VWR).

2.3.2 Alkaline peroxide pulping and refining

The mild delignification of wheat straw was done by alkaline peroxide pulping and the reaction
conditions employed were selected after a comprehensive screening analysis (shown in Appendix
A, Table A.1). First, untreated biomass was mixed with alkaline peroxide solution (15% NaOH,
7.5% H»05, and 0.15% DTPA in water) and the reaction was held at 90°C for 150 min, followed
by quenching in an ice bath. Next, the sample was vacuum filtered to separate the pulp from the
spent liquor. The pulp was extensively washed with deionized (DI) water until the conductivity of
the wash water was lower than 5 uS and the pH reached neutral. Finally, the washed pulp was

refined using a laboratory PFI mill for 30,000 revolutions, resulting in WS refined pulp.

2.3.3 Peracetic acid pretreatment

WS refined pulp was treated with peracetic acid (PAA) based on a previously reported procedure
(56) with modifications.. In their study, Yang et al. performed PAA treatment in four consecutive
rounds, while in the present study the chemical pretreatment was only performed once. First, the
refined pulp was mixed with PAA solution at pH 4.8 in a plastic bottle, and the reaction was carried
out at 85 °C for 45 min. Vacuum filtration was used to separate the pretreated pulp from the spent

chemicals and a two-step pulp wash was also performed according to methods described by Yang
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et al. PAA pretreated pulp was mechanically fibrillated at 0.4% consistency for 30 min using a
blender. The suspension obtained after fibrillation was centrifuged, resulting in two product
fractions, LCNF and LCMF. LCMF was further subjected to homogenization at 0.1% consistency
using a high-pressure microfluidizer coupled with an 80 um diameter Z-type interaction chamber

at a pressure of 10,000 psi (=70 MPa) for 20 passes.

2.3.4 Lignocellulosic fibrils (nano and micro) production

PAA pretreated pulp was mechanically fibrillated using a blender and centrifuged, resulting in
two product fractions that fall under the standard definition of “nanocellulose” or “cellulose
nanomaterial” (i.e., fibrils composed predominantly of cellulose with any dimension in the
nanoscale from 1 to 100 nm) (66,67). The supernatant fraction contained individual elementary
fibrils up to 5 nm wide - denominated as lignocellulosic nanofibrils (LCNF) (4), while the
precipitate contained fibrils 10-100 nm - denominated as lignocellulosic microfibrils (LCMF)
(5,6). LCMF was further subjected to homogenization using a high-pressure microfluidizer and
subsequently centrifuged to separate the homogenized H-LCNF (supernatant) and H-LCMF
(precipitate). LCNF and H-LCNF suspensions were concentrated by vacuum-rotary drum
evaporation at 90°C. All samples were stored in glass bottles at room temperature until use.

For comparison purposes, TEMPO-oxidized lignocellulosic nanofibrils (TEMPO-LCNF) were
prepared from WS refined pulp based on a previously reported procedure (68) with minor
modifications including a higher NaClO charge of 10 mmol/g pulp, and a total reaction time at pH
10-10.5 of 2 h followed by another 2 h at a pH 7. The pulp solution was centrifuged, and the
precipitated pulp was dialyzed in DI water for several days. The resulting sample is the TEMPO-
pretreated pulp. TEMPO-pretreated pulp was fibrillated at 0.4% consistency for 30 min using a

blender. The suspension obtained was further sonicated using a horn sonicator for 2 min. The
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sonicated solution was centrifuged to separate the TEMPO-LCNF (supernatant) from any rejects
(precipitate). TEMPO-LCNF sample was stored in a glass bottle at room temperature until use.
In addition, a pretreatment control (PC) was also prepared by fibrillating the WS refined pulp

(without pretreatment) with a blender, followed by centrifuging.

2.3.5 Characterization techniques

Mass yield after pulping and pretreatment

After pulping and pretreatment (PAA or TEMPO), the total mass yield was determined
gravimetrically by comparing the oven-dry (OD) weight of fibers obtained after each process with
that of the starting original WS.
Chemical composition

To evaluate the effects of each chemical treatment step performed in this study, the chemical
composition of original WS, WS refined pulp, PAA pretreated pulp, and TEMPO pretreated pulp
were assessed. The carbohydrates and lignin content (including both acid-soluble and acid-
insoluble lignin) were quantified according to methods previously described by our research group
(69-72). Ash content was measured gravimetrically (73), and total extractives content was

determined by water and ethanol Soxhlet extraction with a 12 h reflux time (74).

Product separation yield

The product separation yield was determined by centrifugation. All samples underwent a
centrifugation step to separate the final products. For TEMPO pretreatment, only one fraction of
product was obtained (TEMPO-LCNF), whereas, for the process proposed in this study, two

fractions of products (precipitate/supernatant) were obtained after centrifugation (LCMF/LCNF
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and H-LCMF/H-LCNF). The product separation yields, expressed as percentages, were calculated

by the OD weight ratio of each product fraction to the pre-centrifugation suspension.

Optical transmittance of suspensions

Optical absorption spectroscopy of 0.2 wt.% suspensions was conducted using UV/VIS/NIR
Spectrophotometer (Lambda 750, PerkinElmer) in the visible region (from 400 to 800 nm) at a
scan resolution of 1 nm. DI water was used as a blank. The light transmittance was evaluated using

the percent transmittance at 660 nm (65).

Fiber morphology

Optical microscope images of LCMF and H-LCMF were collected using a Carl Zeiss Axiolab E
re light microscope coupled with a Carl Zeiss Axiocam ERc 5s digital camera (Germany). Prior to
imaging, 10 pL aliquots of LCMF and H-LCMF suspensions were drop-casted on clean glass
microscope slides. Both samples had the same concentration before the analysis. ImageJ software
was used to analyze the fiber width.

Scanning Electron Microscopy (SEM) images of LCMF and H-LCMF were collected using an
Apreo S (Thermofisher Scientific) coupled with a standard ETD in-chamber SE detector and a T2
in-column SE detector. Operating conditions were at high vacuum with an acceleration voltage of
2 kV and beam current of 6.3 pA. SEM sample prep consisted of bath sonicating a 0.01 wt.%
LCMF suspension for 3 min and drop-casting 10 pL onto a clean SiO, wafer (Ted Pella Inc.). The
sample was sputter-coated with 4 nm thick platinum layer using a Leica EM ACE600 coater (Leica
Microsystems) prior to imaging. The morphology was determined by measuring the width of at
least 20 individual fibers using ImageJ software.

Atomic Force Microscopy (AFM) images of LCNF, H-LCNF, and TEMPO-LCNF were

collected using a Cypher ES AFM (Oxford Instruments) in tapping mode with bluedrive
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photothermal excitation and a scan rate of 2 Hz. First, samples were diluted with DI water to a
0.00055 wt.% concentration and bath sonicated for 5 min to promote dispersion. 50 pL of LCNF
was drop-casted onto a freshly cleaved mica disc (Ted Pella Inc.) that was previously coated with
50 pL of L-lysine, rinsed with DI water, and air-dried. Differently, 10 uL of TEMPO-LCNF was
drop-casted onto a freshly cleaved mica disc without any coating. Both samples were left to air
dry for 1 h prior to imaging. Fiber morphology was determined by measuring the width and length
of at least 20 individual fibrils. Gwyddion software was used to analyze the fiber width estimated

by the fiber height, and ImageJ software was used to analyze the fiber length.

Conductometric titration and charge density

Charge density was determined by conductometric titration based on the method described by
Besbes et al. (75) with minor modifications. 0.5 mL of 0.1 M HCI was added to 50 mL of 0.1 wt.%
sample suspension and mixed for 10 min to protonate the carboxyl groups. Then, a titration was
performed with 100 uL increments of 0.02 M NaOH, and the conductivity values were measured
and recorded using a conductivity meter. The charge density (umol COOH/g) was determined
according to Equation 2.1, where V1 and V2 are the volumes of NaOH required to neutralize the

excess HCI and carboxylic acid, respectively.

(V2 — V1) x [NaOH]
sample oven dry weight

Charge density = Eqg. 2.1

X-ray Diffraction (XRD)

Crystallinity was determined by X-ray Diffraction (XRD) using a Bruker D8 Discover coupled
with a Pilatus 100K large-area 2D detector and a Cu Ko radiation generated at 50 kV and 1 mA.
Diffractograms of neat films were taken over a 20 angular range of 10°-50° with 0.02° steps. The

crystallinity index (CI) was calculated based on the Segal method, as described in Equation 2.2:
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CI (%) = Eq. 2.2

t

Where liis the intensity of the crystalline peak (2 0 0) at 20 = 22.7° and I; is the intensity of the

amorphous peak (1 1 0) at 20 = 18° (76).

Fourier-transform infrared spectroscopy (FTIR)

Infrared spectra were analyzed using FT-IR Prestige-21 spectrometer (Shimadzu) coupled with
a DLATGS detector attached to MIRacle ATR (PIKE Technologies). The spectrum was collected
at ambient conditions in the range of 550-4000 cm™ with a resolution of 4 cm™ and from an

accumulation of 40 scans.

Thermogravimetric analysis (TGA)
Thermal stability of different samples were assessed using thermogravimetric analyzer (TGA
550, TA Instruments). The samples were analyzed by heating from room temperature to 600 °C at

a heating rate of 10 °C/min under nitrogen atmosphere (60 mL/min).

2.3.6 PVA composite films

PVA composite films preparation

Polyvinyl alcohol (PVA) composite films were prepared via casting method as previously reported
(61) with minor modifications. PVA composite films were reinforced with 5 wt.% of
lignocellulosic fibrils (LCMF, H-LCMF, LCNF, H-LCNF, and TEMPO-LCNF) unless otherwise
specified, and a neat PVA sample was prepared as a control. Because the H-LCNF sample showed
different reinforcing trends than all other samples (as shown in subchapter 2.4.6), PVA composites

with different H-LCNF contents (2.5, 5.0, and 7.5 wt. %) were further prepared. As-prepared
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nanocomposite films were conditioned for 48 h at 25°C and 50% relative humidity prior to further

testing.

PVA composite films characterization

Optical transmittance spectra of PVA composite films were determined by UV/VIS/NIR
Spectrophotometer with scans ranging from 400 to 800 nm. The light transmittance of different
samples was evaluated using the percent transmittance at 660 nm (65).

Mechanical properties of composite films were determined using a tensile tester (standard
method ASTM D638-10) with a gauge length of 50 mm (65). First, films were cut into 70 mm X
15 mm test specimens and their thickness was measured at five different points with a Digimatic
Micrometer (Mitutoyo, Japan). The basis weight of each sample was determined according to the
TAPPI method T410 (77), and the sample’s density was calculated by dividing their basis weight
by thickness. The test specimens’ thickness and density are shown in Appendix A, Table A.3. The
specific tensile strength and Young's modulus were calculated as the original values obtained from
the stress-strain curves divided by each test specimen's density. A minimum of 5 test specimens
per sample was tested.

The fracture surface of PVA composite films were examined using SEM with an acceleration
voltage of 2 kV and beam current of 13 pA. The samples were fixed to a metal holder using carbon

tape and sputter-coated with 4 nm thick platinum layer prior to imaging.

2.4  RESULTS AND DISCUSSION

As seen in Figure 2.1, TEMPO-LCNF had a much higher separation yield than the other samples,
resulting in only one product fraction. In contrast, two product fractions were obtained for the PAA

process after each separation step. After PAA pretreatment and mechanical fibrillation, the yield
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of LCMF was much higher than LCNF (96% and 4%, respectively). Then, by introducing the
homogenization step, the yield of H-LCNF increased significantly to 36%, revealing that higher
defibrillation energy is required to release the nanofibrils. Even though homogenization can be
costly, this process change may be economically beneficial as nanofibrils are a higher value

product compared to microfibrils.

Yield = 4%
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Figure 2.1. Illustration of the process developed to convert wheat straw to lignocellulosic nano
and microfibrils via peracetic acid pretreatment. Conventional TEMPO oxidation pretreatment

was performed as a comparison.
2.4.1 Effect of chemical treatments on fiber chemical composition

Changes in chemical composition and mass balance throughout the process, including total mass
yield as well as sugar (cellulose and hemicellulose) and lignin recovery related to original WS, are
presented in Table 2.1. The selected alkaline peroxide pulping conditions (for other screened
conditions, see Appendix A, Table A.1) removed 81% of lignin from the original WS, resulting in
pulp with only 8.2% lignin, thus validating the effectiveness of the delignification step. A similar
pulping process was explored in prior studies, where a wheat straw delignification of up to 60%
was obtained through alkaline peroxide pulping (78). The higher lignin removal obtained in the

current study can be attributed to different reaction conditions (temperature, time, and chemical

24



charges). Unlike lignin, virtually all the cellulose (100%) and the majority of hemicellulose (80%)
remained in the refined pulp, indicating a low sugar loss during the reaction. Hemicellulose was
more susceptible to solubilization during pulping than cellulose because of its lower molecular
weight, higher branching, and direct linkages with lignin (i.e., lignin-carbohydrate complexes).
The delignification and partial solubilization of hemicelluloses linked to lignin result from the
formation of radicals (hydroxyl and superoxide anion) during the reaction, causing the oxidation
of lignin molecules to form alkali-soluble moieties (79,80).

In general, conventional delignification methods such as Kraft, soda, and sulfite pulping require
high temperatures (above 100 °C) and high pressure, significantly increasing the production costs
(81). Likewise, the high temperatures (135-155 °C) employed in SEW pulping (31) also require
steam generation and pressurized systems, consequently increasing the capital costs of the process
at a large scale. Besides the cost factor, the harsh conditions utilized by these pulping methods
usually result in a final material containing only trace amounts of hemicellulose and lignin, thus
lowering the yields. For instance, a study by Sanchez et al. reported that different pulping methods
(soda, organosolv, and kraft) resulted in WS pulp yields between 40-50% (82). As for SEW
pulping, the required high temperatures and acidic nature commonly lead to high hemicellulose
solubilization, yielding fibers comprising mostly cellulose and some lignin depending on the
reaction conditions (31). Therefore, treatments at alkaline pH and lower temperatures are desired
to keep the hemicellulose in the product and increase yields. The mild alkaline peroxide pulping
process utilized in the present study resulted in a substantial WS pulp yield of 66% by keeping
most of the hemicellulose and part of the lignin in the fibers. The higher mass yield is good for the
process’ viability, as more of the original biomass feedstock is kept in the final product, and less

is wasted.
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After the delignification step, two different pretreatments (PAA and TEMPO oxidation) were
separately performed and compared (Figure 2.1). The primary goal of PAA pretreatment was to
oxidize the reducing ends of carbohydrates before the mechanical fibrillation step. PAA is known
for its strong oxidation potential that selectively removes lignin while simultaneously protecting
carbohydrates from solubilization (53,54). The PAA pretreatment resulted in higher mass yield
(related to original WS biomass) than TEMPO pretreatment (53% and 48%, respectively) because
of its higher cellulose, hemicellulose, and lignin recovery (Table 2.1). These results are attributed
to the mild PAA delignification in contrast to the more aggressive TEMPO oxidation. The NaClO
employed during TEMPO oxidation is a strong delignifying agent, resulting in TEMPO pretreated
pulp with only 1% lignin content. In addition, PAA is a biodegradable, non-toxic chemical that
does not require extensive dialysis time. Dialysis is commonly done after TEMPO oxidation; it
takes several days and large amounts of water, thus reducing the feasibility of the process for large-
scale operations. Therefore, PAA pretreatment is advantageous to be implemented at an industrial
scale compared to TEMPO oxidation due to its high yield and simplicity — it employs a safe and

biodegradable chemical that can be removed with simple rinsing process units.

Table 2.1. Chemical composition of original WS, WS refined pulp, PAA pretreated pulp, and
TEMPO pretreated pulp, and mass balance results related to original WS.

Chemical composition (%) * Mass balance °
Mass Cellulose  Hemic. Lignin
Cellulose  Hemic. Lignin Ash Extractives TN G recovery recovery recovery
yield %
% % %
Original WS 356+0.1 220+00 28.1+04 114+0.1 13.4+0.0
WS refined pulp 57.7+£0.7 266+03 82+0.1 1.9+0.1 2.7+03 65.8 99.9 79.6 19.2
PAA
67.1+£05 255+10 7.0+04 0.3+0.0 0.0+£0.0 52.9 99.7 61.3 13.2
pretreated pulp
TEMPO 69.4+£09 196+13 12+00 0.0+0.0 0.0+0.0 48.0 93.5 42.8 2.1
pretreated pulp

& Chemical composition as a percentage of the OD weight of each sample. Average of triplicate
measurements. For detailed carbohydrate composition, see Appendix A, Table A.2.

26



b Mass balance was calculated by assuming no mass loss during mechanical treatment steps and
correlating the chemical composition and mass yield at each stage to the starting original WS.

2.4.2 Lignocellulosic fibrils suspensions and optical transmittance

After the mechanical treatments, all lignocellulosic fibrils (nano and micro) formed
homogeneous gel-like suspensions with good colloidal stability (Figure 2.2 inset), while the
pretreatment control (PC) was very unstable and quickly sedimented (Appendix A, Figure A.1).
Suspension stability can be attributed to several factors, including small fibril widths, higher
surface area, and electrostatic stabilization due to charge repulsion (83). These results demonstrate
that the pretreatment step (either PAA or TEMPO) was essential to obtain fibrils with the
appropriate morphology and surface chemistry to form stable aqueous dispersions. Furthermore,
the fact that PAA pretreated fibrils (LCMF, LCNF, H-LCMF, and H-LCNF) presented good
colloidal stability, even though their charge density was considerably lower than that of TEMPO-
LCNF (Figure 2.3), can be attributed to their high hemicellulose content (Table 2.1).
Hemicelluloses are known to improve fibrillation and contribute to colloidal stability by both
coulombic (glucuronic acid groups in hemicellulose that provide negative charge) and steric
repulsions (bulky side chains of hemicellulose that prevent cellulose fibers from aggregating) (28).
Therefore, the mild process conditions employed in the present process were essential to keep as
much hemicellulose as possible in the final product and enable colloidal stability of the
lignocellulosic fibrils’ suspensions even at low charge densities.

Figure 2.2 also shows the optical transmittance spectra of the different lignocellulosic fibrils’
suspensions. It is known that light transmittance percentage can be correlated to the size of the
fibrils dispersed, where larger fibrils scatter more light, resulting in lower transmission values (84).

Thus, LCMF and H-LCMF exhibited a milk-white appearance and, consequently, had the lowest
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light transmittances at 660 nm (24% and 11%, respectively) due to the presence of larger light-
scattering fibrils. In contrast, the much higher transmittance of LCNF and H-LCNF (90% and
88%) indicates a smaller fibril size. TEMPO-LCNF presented similar behavior as LCNF and H-
LCNF in suspension, with light transmittance of 88%, indicating that these fibrils are in the same

size range.
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Figure 2.2. Optical transmittance spectra of different lignocellulosic fibrils suspensions. Inset

shows a photograph of the suspensions and their respective percent transmittance at 660 nm.

2.4.3 Lignocellulosic fibrils surface chemistry

FTIR spectra showing specific chemical bonds of the lignocellulosic fibrils, as well as their
charge density (CD) values obtained by conductometric titration, are shown in Figure 2.3. While
the PAA oxidation mechanism targets only the reducing end-groups in polysaccharides, TEMPO
oxidation targets the C6 hydroxyl groups in the cellulose fibers (66), and C6 hydroxyl groups are
present in considerably larger numbers relative to reducing end-groups. For this reason, TEMPO-
LCNF showed the highest CD (1088 umol g!) among all samples, while PAA pretreated samples
showed overall lower CD ranging from 105-266 pmol g'!. LCNF/H-LCNF presented higher CD

than LCMF/H-LCMF due to their smaller fiber size and higher surface area. The CD values
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obtained for PAA pretreated fibers are consistent with those in the literature, where spruce holo-
fibers treated with PAA showed CD varying from 200 to 270 pmol g (56,85). Furthermore, CD
values can be correlated with specific bonds in the FTIR spectra shown in Figure 2.3. The primary
peak at 1601 cm™ and the small shoulder at 1730 cm™ are attributed to the C=O stretching of
carboxyl groups (56,84,86,87). These peaks are more dominant in TEMPO-LCNF, therefore being
proportional to its higher CD value. The absorption band at 1642 cm™ is attributed to the C=0O
stretching of uronic acid carboxyl groups present in hemicellulose (82,88). This peak is more
visible in PAA pretreated samples, consistent with the higher hemicellulose content of the PAA
pretreated pulp relative to TEMPO pretreated pulp (Table 2.1).

While previous studies have also performed TEMPO oxidation of agricultural residues, the
resulting CD may vary drastically with the type of feedstock, lignin content (i.e., dependent on the
delignification process), and NaClO charge employed during TEMPO oxidation. It has been
reported that both higher NaClO charges and lower lignin content positively correlate with the
degree of oxidation during TEMPO pretreatment (89-91). For instance, pure cellulose isolated
from rice straw presented a CD of approximately 1680 pmol g after TEMPO oxidation with 10
mmol NaClO (89), while lignin-containing wheat straw pulp presented a much lower charge of
362 pmol g'! after TEMPO oxidation with 5 mmol NaClO (84). When comparing the present study
results with the latter reference (both used WS as feedstock and mild pulping as delignification
method), it can be concluded that our TEMPO-LCNF showed a greater CD of 1088 umol g’!

because of the higher NaClO charge of 10 mmol utilized in this study.
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Figure 2.3. FTIR spectra showing specific chemical bonds of lignocellulosic fibrils and their
respective charge density (CD) values. CD values were calculated based on conductometric

titration curves (Appendix A, Figure A.2).
2.4.4 Lignocellulosic fibrils structure and morphology

Table 2.2 summarizes the different lignocellulosic fibrils' structural and morphological
characteristics (crystallinity index, fiber width and length, and fiber aspect ratio). The crystalline
structure of fibrils was assessed based on XRD results. The effect of both pretreatments on the
crystallinity of WS fibers was evaluated by comparing the Crystallinity Index (CI) of PAA
pretreated and TEMPO pretreated fibrils (Table 2.2) with that of PC (Appendix A, Figure A.3).
PC showed a higher CI of 78.5%, while PAA pretreated fibrils (LCMF, LCNF, H-LCMF, and H-
LCNF) had CI ranging from 65-71% and TEMPO-LCNF had a CI of 67%. The reduction in CI
after TEMPO pretreatment can be explained by a change in the cellulose crystalline structure into
a disordered structure due to the formation of sodium glucuronosyl units by oxidation (82,84,92).
As for the PAA pretreatment, the decrease in CI can be explained by structural swelling of WS

fibers and dissolution of crystalline cellulose during the reaction (93). The similarity between the
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CI of LCMF, LCNF, and TEMPO-LCNF goes along with previously reported results in the
literature, where TEMPO-LCNF from spruce had a CI of 64% and holo-CNF (i.e., fibers that went

through peracetic acid pretreatment) had a CI of 65% (56).

Table 2.2. Structural and morphological characteristics (crystallinity index, fiber width and

length, and fiber aspect ratio) of lignocellulosic fibrils.

Crystallinity ~Fiber width  Fiber length  Fiber

Index (%) (nm) (um) aspect ratio
LCMF 67.0 164+51 - -
H-LCMF 70.8 16.1+£53 - -
LCNF 65.1 1.9+0.6 0.77+£0.29 405
H-LCNF 65.5 27+1.0 1.09+£0.76 404
TEMPO-LCNF  66.8 1.8+£0.4 1.01+0.32 561

Figure 2.4 illustrates microscopy images (including optical microscopy, SEM, and AFM) and
size distribution curves of all lignocellulosic fibrils compared in this study. Low magnification
optical microscopy images of LCMF and H-LCMF revealed that the homogenization step
drastically reduced the number of large unfibrillated fibers, resulting in a more homogeneous
sample. The morphology of LCMF and H-LCMF were further assessed using SEM, confirming a
uniform network of long and entangled microfibrils. Individual LCMF and H-LCMF microfibrils
had similar average widths of 16.4 and 16.1 nm, respectively (Figure 2.4, Table 2.2), comparable
to other microfibrils widths reported in the literature (4,61,94,95). Furthermore, LCMF and H-
LCMF presented widths in the nanometer range and extensive lengths, resulting in a much higher
aspect ratio than LCNF, H-LCNF, and TEMPO-LCNF (Figure 2.4).

LCNF showed similar morphology to conventional TEMPO-LCNF while undergoing a milder
pretreatment. The fibril size of about 2 nm wide and 1 pm long is characteristic of individual

elementary fibrils (4). After homogenization of the LCMF fraction, the H-LCNF obtained had
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comparable morphology to both LCNF and TEMPO-LCNF (Figure 2.4, Table 2.2), but with a
much higher separation yield than LCNF. TEMPO-LCNF exhibited the highest aspect ratio with
a narrow width and length size distribution, while LCNF and H-LCNF had lower aspect ratios
(405 and 404, respectively) and wider size distributions. H-LCNF presented a broader, right-
skewed distribution than its non-homogenized counterpart, suggesting that microfluidizer-induced
mechanical defibrillation yields both short and thin, as well as long and wide fibrils. Similar results
have been reported by Yang et al. (56), where holo-CNF prepared by microfluidizer presented a
wider fibril size distribution than those prepared using a blender. The more heterogeneous nature
of H-LCNF may be attributed to a) the mild PAA pretreatment employed, resulting in low degree
of oxidation, and b) mechanical exfoliation of the fiber’s surface during the homogenization step,
releasing fibrils of varied sizes.

The lignocellulosic fibril sizes obtained in the present study, especially LCNF and H-LCNF, are
within the low range compared to previous studies on LCNF production (19), demonstrating the
process’ capabilities. Generally, the type of feedstock, process conditions, and mechanical
fibrillation techniques utilized can largely impact the size of resulting fibrils (96). For instance, the
process adopted by Rojo et al. used Norway spruce that underwent SO»-ethanol-water pulping,
mechanical treatment, and microfluidization, generating LCNF with widths ranging from 16 to 44
nm depending on the fibers’ lignin content (31). Espinosa et al. produced LCNF from WS with
widths varying from 6 - 14 nm via soda pulping and different pretreatment methods (TEMPO
oxidation, enzymatic hydrolysis, and purely mechanical) followed by high-pressure
homogenization (84). Bian et al. produced LCNF from WS and pulp waste with widths ranging
from 12 - 47 nm using concentrated p-toluenesulfonic acid hydrolysis, disk grinding, alkaline

peroxide bleaching, and dialysis (97). Finally, the TEMPO-LCNF produced from WS in this study
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showed the same morphology as those prepared from hardwood bleached pulp (47). It should also
be noted that the large variance in nanofibril widths reported in the literature can be associated
with the broad use of the terms “nanofibril” and “nanocellulose,” which may encompass any fibrils

that are less than 100 nm wide (66).
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Figure 2.4. Microscope images and size distribution of different lignocellulosic fibrils. LCMF
and H-LCMF show both optical microscope and SEM images; LCNF, H-LCNF, and TEMPO-
LCNF show AFM images.

2.4.5 Thermal stability

The thermal stability and degradation behavior of the different lignocellulosic fibrils were tested
by thermogravimetric analysis (TGA). The temperature at which maximum degradation rate
occurs (Tmax) and the residual mass percentage at 600 °C are presented in Figure 2.5. For all
samples, a small weight loss (i.e., < 10%) was observed at temperatures up to 200 °C caused by
evaporation of residual water in the fibers, while the most significant weight loss was observed

between 200 — 400 °C (Figure 2.5).
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Figure 2.5. Thermal stability comparison of different lignocellulosic fibrils prepared. (A) TGA
curves with the residual mass percentage at 600 °C; (B) derivative thermogravimetric (DTG)

curves with Tmax values.

TEMPO-LCNF clearly presented a different thermal degradation mechanism than PAA
pretreated samples. TEMPO-LCNF had two prominent degradation peaks (Figure 2.5B) at lower
temperatures (243 °C and 295 °C) and presented the highest residual mass (31%) (Figure 2.5A).
The primary reason for this behavior is the presence of more carboxylic acid groups (i.e., higher
charge density) in TEMPO-LCNF compared to the other samples (4,56,83,84), as seen in previous
results in Figure 2.3. Those groups are less thermally stable compared to intra-chain bonds of
cellulose, thus reducing the overall resistance to thermal degradation of the fiber. The first
degradation peak (243 °C) can be correlated with the primary degradation of TEMPO-LCNF
catalyzed by the acid groups formed during the oxidation. The second degradation peak (295 °C)
can be associated with the slow charring process of solid residuals (98). The decomposition of
TEMPO-LCNF at a wide range of lower temperatures promoted the formation of char residues

(98), as seen by its higher residual mass percentage.
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In contrast, all other lignocellulosic fibrils produced via PAA pretreatment presented only one
prominent degradation peak and higher thermal stability than TEMPO-LCNF (Figure 2.5B), which
can be correlated to the presence of fewer oxygen groups, as mentioned earlier, and to the higher
lignin content of PAA pretreated samples. The latter observation is consistent with previous
research in the literature, where a higher lignin content was found to improve the thermal stability
of cellulose nanofibrils (99). Both microfibrils (LCMF and H-LCMF) were the most thermally
stable (Tmax at about 350 °C), which can be attributed to their larger fiber dimensions, the presence
of possible bundles, and their higher crystallinity, which would provide higher resistance to chain
scission. Furthermore, despite having similar morphologies, both nanofibrils produced via PAA
pretreatment (LCNF and H-LCNF) showed higher thermal stability than TEMPO-LCNF, with

Tmax approximately 90 °C higher, due to lower charge density and higher lignin content.

2.4.6 PVA composite films characterization

The addition of 5 wt.% lignocellulosic fibrils as a reinforcing agent in PVA had minimal effects
on the light transmittance compared to neat PVA, as illustrated in Figure 2.6A. The reinforcing
effect of the different lignocellulosic fibrils on the mechanical properties of PVA composite films
was assessed by tensile testing (the test specimens’ thickness and density are shown in Appendix
A, Table A.3). Figure 2.6B shows the specific tensile strength, specific Young’s modulus, and
elongation at break of different PVA composite films and their percentage increase or decrease
related to neat PVA. Considerable improvements both in specific tensile strength and specific
Young’s modulus were achieved for all reinforced composites, indicating that the lignocellulosic
fibrils (regardless of its type) exhibited good interfacial interactions with the PVA matrix, resulting
in composites with increased strength and stiffness due to good dispersion and strong interactions

between the fibrils and PVA (60,65).
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Figure 2.6. (A) Photographs of PVA composite films and optical transmittance values at 660
nm, (B) Mechanical properties (specific tensile strength, specific Young’s modulus, and
elongation at break) of PVA composite films, (C) Stress-strain curves of PVA composite films,
and (D) Mechanical properties of PVA/H-LCNF composites as a function of H-LCNF content.

PVA/LCMF showed a 61% increase in specific tensile strength compared to neat PVA, while
PVA/LCNF showed a 48% increase. This difference is possibly associated with LCMF’s stronger
fiber network and greater fiber size ratio than LCNF. The longer LCMF fibers allow increased
matrix/fibril interaction and thus more effective load transfer between the polymer backbone and
cellulose fiber. The superior specific tensile strength of PVA/TEMPO-LCNF compared to all other
samples can be explained by its higher charge density, where the extensive surface
functionalization provided better dispersion and most effective bonding between the fibers and

PVA (62). PVA/LCMF and PVA/LCNF resulted in similar improvements in specific Young’s

36



modulus (34% and 36%, respectively), while PVA/TEMPO-LCNF resulted in the most
improvement (52%), indicating that the composite’s stiffness is mainly affected by charge density
rather than the size of the fibrils. This outcome was expected since Young’s modulus is primarily
related to the bonding between the different components in the composite, therefore being more
susceptible to the material’s chemical characteristics than its physical morphology.

The majority of the reinforced composites exhibited either similar or lower fracture strain values
than that of neat PVA, with the most significant reduction in elongation at break observed for
composites containing LCMF (-59%), which was the sample with the highest strength and
modulus increases across all PAA pretreated fibrils. The higher fibril size of LCMF, as mentioned
above, allows more interactions between the polymer and cellulose chains, which strengthens and
stiffens the composite but reduces the amount of available chain sliding upon loading, leading to
less elongation to break. This trend was expected considering that the addition of rigid cellulosic
fillers to polymer matrices is known to reduce the extent of plastic deformations, decreasing
elongation at break and toughness properties (60,65). Surprisingly, the PVA/H-LCNF specimens
did not follow this behavior and showed a simultaneous strengthening and toughening of the
polymer matrix compared to neat PVA, with augmentations in tensile strength and elongation at
break of 41% and 91%, respectively (Figure 2.6C). PVA/H-LCNF presented the greatest fracture
toughness value of 61.4 MJ/m?®, a 175% augmentation related to neat PVA (22.3 MJ/m?® fracture
toughness) (Appendix A, Table A.3). This outcome might be attributed to the right-skewed size
distribution and more heterogeneous nature of H-LCNF (Figure 2.4), possibly improving filler
dispersion and network structure in the PVA matrix. Since H-LCNF fibers show a larger fiber
length distribution, they could sustain more chain unentaglement and/or sliding when subjected to

mechanical loads compared to samples with tighter length distributions.
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To further investigate the reinforcing mechanism of PVA with the addition of different
reinforcing agents, the fracture surfaces of PVA composites were examined by SEM. Figure 2.7
shows a comparison of the fracture surfaces of neat PVA (A-B) and the composites reinforced
with H-LCMF (C-D) and H-LCNF (E-F). While it was not possible to identify the presence of
individual fibrils in the matrix, it is clear that the presence of either one of the reinforcing agents
caused a drastic change in the deformation mechanism of PVA. Both agents caused extensive
polymer fibrillation during tensile deformation, while neat PVA showed a smooth fracture surface.
The observed fibrillation is seen uniformly throughout each composite, indicating that the
lignocellulosic fibrils (either nano or micro) were evenly distributed within the sample. Moreover,
it can be seen that the polymer matrix formed much longer and smoother fibrils before failure
when reinforced with H-LCNF, suggesting a substantial ductility compared to the more abruptly
fractured PVA/H-LCMF composite. The PVA/H-LCMF composite also presented some gap
features in the fracture surface, indicating more debonding in the polymer matrix. These
observations are in agreement with the elongation to break results obtained for PVA/H-LCNF and
PVA/H-LCMF previously shown in Figure 2.6B.

This binary reinforcing and toughening trend was further confirmed for PVA composites
prepared at different H-LCNF contents (Figure 2.6D). A progressive increase in tensile strength
was observed at higher H-LCNF with an augmentation of 76% at 7.5 wt.% H-LCNF compared to
neat PVA. Similarly, the specific Young’s modulus increased with the H-LCNF content, reaching
a maximum of 2.6 GPa g* cm®at 7.5 wt.% H-LCNF, which is 29% higher than neat PVA (2.0
GPa g cm®). This strengthening effect is related to the load-bearing of inherently rigid cellulose
nanofibrils in the polymer matrix, demonstrating good interfacial interactions between H-LCNF

and PVA (65). Finally, the elongation at break reached its maximum at 2.5 wt.% H-LCNF with a
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fracture strain of 138% (117% augmentation compared to neat PVA) and gradually decreased at
higher H-LCNF contents while remaining greater than that of neat PVA. The reduction in

elongation observed beyond 2.5 wt.% H-LCNF might be ascribed to possible filler aggregation at

higher loadings (63,65).

Figure 2.7. Representative SEM images of fractured surfaces at low and high magnifications of
(A-B) neat PVA, (C-D) PVA/H-LCMF composite, and (E-F) PVA/H-LCNF composite. The
arrows indicate the tensile load direction, while the circled areas highlight the approximated

regions where the higher magnification images were taken. Inset images in Fig. 2.7A, B, and C

show the top surface of each composite film.

Reports of simultaneous strengthening and toughening of CNF-reinforced PVA composites
prepared by solvent casting are relatively scarce in the literature. Several studies reported Young’s
modulus and tensile strength improvements at comparable CNF contents related to neat PVA
(60,65). The CNF reinforcement in these studies, however, came at the cost of significant
reductions in elongation, as substantial as -50% in some instances, making the composite
extremely brittle and not suitable for practical applications. The binary reinforcing and toughening

effect observed was also seen, to a lesser extent, by Kassab et al., where PVA reinforced by 5 wt.%

39



TEMPO-oxidized CNF resulted in respective increases of 36%, 60%, and 58% in elastic modulus,
tensile strength, and elongation compared to neat PVA (62). The present study showed a much

greater improvement in elongation (91%) for PVA reinforced with 5 wt.% H-LCNF.

2.5 CONCLUSION

This work has demonstrated that lignocellulosic nanomaterials with outstanding plastic
reinforcing properties can be produced from inexpensive agricultural waste feedstock via alkaline
peroxide pulping followed by mild and more environmentally friendly PAA pretreatment. The
unique aspect of the nanomaterials (nanofibrils and microfibrils) produced from agricultural
residue and mild process conditions is that hemicellulose and lignin components were preserved,
which was crucial for improving yields. Even though mild PAA pretreatment produced
nanomaterials with lower surface charge density than TEMPO oxidation, it did not negatively
affect the materials’ properties. All samples showed good colloidal stability in aqueous media
mainly due to coulombic and steric repulsions by hemicellulose on the fibril’s surface. The lower
charge density and higher lignin content of PAA pretreated materials resulted in higher thermal
stability. In addition, regardless of the charge density, all fibrils exhibited good dispersion in the
PVA matrix, leading to improvements in mechanical properties (tensile strength and Young’s
modulus) of the composites - with an exceptional case of simultaneous toughening and
strengthening. The present work has demonstrated a new method to produce lignocellulosic
nanomaterials using an agricultural waste feedstock, advocating for more robust commercial
processes that can handle other low-purity, heterogeneous raw materials. This commercially viable
process could produce nanomaterials at a large scale with commodity product economics, enabling

their use in high-volume applications such as bioplastics.
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Chapter 3. Techno-economic analysis of lignocellulosic nano-

microfibrils (LCNMF) production from wheat straw

3.1 SUMMARY

Cellulose nano-microfibrils are sustainable biomass-derived materials with multiple potential
applications that have not become a commercial product due to high production costs. This work
presents a techno-economic analysis of low-cost lignocellulosic nano-microfibril (LCNMF)
production from agricultural residues via an environmentally friendly process. The standalone
process presented is comprehensive, including the areas: 1) Feedstock handling, 2) Pulping and
refining, 3) Peracetic acid pretreatment, 4) Mechanical fibrillation, and 5) Wastewater treatment.
A facility using 100-tonne wheat straw feedstock per day was modeled with process simulation
software with a production capacity of 18,400 tonnes of LCNMF per year. The economic analysis
found a minimum product selling price (MPSP) of US$4.60/kg at a 15% discount rate. The low
MPSP was a result of the inexpensive wheat straw feedstock, which represented only 6% of
variable operating costs, and the conversion process simplicity (low temperature, atmospheric
pressure) resulting in low capital costs. Increasing the facility size dramatically reduced the capital
cost due to economies of scale, resulting in MPSP reduction by 38%. In addition, co-location with
a biorefinery proved advantageous since the LCNMF facility can use the wastewater treatment
plant of the biorefinery, significantly reducing the production costs. This work demonstrates the
outstanding economic potential of a standalone process to produce cost-competitive nanocellulose
products of small widths (2-17 nm), promoting the commercialization of such products for many
applications.

Pascoli DU, Seufitelli GVS, Dichiara AB, Bura R, Gustafson R.

Manuscript in preparation for publication
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3.2 INTRODUCTION

Cellulose is the most abundant natural polymer on the planet, and due to its hierarchical structure,
it can be broken down into smaller-size fibrils (96). These smaller fibrils are commonly referred
to as nanofibrils (1-10 nm width, characteristic of elementary fibrils) and microfibrils (10-100 nm)
(5,200). For simplicity, we use the term 'nano-microfibrils’ to describe the broader class of fibrils
less than 100 nm wide (i.e., comprising both nano and microfibrils). Cellulose nano-microfibrils
(CNMF) have excellent mechanical properties, being extremely strong and lightweight. In
addition, CNMF is biocompatible, has low thermal expansion and low density, and is
biodegradable (1). With the world transitioning from a petroleum-based society to a more
renewable era, there has been much interest in using CNMF as a sustainable material in various
applications ranging from low-volume (e.g., biomedical, pharmaceuticals, electronics) to high-
volume (e.g., paper products, packaging, bioplastics, automotive body, construction) (41). Despite
the vast potential, most of these applications are still in laboratory and R&D stages, except for
paper product applications, due to the current high prices of CNMF and low production capacities.

As of 2018, the total global production capacity of nanocellulose products (including fibers and
crystals) was less than 40,000 tonne/year, with a striking 75% being microfibrils produced by pulp
and paper mills that are used on-site in their own products (i.e., mills captive) (9,33,36,41). The
remaining 25% primarily consists of pilot and some commercial-scale facilities producing various
nanocellulose products available for purchasing, revealing that dedicated facilities were
responsible for only a small fraction of the already-low global nanocellulose production capacity.
While the pulp and paper mill integrated concept eliminates the need to dry and ship the final
product, which decreases costs significantly, it also restricts the application potential of CNMF to

only paper and packaging products. In addition, this integrated concept has low feedstock
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flexibility since the high-purity wood bleached pulp produced in the mill is used for CNMF
manufacture. Therefore, to have CNMF being used in high-volume markets other than paper and
packaging, we must decrease the production costs to enable standalone commercial facilities that
do not rely on integration with pulp and paper mills.

Generally, two major aspects significantly impact the production costs of CNMF: the feedstock
used, and the process employed. CNMF is primarily produced from wood bleached pulp
containing virtually pure cellulose, which costs between $800-1,400/dry tonne (45,46). Previous
reports revealed that the cost of bleached pulp feedstock can account for 14% up to 60% of the
total operating costs in CNMF manufacturing; this percentage largely depends on the type of
processing utilized (mechanical vs. chemical) (23,101). In addition, the bleached pulp
manufacturing process is not environmentally-friendly, given that it uses harsh cooking and
bleaching processes that employ harmful chemicals and large amounts of energy. Making nano-
microfibrils directly from biomass feedstocks, especially low-cost options like agricultural
residues, offers a more economically feasible and sustainable pathway (19,23). Previous studies
have shown that low-purity fibrils, also known as lignocellulosic nano-microfibrils (LCNMF),
containing residual hemicellulose and lignin not only have unique properties (e.g., easier
fibrillation, colloidal stability, hydrophobicity, and improved barrier properties) but also are more
cost-competitive than pure cellulose fibrils due to cheaper feedstock and less severe processing
conditions (29-32,41).

There has been some debate on the most cost-effective and environmentally-friendly process to
produce nano-microfibrils. On the one hand, purely mechanical treatments are more energy-
intensive and require several passes to obtain microfibrils at reasonable size distribution, but do

not require expensive chemicals or long reaction times. On the other hand, introducing
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pretreatment steps (such as TEMPO oxidation or enzymatic hydrolysis) can reduce the energy
consumption during the mechanical treatment and produce smaller nanofibrils with narrower size
distributions. However, most pretreatments increase other operating costs associated with
chemical expenses and increase technological risk, making the process more difficult to scale up
(25). Furthermore, TEMPO oxidation has environmental implications due to the use of toxic
chemicals. Therefore, there are opportunities in this field to develop novel, economically feasible,
and green processing technologies to produce nano-microfibrils, especially using waste biomass
feedstocks. In particular, there is a need for techno-economic analysis (TEA) studies exploring
green processing technologies to make nano-microfibrils using alternative feedstocks rather than
wood pulp.

Only a handful of studies evaluating the production costs of CNMF or LCNMF at a commercial
scale have been reported in the literature. Assis et al. investigated the cost of producing CNMF
from bleached softwood kraft pulp based on the University of Maine’s pilot technology using
multiple disk refiner treatments to obtain the desired fibril size (23). Bondancia et al. performed
a TEA of co-producing cellulose nanofibrils and nanocrystals from bleached eucalyptus kraft pulp
via citric acid hydrolysis and ultrasonication (101). Clauser et al. designed a process to produce
CNMF from eucalyptus sawdust in a biorefinery setting (102). Their CNMF production route
consisted of hydrothermal pretreatment, alkaline soda-anthraquinone pulping, and oxygen
bleaching to obtain nearly pure cellulose, followed by enzymatic hydrolysis pretreatment, refining,
and high-pressure homogenization (102). Serra-Parareda et al. published a study on the production
of LCNMF from thermomechanical spruce pulp via purely mechanical treatment using a PFI mill
and a high-pressure homogenizer (103). Their process approach is based on the integrated concept

with a pulp and paper mill to produce reinforced packaging paper (103).
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The present work presents a comprehensive assessment of the technical and economic feasibility
of LCNMF production at a commercial scale using inexpensive agricultural waste feedstock and
employing a novel and environmentally friendly processing method previously developed by our
research group (104). To the best of our knowledge, this is the first TEA study of nano-microfibrils
production directly from agricultural residues. In addition, this is the first study to model a
complete standalone process, including feedstock handling and wastewater treatment. For the
economic assessment, new experimental data (including process conditions, reaction conversions,
and mass and energy balance) collected in the present work were combined with data from our
previous work (104) to be used as inputs in Aspen Plus model. The TEA resulted in the production
costs and minimum product selling price (MPSP) of LCNMF. The impact of economies of scale
and co-location on the production costs and MPSP are also assessed. This work is an important
step in transitioning nanocellulose production from R&D to commercialization by demonstrating
the economics of a new process for production of cost-competitive and environmentally friendly

nanocellulose products.

3.3 MATERIALS AND METHODS
3.3.1 Raw material

Wheat straw (WS) from Snohomish County, WA, was used as feedstock for all the experimental
work. The chemical composition of WS was determined in previous work and comprises 35.6%
cellulose, 22.0% hemicellulose, 28.1% lignin, 11.4% ash, and 13.4% extractives (104). WS refined
pulp was prepared via alkaline peroxide pulping and PFI refining, based on methods previously

developed by our research group (104).
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3.3.2 Laboratory experimentation

The process for preparing lignocellulosic nano-microfibrils (LCNMF) from WS refined pulp
was based on the laboratory procedure developed previously by our research group (104) with
modifications. The process uses mild conditions (low temperature and atmospheric pressure) and
low-cost, green chemicals combined with mechanical treatments to produce LCNMF more cost-
effectively (104). The present work contains further experimentations using different equipment

and conditions to assess the scalability of the process, which are detailed below.

Peracetic acid (PAA) pretreatment

Briefly, WS refined pulp was mixed with 2 wt.% peracetic acid (PAA) solution (pH 4.8) at 5%
solid consistency, and the reaction was carried out at 85 °C for 45 min. The PAA pretreated pulp
was vacuum filtered and the PAA pretreated pulp underwent a 2-step wash with a caustic solution
followed by DI water. The total mass yield after PAA pretreatment was determined gravimetrically
by comparing the OD weight of fibers obtained with that of the starting raw material (WS). In
addition, the chemical composition of PAA pretreated pulp was gquantified according to methods

previously described by our research group (69-72).

Mechanical fibrillation and LCNMF production

Following PAA pretreatment, the resulting pulp was fibrillated through a series of mechanical
treatments to produce LCNMF. In our previous work, mechanical fibrillation and homogenization
of PAA pretreated pulp were performed using a blender and a microfluidizer, respectively (104).
In the present work, different combinations of mechanical methods were assessed to prepare
LCNMF, including PFI refining and ultrasonication. The method resulting in the highest

nanofibrillation production was utilized in the subsequent process modeling and TEA.
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LCNMF characterization

The morphology of both nano and microfibrils comprising the LCNMF was assessed
independently by scanning electron microscopy (SEM) and atomic force microscopy (AFM)
techniques after separating the fractions via centrifugation. For detailed information about these

characterization techniques, refer to Chapter 2 of this dissertation (subsection 2.3.5).

3.3.3 Process modeling and simulation

Mass and energy balances were obtained by modeling a large-scale process using Aspen Plus
and WIinGEMS simulation software. The complete process for LCNMF production from WS is
summarized in Figure 3.1 and comprises five areas: 1) Feedstock handling, 2) Pulping and refining,
3) Peracetic acid pretreatment, 4) Mechanical fibrillation, and 5) Wastewater treatment. A detailed

description of each process area is included below.
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Figure 3.1. Process flow diagram of the modeled process for LCNMF production.
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Area 1: Feedstock handling

The WS feedstock handling area was modeled following the NREL 2022 design for corn stover
handling (105). In short, WS bales are delivered to the facility on trucks and directed to a series of
handling steps that result in washed and milled WS that is free of dirt and tramp metals. The WS

biomass is then conveyed to Area 2 for processing.

Area 2: Pulping and refining

100 OD tonne/day of WS feedstock is fed into a continuous reactor vessel, along with the pulping
liquor containing NaOH, H20., and DTPA. All reaction condition parameters and conversion
yields utilized in this model were based on our previous research study (104). The alkaline
peroxide pulping reaction is held at 90°C, 1 atm, for 150 min at medium consistency. A total mass
yield of 62 wt. % is obtained (based on original WS mass), with most lignin, ash, extractives, and
some hemicellulose being solubilized during the reaction. The resulting pulp is directed to a series
of three vacuum drum washers, a unit operation commonly utilized in the pulp and paper industry,
which were modeled using WinGEMS software assuming a dilution factor of 1. Water is fed to
the washers, and the dilute black liquor containing 98% of the dissolved solids exits on the opposite
end, being sent to the wastewater treatment (WWT) plant. The washed pulp (with 2% dissolved
solids) leaves the washer at 10% solid consistency and is directed to mechanical refining with a
50/60-in disk refiner (electricity demand calculated of 328 kW), producing WS refined pulp with

a higher fiber surface area.

Area 3: Peracetic acid pretreatment
Peracetic acid (CHsCOOOH) solution is assumed to be produced on-site by reacting acetic acid

(CH3COOH) with 30% hydrogen peroxide (H202) at a 1:1.5 volume ratio in the presence of
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sulfuric acid (H2S0O4) as catalyst 1.5 wt.%. loading (Reaction 3.1), based on reaction parameters
previously reported in the literature (106,107). The reaction takes place in a stainless steel tank at
50 °C for 4 h, and an extra storage tank is included. The resulting solution has a PAA concentration

in equilibrium of approximately 15 wt.%.

H,SO .
CH5COOH + H,0, «<— CH;COO0O0H + H,0 (Reaction 3.1)

The 15 wt.% PAA solution is mixed with NaOH at specific amounts to achieve a pH of 4.8 and
is then combined with the refined WS pulp and pumped into a stirred tank where the PAA
pretreatment takes place. The reaction is held at 85°C for 45 min at medium consistency and a
total mass yield of 53 wt. % is obtained (based on original WS mass) after the pretreatment. The
specific conversion yields utilized in the model were 3% cellulose to glucose, 13% xylan to xylose,
78% lignin to soluble lignin, 88% ash to soluble ash, and 100% extractives to soluble extractives
- all calculated based on the chemical composition and the total mass yield. Because the fibers are
still relatively big at this stage, the pretreated pulp can be washed with a conventional pulp washing
system. The resulting pretreated pulp exits the reaction tank and is directed to a second pulp washer
unit with the same configuration as in Area 2. The washed pretreated pulp leaves the washer at

10% solid consistency while the wastewater containing spent chemicals is directed to the WWT.

Area 4: Mechanical fibrillation

The combination of mechanical treatments utilized in the LCNMF production modeling was
chosen based on the nanofibrillation yield results demonstrated in this work (as seen in the Results
and Discussion section). First, washed pretreated pulp at 10% solid consistency is fibrillated using
a disk refiner to increase fiber surface area. Then, the fibers are mixed with enough water to

achieve a 1% solid consistency for the subsequent homogenization steps with a hydrapulper and a
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continuous ultrasonicator. The hydrapulper is mainly responsible for promoting water absorption
and fiber swelling to facilitate nanofibrillation, while the ultrasonicator improves the homogeneity
of the sample and increases nanofibrillation yield. Finally, the LCNMF at 1% solid consistency
passes through cross-flow ultrafiltration membranes for dewatering to achieve a final 5% solid
consistency. The water removed in the ultrafiltration step is clean and is recycled back into the
process. The final LCNMF product (at 5 wt.%) comprises a mixture of nano and microfibrils with
an output of 53 tonne/day or 18,437 tonne/year (dry basis). The main parameters for Area 4 are
summarized in Table 3.1.

Table 3.1. Parameters applied in the modeling and simulation of Area 4. Lab results were

obtained in the present work.

Parameter Value Source
Mechanical fibrillation

Solid consistency 10 wt. % Lab result
Electricity demand 260 kW

Hydrapulper

Solid consistency 1 wt. % Lab result
Electricity demand 1,060 kW

Ultrasonication

Solid consistency 1wt % Lab result
Electricity demand 7,401 kW

Dewatering

Solid consistency 5wt. % Assumption
Production rate

LCNMF production output 53 OD tonne/day Lab result/Aspen

Area 5: Wastewater treatment

Finally, the wastewater treatment (WWT) plant was modeled based on NREL’s 2011 process
design (108). The combined wastewater streams originating from both pulp washers are first
directed to anaerobic digestion, where microorganisms consume the organic matter to produce

biogas (CH4/CQO>). The biogas is fed to a gas water heater unit to generate the hot water needed in
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reaction steps at Areas 2 and 3. After the anaerobic digestion, the wastewater is directed to aerobic
digestion, where a relatively clean water stream is produced and sent to a clarifier and reverse
osmosis to produce the treated water. Inorganic waste generated in WWT was assumed to be

disposed of as solid waste. The treated water can then be reused in processes in other areas.

3.3.4 Techno-economic analysis (TEA)

Production costs of standalone facility

The production costs, including capital and operating, were estimated using Microsoft Excel
spreadsheets based on the mass balance results obtained via modeling and simulation.

Capital investment was estimated based on equipment prices available from NREL reports,
quotations provided by equipment suppliers, and other references. The size of the equipment was
adjusted using the facility size ratio and a scaling exponent obtained from the literature. When
necessary, Chemical Engineering Plant Cost Index (CEPCI) was used to adjust the equipment
prices to the base year of 2019 (109). The total direct costs (TDC) comprise the installed
equipment, warehouse, site development, and piping. The total indirect costs include prorateable
expenses, field expenses, engineering and supervision, project contingency, and other expenses
related to start-up. Direct and indirect costs result in fixed capital investment (FCI), and a working
capital of 10% of the FCI was assumed. The total capital investment (TCI) is calculated as the sum
of FCI and working capital. The breakdown of TCI are included in Appendix B, Table A.4.

Variable operating costs, including feedstock, chemicals, and utilities, were estimated using
mass flow rates obtained in the simulation. Whenever necessary, price values of chemicals were
adjusted to the year 2019 using the Inorganic Chemical Index (ICI) (110). Electricity price was
assumed based on facility location in Lewis County, WA. Water costs were assumed to be zero

since a wastewater treatment plant is included in the model, which provides clean water for the
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process. Fixed operating costs, including all labor-associated expenses, maintenance, operating
supplies, and property insurance, were also considered. The sum of variable and fixed operating
costs results in the total operating costs. The breakdown of total operating costs is included in

Appendix B, Table A.5.

Discounted Cash Flow Analysis and Minimum Product Selling Price (MPSP)

MPSP of LCNMF was estimated using discounted cash flow analysis by setting the net present
value (NPV) to zero at the assumed discount rate. MPSP were estimated at discount rates of 0%,
7%, and 15%. The discount rate of 15% was chosen as the base case for all other economic
analyses. The main financial assumptions used in the cash flow analysis are presented in Table

3.2. The facility's construction would take one year, during which the production capacity is zero.

Table 3.2. Main parameters used in the discounted cash flow analysis.

Parameter Value

Operating days 350 days/year, 24 h/day
Production capacity in year 0 0%

Production capacity in year 1 50%

Production capacity in years 2+ 100%

Financial horizon 10 years

Number of employees/area/day 4

Discount rate (baseline) 15%

Income tax rate 21%

Equity financing 60%

A sensitivity analysis was performed to determine how much the MPSP of LCNMF is affected
by the main variable operating costs (i.e., acetic acid, hydrogen peroxide, feedstock, and
electricity) and total capital cost. For this analysis, the cost values for each parameter were varied
by + 25%, and the resulting MPSP was calculated. In addition, the production costs and MPSP of

a larger facility were estimated to elucidate how the plant size affects the economics of the process.
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The larger plant size of 2,000 OD tonne/day of feedstock input was selected based on a standard

Kraft pulp mill producing 1,000 OD tons/day of pulp (111).

Standalone vs. co-located scenarios comparison

The standalone facility (100 OD tonne/day feedstock input) was compared to a second scenario
where it would be co-located with a biorefinery producing biofuels and (112). The co-located
scenario would provide the following modifications related to the standalone case: 1) no expenses
associated with WWT (i.e., capital cost and electricity) since the biorefinery’s WWT system has
more than sufficient capacity to treat waste from the LCNMF facility; 2) the biorefinery would
provide free hot water to the LCNMF facility, therefore eliminating the capital (gas water heater
tank) and operating (natural gas) costs associated with water heating; and 3) no site development
costs. The production costs and MPSP of the co-located scenario were calculated and compared to

the standalone scenario.

3.4 RESULTS AND DISCUSSION

3.4.1 Laboratory experimentation

Chemical composition and mass yield

The WS pulp after alkaline peroxide pulping had the same chemical composition as that
previously reported by our group (57.7% cellulose, 26.6% hemicellulose, 8.2% lignin, 1.9% ash,
and 2.7% extractives) with a 62% total mass yield related to original WS (104). The PAA
pretreated pulp prepared in the present work contained 74.1% cellulose, 30.9% hemicellulose,
2.4% lignin, and virtually no ash and extractives, with a total mass yield of PAA pretreated pulp
related to original WS of 53%. The chemical composition percentages and mass yield results

obtained were utilized to calculate the mass balance for each compound throughout the process.
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The mass balance results were employed as input conversion percentages in the modeling and
simulation for the two reaction steps (i.e., alkaline peroxide pulping and peracetic acid

pretreatment).

Mechanical fibrillation and LCNMF production

The effectiveness of the different mechanical treatments was compared based on nanofibrillation
yield, which is obtained via the centrifugation method and corresponds to the percentage of
nanofibrils present in the suspension containing both nano and microfibrils (25). The different
mechanical treatments tested for the production of LCNMF and their corresponding
nanofibrillation yields are shown in Table 3.3, alongside other methods previously reported by our
group. In our previous work, a one-step blending resulted in a low nanofibrillation yield of 4%,
but when combined with another homogenization method (i.e., blending + microfluidization), the
nanofibrillation yield increased significantly to 36% (104). Even though using a microfluidizer
was satisfactory on a laboratory scale, this equipment is known to present major clogging issues
due to its narrow microfluidic channels, requiring process shutdown for cleaning (113-115) that
leads to down-time at the facility. Thus, we assessed substituting the microfluidizer with an
ultrasonicator because it can operate continuously, presents less risk of clogging, and provides
reliable results in decreasing fiber size (116). By doing a blending + ultrasonication treatment, a
24% nanofibrillation yield was achieved. Even though blending + ultrasonication treatment yield
is lower than that obtained with blending + microfluidization treatment, ultrasonication imposes
less technical limitations relative to microfluidization, so we consider the tradeoff of lower yield

with more reliable operation to be worthwhile.
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Table 3.3. Comparison of nanofibrillation yields after different mechanical treatments.

Nanofibrillation

Mechanical treatment method vield (%) Source
Blending 4% (104)
Blending + Microfluidization 36 % (104)
Blending + Ultrasonication 24 % Present work
Refining 5% Present work
Refining + Ultrasonication 19 % Present work
Refining + Blending + Ultrasonication 32 % Present work

A test using a PFI refiner mill was also done. First, single-step refining resulted in a low yield of
5%, similar to that previously reported for the single-step blending treatment (104). Then, the
combination of refining + ultrasonication treatments resulted in a 19% nanofibrillation yield, 5%
less than blending + ultrasonication. We believe this difference is due mainly to the solid
consistency employed during the mechanical treatment, seeing that blending was performed at
very low consistency (0.4%) while refining was performed at medium consistency (10%). As a
result of low consistency and high shear treatment, blending promoted higher water accessibility,
resulting in greater fiber swelling and softening due to the breakage of hydrogen bonds between
fibers, facilitating nanofibrillation (28). Furthermore, previous studies by Serra-Parareda et al. used
a combination of refining + high-pressure homogenization on spruce thermomechanical pulp (25).
As a result, the authors reported nanofibrillation yields ranging from 3 to 23% depending on the
homogenization conditions (i.e., number of passes and pressure) (25), which are in accordance
with the results obtained in the present work.

Finally, a 3-step mechanical treatment (i.e., refining + blending + ultrasonication) was tested,
which resulted in the highest nanofibrillation yield of 32%. In this 3-step method, the refining step
mainly increases the fiber surface area; the blending step facilitates fiber swelling and

nanofibrillation; and the ultrasonication works as a homogenization step and improves
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nanofibrillation yield. Because this method produced the highest nanofibrillation yield, it was
selected to be employed in this work's process modeling and simulation. Specifically, the blending
step of this 3-step method was modeled using hydrapulper equipment, which is commonly used in
the pulp and paper industry for disintegrating waste paper and promoting fiber separation through

powerful agitation (117).

LCNMF characterization

Because the LCNMF produced via the 3-step mechanical treatment process contained both nano
and microfibrils in the mixture, the morphology of both fractions was assessed using different
microscopy techniques. Figure 3.2 shows the AFM image of nanofibrils and SEM image of
microfibrils, along with their width and length size distribution curves. Nanofibrils, which
constitute 32% of the LCNMF product weight, had an average width of 2.8 + 1.1 nm and length
0f 0.8 £ 0.5 um (Figure 3.2A). It may be noted that the nanofibrils' length size distribution presents
a right-skewed distribution. Furthermore, the remainder of LCNMF was constituted by
microfibrils with 13.5 £ 3.5 nm width that formed a web-like network of very long fibrils (Figure

3.2B).
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Figure 3.2. (A) AFM image of nanofibrils with width and length size distribution curves, (B)
SEM image of microfibrils and width size distribution curve. Both fractions comprise the final
LCNMF product.
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The size of the LCNMF obtained from wheat straw using the process described in the present

work is within the low size range compared to the largest producers of nano-microfibrils in the

world (Figure 3.3). One can see that the leading producers primarily make microfibrils of larger

sizes (and broader size ranges), except for Nippon Paper which produces nanofibrils with very

small widths using the TEMPO oxidation technology (which is not ideal from an economic and

environmental standpoint). Alternatively, this work presents a novel process to manufacture

LCNMF with sizes primarily ranging between 2 - 17 nm, which are comparable to that obtained

via TEMPO oxidation (as is the case of nanofibrils), and with bigger microfibrils that are still

under 20 nm in width, indicating successful production of fibrils with narrow size distributions.
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Figure 3.3. Schematic comparing the fibril size and production capacity of major CNMF

manufacturers. The scheme is a visual representation of information obtained from various

sources (36-40). The production capacity for the present study, represented in dashed lines, was

obtained from process simulation results.

3.4.2 Techno-economic analysis

Production costs and MPSP

The breakdown of installed equipment costs per area is shown in Figure 3.4. Area 4 (mechanical

fibrillation) and Area 5 (WWT) comprised 67% and 26% of the total installed equipment cost,
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respectively, leaving just 7% of the remaining expenses for the three remaining areas combined.
Areas 2 and 3 presented the lowest equipment cost due to the mild reaction conditions employed
(temperatures below 100 °C), which require simple stirred reactors at atmospheric pressure —much
cheaper than high-pressure reactors. Not surprisingly, the most expensive equipment in the entire
process was the ultrasonicator in Area 4 (~ $40 million), followed by the WWT plant in Area 5 (~
$21 million), and the dewatering system in Area 4 (~ $13 million).

A previous study by Bondancia et al. included a similar ultrasonication step in their process,
which corresponded to only 6% of their total equipment costs (101) - much lower than the
percentage obtained in the present work (about 50%). The discrepancy between the two studies
with respect to the cost of the unit operation of ultrasonication can be ascribed to the assumptions
utilized in both studies. Bondancia et al. modeled the ultrasonication step to operate at 8% solid
consistency. However, our laboratory experience found that the nanofibrils product is highly
viscous at 8% solid consistency, making ultrasonication practically impossible to operate at this
condition. Ultrasonication needs a certain amount of water to create the cavitation bubbles that
promote homogenization of the fibers; hence a much lower solid consistency is required. For this
reason, we opted to model the ultrasonication process to operate at a lower solid consistency of

1%, which resulted in a much larger and more costly unit operation relative to Bondancia’s work.
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Figure 3.4. Breakdown of installed equipment costs (in US$ million) for LCNF production per

area.

The variable operating costs associated with LCNMF production are shown in Figure 3.5, and
the complete breakdown of all operating costs (variable and fixed) is included in Appendix B,
Table A.5. Acetic acid and hydrogen peroxide, both utilized in peracetic acid production in Area
3, are the largest contributors to the variable operating costs of the process ($1,250/tonne LCNMF,
67% of total). These results are in agreement with a previous study using citric acid hydrolysis to
produce cellulose nanofibrils and nanocrystals, where the cost of the citric acid represented 41%
of the total operating cost (101). The electricity cost contributed to 12% of the total variable
operating costs ($229/tonne LCNMF) due to the mechanical treatments in Area 4. Assis et al. have
reported that electricity costs associated with disk refining represented ~15% of their
manufacturing costs, ranging from $227-258/ton (or $249-283/tonne) (23). This comparison
shows that the estimated electricity usage of the modeled factory agrees with previous reports, and
even though ultrasonication is an energy-intensive unit operation, electricity is only a moderate
fraction of the total operating cost. It should be noted that the price of electricity used in the present
study (from Pacific Northwest location) is considered moderate compared to other regions of the

country. Furthermore, the cost associated with the WS feedstock was relatively low, accounting
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for only 6% of variable operating expenses. This demonstrates that using a low-cost agricultural
residue as feedstock is economically advantageous, being one of the main advantages of the current

process relative to those using bleached wood pulp feedstocks.
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Figure 3.5. Breakdown of variable operating costs in US$ per tonne of LCNMF produced (dry

basis).

The estimated total capital and operating costs of the modeled process were utilized to calculate
the MPSP of LCNMF by discounted cash flow analysis (Table 3.4). The modeled facility had an
LCNMF production capacity of 18,400 OD tonne/year with a 53% yield from the starting WS
feedstock. The estimated total capital cost was US$154 million, and the operating cost was US$46
million per year. The MPSP of LCNMF ranged from US$3.73/kg (dry basis) at a 0% discount rate
(i.e., break-even point) to US$4.60/kg at a favorable profit margin with a 15% discount rate.
Although current market price information for CNMF or LCNMF is scarce, a few sources indicate
that current prices can reach up to US$1,000/kg (dry basis) depending on the product specifications
(e.q., fiber size, chemical composition, surface modification, etc.) (9,44,118), and we assume the

low range of market price to be around US$100/kg. Thus, the present study shows that it is possible
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to produce LCNMF at significantly lower prices (at least 20 times lower) than currently available
purchasing options.

Even though the MPSP of US$4.60/kg is still not cheap enough to be sold as a commodity
chemical level (usually around US$1/kg), it allows the LCNMF to be sold as an additive agent
(e.g., coating, reinforcing, etc.) to be used in various existing products such as plastics, automotive
body, packaging, paper, etc. For comparison purposes, polylactic acid (PLA) is another biomass-
derived, biodegradable material that is currently being commercialized for many applications (e.g.,
packaging, paper coating, films, bags, etc.) (119). The process to manufacture PLA briefly consists
of fermentation of sugars (mainly produced from corn, potatoes, and sugar beets) to produce the
monomer lactic acid, followed by polymerization, which can also be costly (119,120). PLA pellets'
current prices range between US$3-6/kg (121), being comparable to the LCNMF price of

US$4.60/kg obtained in the present work.

Table 3.4. Summary of LCNMF production process parameters, capital and operating costs, and
MPSP at different discount rates.

Main process parameters

Feedstock input (OD tonne/day) 100
LCNMF yield from feedstock (OD wt. basis) 53%
Production capacity (OD tonne/year) 18,400
Total capital cost (US$ million) $154 M
Direct costs $92 M
Indirect costs $55 M
Working capital $7 M
Total operating cost (US$ million/year) $46 M
Variable operating costs $36 M
Fixed operating costs $10 M
MPSP at 0% discount rate (US$/kg) $3.73
MPSP at 7% discount rate (US$/kg) $4.10
MPSP at 15% discount rate (US$/kg) $4.60
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The results obtained in this work can also be compared to previous TEA studies available in the
literature, although this type of comparison is not straightforward. Several factors should be
considered when comparing different TEA studies, including the assumptions utilized (e.g.,
production capacity, discount rate, process boundaries, etc.), the feedstock used (bleached or
unbleached wood pulp, residues, etc.), the process technology (e.g., mechanical, chemical,
enzymatic, etc.), and the final product specifications (e.g., fibril size, chemical composition, etc.).
For example, Assis et al. reported that the MPSP of their microfibrils (widths between 20 — 100
nm) varied from $1.89 — $2.44/kg (dry equivalent), depending on the facility location, with a
production capacity of 17,000 tonne/year (23). In their study, they considered only mechanical
treatments (i.e., hydrapulper, buffer tank, and disk refiner); hence the capital costs were
significantly lower (between US$18.5 — 37.7 million), which is reflected in their low MPSP. The
present work, by contrast, considered a complete process starting with raw feedstock handling,
and that has its own WWT plant, resulting in higher capital cost. Still, the MPSP of LCNMF
(widths between 2 — 17 nm) was less than US$5/kg, demonstrating that competitive and high-
quality nanocellulose products can be produced at a reasonable price via the present process.
Another study by Bondancia et al. reported that the MPSP of their nanofibrils product (the exact
fibril size was not described) ranged from $11.71 — 11.52/kg (dry equivalent) depending on
hydrolysis time, with relatively lower production capacity between 874 — 1,193 tonne/year (101),
being higher than the MPSP calculated in the present study.

A sensitivity analysis of the MPSP of LCNMF was performed by assuming a change of £25%
in variable operating costs and total capital cost. Figure 3.6 shows that MPSP is most sensitive to
variations in capital costs (resulting in £9% MPSP variation), followed by acetic acid (x5% MPSP

variation) and hydrogen peroxide (3% MPSP variation). Seeing that the two chemicals

62



represented the largest fraction of variable operating costs (Figure 3.5), their significant impact on
MPSP was expected. Furthermore, variations in MPSP for feedstock and electricity were very low

(about £1%) due to their minor contribution to operating costs.
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Figure 3.6. Sensitivity analysis of MPSP (at 15% discount rate) of LCNMF to +25% variation of
certain variable operating costs and total capital cost.

Impact of facility size

The impact of the facility size on the production costs (capital and operating) and MPSP was
assessed by modeling a larger facility with a production rate 20 times greater than that of the
facility considered in this study. The large facility led to a substantial reduction in costs, especially
in capital costs, resulting in a lower MPSP (Table 3.5), which was expected based on previous
research at the University of Washington (122). The capital cost per annual tonne of LCNMF
produced was dramatically reduced by $5,812/kg (70% reduction) due to the economies of scale.
On the other hand, the operating costs showed a lower reduction of 18%, which was expected since
operating costs are approximately linear with the size of the facility. As a result, the MPSP (at a

15% discount rate) of the large facility was $2.84/kg, a 38% reduction compared to that of the
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small one. Even though the capital cost of the large facility is relatively high (almost US$ 1 billion),

the economies of scale helped reduce the MPSP closer to the target price for commodity products.

Table 3.5. Comparison of production costs and MPSP (at 15% discount rate) of LCNMF
produced in small and large facilities.

Small facility Large facility

Feedstock input (OD tonne/day) 100 2,000
Production capacity (OD tonne LCNMF/year) 18,400 371,000
Capital cost (US$ million) $154 M $931 M
Capital cost (US$/annual tonne LCNMF) $8,338 $2,510
Operating cost (US$ million/year) $46 M $764 M
Operating cost (US$/tonne LCNMF) $2,502 $2,060
MPSP at 15% discount rate ($/kg) $4.60 $2.84

Standalone vs. co-located scenarios

Most nano-microfibrils are currently produced through integrated processes with pulp and paper
mills due to economic advantages such as in-house utilization in their paper products and
elimination of shipping. However, this integrated concept limits the market potential of the fibrils,
seeing that the sole purpose of this type of integration is to use the fibrils in the facility’s existing
products. The ultimate goal of the present work is to produce inexpensive nano-microfibrils that
can be used in a wide range of applications. We therefore investigated the potential of co-locating
with a biorefinery to reduce the capital and operating costs of the LCNMF production itself (Table
3.6). Another research project at the University of Washington developed a detailed biorefinery
model to produce jet fuel, xylitol, and formic acid (112). The model involved integrating
biochemical, thermochemical, and electrochemical processes to convert the glucose in the biomass
feedstock into jet fuel via alcohol synthesis (i.e., ethanol), ethanol dehydration, ethylene
oligomerization, and alkene hydrogenation. The CO2 produced during fermentation is reacted with

water in an electrochemical reactor to produce formic acid, and the xylose is converted into xylitol
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via hydrogenation. Using this biorefinery model to investigate the potential of co-location with the
LCNMF facility enabled the development of a rigorous integrated model.

In the co-located scenario, equipment costs of LCNMF production associated with Area 5
(including wastewater treatment plant and gas water heater) and site development expenses are
eliminated, significantly reducing the capital cost by about $44 million. In addition, variable
operating costs (electricity and natural gas) and labor costs associated with Area 5 are also
eliminated, reducing operating costs by $4 million/year. These cost reductions resulted in a lower
MPSP (at a 15% discount rate) of $3.87/kg of LCNMF (dry basis), which accounts for a 16%
reduction in MPSP compared to the standalone scenario (Table 3.6). These results show that the
final product can be more affordable by co-locating and eliminating the costs mainly associated
with WWT. In addition, the biorefinery would also benefit from giving their hot water to the
LCNMF process because they may not be able to dispose of hot water directly into receiving water

streams without some cooling unit operation.

Table 3.6. Comparison of production costs and MPSP (at 15% discount rate) of LCNMF

produced in standalone and co-located scenarios.

Standalone Co-located
Capital cost (US$ million) $154 M $110 M
Operating cost (US$ million/year) $46 M $42
MPSP at 15% discount rate ($/kg)  $4.60 $3.87

Similar co-location opportunities can be established with facilities other than biorefineries, such
as corn-to-ethanol plants where the LCNMF facility can take advantage of the utilities already
supporting the corn-to-ethanol process. There are many of those plants currently operating in the
United States and they generate vast amounts of corn stover residue. The process shown in this

study was proven successful with wheat straw feedstock, and in the future, it is possible to expand
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to other types of agricultural residues, including corn stover. Therefore, by co-locating with corn-
to-ethanol plants, the LCNMF facility may also utilize the ethanol plant’s corn stover waste as
feedstock to produce nano-microfibrils. This is not only beneficial for the ethanol plant since they
will have a high-value purpose for their waste, but it also decreases the feedstock cost for the

LCNMF facility.

3.5 CONCLUSION

This work demonstrated the technical and economic feasibility of a large-scale process to
produce LCNMF directly from low-cost agricultural waste feedstock. The 100-tonne
feedstock/day standalone facility can produce 18,400 tonnes of LCNMF per year with a MPSP of
US$4.60/kg (at 15% discount rate). The LCNMF produced has widths ranging from 2-17 nm,
being in the lower size range compared to current nano-microfibrils producers. The key parameters
that enabled the economic feasibility of the process were the use of inexpensive feedstock
(representing only 6% of variable operating costs) and the conversion process simplicity (low
temperature, atmospheric pressure), which resulted in lower capital costs. The main variable
operating cost drivers were the chemicals used to produce peracetic acid (67% of total), while the
capital costs of Area 4 (mechanical fibrillation) and 5 (WWT) combined comprised 93% of the
total. By increasing the facility size, the capital cost per annual tonne of LCNMF was dramatically
reduced by 70%, and the resulting MPSP was lowered by 38% due to the economies of scale. In
addition, co-location with a biorefinery was proven advantageous since the LCNMF facility can
use the WWT plant of the bigger facility, causing a reduction in capital cost by about $44 million
compared to the standalone scenario. Overall, the comprehensive process assessed in this work

can produce LCNMF of small sizes at a competitive price (less than $5/kg). We conclude,
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therefore, that our novel standalone process to produce cost-competitive nanocellulose products is

economically feasible, promoting the commercialization of such products for many applications.
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Chapter 4. Comparative study of lignocellulosic nanomaterials

production from different heterogeneous waste feedstocks

4.1 SUMMARY

Nanocellulose products may be produced from various heterogeneous waste feedstocks such as
agricultural residues, invasive plant species, and other low-cost lignocellulosic biomass, providing
economic and sustainability advantages related to the conventional bleached wood pulp feedstock.
However, for this to become a reality on a large scale, robust conversion processes that
accommodate such heterogeneous feedstocks must be developed. In this study, three different
heterogeneous waste feedstocks were utilized (corn stover, reed canary grass, and industrial hemp)
to assess the robustness of a conversion process previously described by our group to make
lignocellulosic nanomaterials. Lignocellulosic nanofibrils (LCNF) and microfibrils (LCMF) were
successfully produced from all biomass feedstocks tested, but the original biomass's chemical and
physical characteristics influenced the final nanomaterials’ properties. The chemical composition
and nature of the initial feedstock showed a direct effect on the total mass yields during the process
as well as on the surface charge characteristics of the final nanomaterials. In addition, the physical
characteristics of the feedstock affected the degree of delignification during the reactions,
producing materials with different residual lignin contents. This work has demonstrated the
successful production of nanomaterials from various highly-available, low-cost waste feedstocks,
advocating for the large-scale production of nanocellulose products in the United States.

Pascoli DU, Dichiara AB, Gustafson R, Bura R.

Manuscript in preparation for publication
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4.2 INTRODUCTION

Nanocellulose products have been primarily produced from bleached wood pulp, a high-purity,
homogeneous feedstock comprising virtually pure cellulose (20). Yet, there has been an interest in
utilizing low-purity, heterogeneous waste feedstocks containing other components besides
cellulose (e.g., hemicellulose, lignin, pectin, ash, and/or extractives), such as agricultural residues,
forest residues, and pulp and paper waste in nanocellulose production due to their economic and
sustainability benefits (20,123). Utilizing low-purity feedstocks combined with mild processing
conditions can generate a specific type of nanocellulose product containing cellulose,
hemicellulose, and residual lignin (19,28) — therein referred to as lignocellulosic nanomaterials.
Lignocellulosic nanomaterials have unique properties associated with their hemicellulose and
lignin components, including colloidal stability, easier fibrillation, hydrophobicity, improved
barrier properties, among others, which may be beneficial depending on the application (29-32).

Although utilizing low-purity, heterogeneous feedstocks is a promising solution to economic and
environmental issues surrounding current nanocellulose production, the conversion processes to
produce the nanocellulose must be robust enough to accommodate the impurities from these
feedstocks. The ideal process should also be effective with different types of feedstocks to avoid
a high dependency on a specific kind of raw material, which could limit the process’ viability on
a large scale (49). Ultimately, a robust process capable of running with various waste feedstocks
can enable large-scale processing facilities to be built in different locations across the country since
it could utilize any biomass available in the region.

In a previous study, our research group established a conversion process to produce
lignocellulosic nanomaterials using wheat straw (WS) feedstock, a highly available food crop

residue. The process consisted of mild alkaline peroxide pulping (for delignification) and peracetic
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acid pretreatment (for carbohydrate oxidation) followed by mechanical treatments (for
fibrillation), generating lignocellulosic nanomaterials with excellent properties (104). However,
even though this conversion process represents a promising route to producing inexpensive
nanomaterials from waste feedstocks, it is necessary to determine if it would also be effective with
other types of feedstocks. Thus, the present work selected three different waste feedstocks,
including another food crop residue (corn stover), an invasive grass species (reed canary grass),
and an industrial lignocellulosic residue (industrial hemp), to evaluate the robustness of the
conversion process.

Corn stover (CS) is an agricultural crop residue comprising the leftover stalks and leaves from
corn production. CS is the largest source of agricultural residue in the United States, representing
about 70% of total annual crop residue production, with availability estimated to reach up to 264
million dry tons by 2030 at a simulated price of $50/dry ton (124). Besides being mainly used in
low-value applications such as animal bedding and cattle feed production (125), CS has also been
the focus of several studies for biofuels and biochemicals production during the past years,
including many reports from the National Renewable Energy Laboratory (NREL) (105,108,126),
due to its high availability and low price.

Reed canary grass (Phalaris arundinacea L. - RCG) is a lignocellulosic perennial crop that can
grow on marginal lands that are not suitable for food crops (127). RCG is considered an invasive
species in United States wetlands, causing a reduction in native plant diversity and requiring
management strategies to control its spread (128,129). Currently, RCG is primarily used in low-
value agriculture applications such as hay production, straw or bedding for livestock, and soil

conservation. Still, RCG has been studied for use in other applications, including the pulp and
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paper industry as a replacement for hardwood fibers and other energy conversion processes
(127,130).

Industrial hemp (Cannabis sativa L. - IH) is a fast-growing, non-wood plant fiber crop with low
water and nutrient requirements that grows in various conditions (131,132). IH seeds are currently
used for oil extraction, while the remaining stalks (which represent about 70% of the plant’s dry
weight) have been used in low-value applications or just gone to waste (131). Morphologically,
IH stalks contain two types of fibers: bast (very long, about 10 to 20 times longer than fibers from
hardwoods, softwoods, and agricultural residues) and core fibers (shorter, similar physical
characteristics to hardwood fibers (130,133). Bast fibers are commonly used in ropes, paper,
textiles, and composites, while core fibers are used in paper, construction materials, biofuels, and
others (132).

These three biomass feedstocks have great potential for high-value applications, either due to
their high availability, invasive nature, low-value market, or low water and nutrient requirements.
Thus, in this work, we utilized CS, RCG, and IH to produce high-value lignocellulosic
nanomaterials (nano and microfibrils) via the mild conversion process previously described by our
research group (104). This work’s goal is to assess the robustness of the conversion process by
utilizing various heterogeneous waste feedstocks with different chemical and physical
characteristics, and to understand how the inherent nature of the feedstocks may affect the process
outcomes. The chemical composition of all biomass feedstocks before and after each chemical
treatment was assessed and the recoveries of specific components (i.e., holocellulose and lignin)
were calculated. Then, the lignocellulosic nanofibrils (LCNF) and microfibrils (LCMF) produced
from each feedstock were compared in terms of light transmittance values, surface chemistry,

crystallinity, and morphology. Ultimately, by proving that this process is robust and feedstock-
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flexible, the potential to produce nanocellulose products can be enormous due to the high

availability of heterogeneous waste feedstocks in the US.

4.3 MATERIALS AND METHODS
4.3.1 Raw materials

Three biomass feedstocks were utilized in this study. Corn stover (CS) ground to 6 mm particle
size was sourced from Forest Concepts in Auburn, WA. Reed canary grass (RCG) bales were
sourced from farms in Lewis County, WA, and cut into half-inch pieces using a hand pruner.
Industrial hemp (IH) stalks were sourced from the Squaxin Island tribe, WA, and ground to 2 mm

particle size. All biomass feedstocks were air-dried and stored in plastic buckets until use.

4.3.2 Alkaline peroxide pulping

The biomass feedstocks underwent alkaline peroxide pulping and refining following the

procedure previously reported in our previous study (104).

4.3.3 Peracetic acid pretreatment

The refined pulps were submitted to peracetic acid (PAA) pretreatment based on the procedure

reported in Chapter 3 of this dissertation (subsection 3.3.2).

4.3.4 Lignocellulosic fibrils (nano and micro) production

The PAA treated pulps were fibrillated using a blender, followed by homogenization with a horn
ultrasonicator. The samples were then centrifuged to separate two product fractions: supernatant
consisting of lignocellulosic nanofibrils (LCNF) and precipitate consisting of lignocellulosic
microfibrils (LCMF). The LCNF suspensions were concentrated by vacuum-rotary drum

evaporation at 90°C. All samples were stored in glass bottles at room temperature until use.
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4.3.5 Characterization techniques

Chemical composition
The chemical composition of untreated biomass feedstocks, alkaline peroxide pulps, and PAA
treated pulps were assessed following the same procedures reported in Chapter 2 (subsection

2.3.5).

Mass yield and component recovery after pulping and pretreatment
The total mass yield after pulping and PAA pretreatment was determined gravimetrically by
comparing the oven-dry (OD) mass of pulp obtained after each process with that of the untreated

biomass (Equation 4.1).

M feld (%) = Pulp mass after each reaction (g) < 100 Eq. 4.1
ass yie /'~ "Mass of untreated biomass €9) g%

The recoveries of holocellulose (i.e., cellulose and hemicellulose) and lignin components after
pulping and PAA pretreatment were calculated by correlating the mass yield and chemical
composition at each stage to that of the untreated biomass (Equation 4.2).

Amount of component in pulp (%) X Mass yield (%)

Component recovery (%) = Eqg. 4.2

Amount of component in untreated biomass (%)

Product separation yield

The product separation yield was determined by centrifugation. Two fractions of products were
obtained after centrifugation: supernatant LCNF and precipitate LCMF. The product separation
yields, expressed as percentages, were calculated by the OD weight ratio of each product fraction

to the pre-centrifugation suspension (Equation 4.3).

s " eld (%) = post-centrifugation LCNF or LCMF dry mass (g) < 100 Eq. 4.3
eparation yie o pre-centrifugation LCNF + LCMF dry mass (g) g- 4

Lignocellulosic fibrils characterization
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Light transmittance of LCNF and LCMF suspensions was conducted using UV/VIS/NIR
Spectrophotometer with scans ranging from 400 to 800 nm. Charge density was determined by
conductometric titration. Crystallinity index was determined by X-ray diffraction (XRD). Fourier
transform infrared spectroscopy (FTIR) was used to evaluate bonds within samples. Fiber
morphology was characterized by scanning electron microscopy (SEM) and atomic force
microscopy (AFM) techniques. For detailed information about these characterization techniques,

refer to Chapter 2 of this dissertation (subsection 2.3.5).

4.4 RESULTS AND DISCUSSION

Figure 4.1 summarizes the process steps to produce lignocellulosic nanomaterials from CS,
RCG, and IH. First, each biomass feedstock underwent alkaline peroxide pulping and refining,
producing refined pulps. Then, the pulps underwent PAA pretreatment, producing PAA treated
pulps. In the specific case of IH, an additional PAA condition (referred to as PAA 10x) was carried
out, producing PAA 10x treated pulp. Finally, all PAA treated pulps underwent mechanical
fibrillation, homogenization, and separation, generating two product fractions: lignocellulosic
nanofibrils (LCNF) and microfibrils (LCMF). The chemical composition of each untreated
biomass and their pulps after each reaction step (i.e., pulping and PAA pretreatment) was assessed,
and the obtained lignocellulosic nanomaterials (LCNFs and LCMFs) were characterized (light

transmittance, surface chemistry, crystallinity, morphology, and thermal stability) and compared.
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Figure 4.1. Summary of process steps to produce lignocellulosic nanomaterials (LCNF and
LCMF) from different biomass feedstocks.

4.4.1 Effect of chemical treatments on biomass chemical composition

Figure 4.2 shows the effect of pulping and PAA pretreatment reactions on the chemical
composition of each biomass feedstock by displaying the recovery percentages of holocellulose

(corresponding to both cellulose and hemicellulose fractions) and lignin, the main components of
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biomass. The total mass yield and complete chemical composition of each material are shown in
Appendix C, Table A.6.

The goal of mild alkaline peroxide pulping was to remove lignin to a certain extent to enable the
fibrillation while keeping most holocellulose intact for higher yields. Figure 4.2 shows that more
than 76% of holocellulose was preserved in all feedstocks after pulping, demonstrating a relatively
low carbohydrate loss during the reaction. Furthermore, RCG had the lowest total mass yield
(49%) due to the original feedstock's high extractives and ash content (Appendix C, Table A.6),
which were also removed during the pulping reaction. If desired, the RCG mass yield could be
improved by using only the stem portion of the feedstock since the leaves are the parts that contain
the most ash and extractives (130).

A high delignification during pulping was observed for both CS and RCG, with similar lignin
removal percentages ranging from 78-81% (i.e., 19-22% lignin recovery), while IH had the lowest
lignin removal of only 36% (Figure 4.2). The low lignin removal observed for IH is in accordance
with a previous study by Wawro et al. The authors reported little effect on the lignin content of IH
fibers after mild NaOH treatment (90 °C for 5 h) (134). The difference in delignification extent of
IH compared to the other feedstocks can be explained by its inherited physical characteristics.
Because IH stalks have a similar structure as woody biomass, alkaline pulping treatments
performed on IH biomass are usually carried out at much higher temperatures (usually between
120-180 °C) (133,135), similar to the commonly used in hardwood pulping. Thus, the milder
pulping condition employed in the present study (90 °C, atmospheric pressure) probably just
solubilized the highly reactive lignin in IH, such as phenolic a-O-4 linkages that are easier to break
during pulping at lower temperatures (136), while CS and RCG showed a more extensive

delignification under the same conditions. These outcomes are in accordance with previous studies
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from the literature, where Joachimiak et al. compared pulping yields and degree of delignification
of a woody biomass (Birch sawdust) with that of a grass (Miscanthus stems) (137). The authors
found that, under the same pulping conditions, the grass displayed much higher and faster

delignification than the wood, which was attributed to chemical and morphological differences

between the two feedstocks.

100

90 + mHolocellulose ®mLignin

Recovery percentage (%) related
to untreated biomass

| 6
After pulping  After pulping | After pulping After pulping | After pulping  After pulping  After pulping

and PAA and PAA and PAA and PAA
pretreatment pretreatment pretreatment  pretreatment
(10x)
Corn stover Reed canary grass Industrial hemp

Figure 4.2. Recovery percentages of holocellulose and lignin components after pulping and PAA
pretreatment related to untreated biomass.

After PAA pretreatment, all feedstocks displayed a trend of further delignification accompanied
by minor carbohydrate loss (Figure 4.2), similar to previous studies employing PAA treatments on
different feedstocks (54,138,139); therefore demonstrating the high selectivity of PAA towards
lignin. Compared to the untreated biomass, both CS and RCG had low overall lignin recoveries
(5-7%), while IH still had 28% of the original lignin in its composition. These results again
demonstrate that IH lignin is more difficult to remove than that of CS and RCG under the same

mild reaction conditions. Due to its higher residual lignin content, IH PAA treated pulp presented
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a yellow-toned color, as shown in Figure 4.1. Furthermore, by increasing the amount of chemicals
during PAA pretreatment of IH by 10x, a more substantial delignification was achieved (94%
lignin removal), reaching similar recoveries to those obtained for CS and RCG under normal PAA
pretreatment conditions. This improvement in delignification goes along with previous reports in
the literature, where increased PAA concentration during a bleaching reaction at pH 5 improved
the whiteness index (which can be directly correlated with lignin content) of IH pulp (140).
Interestingly, the increase in PAA chemical load by 10x seemed to have mainly affected the lignin
(as seen by a 22% difference in recovery compared to PAA at original reaction conditions) and
not as much the holocellulose (only 5% difference). This outcome indicates that the lignin
component is more sensitive to changes in PAA load than the carbohydrates (141), which may be

attributed once again to high PAA selectivity towards lignin.

4.4.2 Nanomaterials characterization

Fibrils suspension and optical transmittance

Figure 4.3A shows photographs of the LCMF and LCNF suspensions obtained after mechanical
fibrillation and homogenization of PAA treated pulps, along with their percent light transmittance
values at 600 nm. The complete light transmittance spectra of each suspension are shown in Figure
4.3B. It can be seen in Figure 4.3A that the mild process utilized in this study successfully produced
gel-like suspensions of LCNF and LCMF from all feedstocks tested. All LCNF fractions exhibited
high light transmittance values (83-88% at 660 nm), an indication of nanofibrils of very small
sizes, while all LCMF fractions showed a milk-white appearance and low transmittance values (3-
8%) due to higher light scattering from bigger fibrils (84,142). In addition, all LCNFs and LCMFs
demonstrated colloidal stability, which may be related to the presence of hemicellulose

heteropolysaccharides (as seen by the presence of arabinan, galactan, xylan, and mannan in
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Appendix C, Table A.7) that are known to promote colloidal stability by steric and coulombic
forces (28). Furthermore, lignin is known to have a light absorption trait (142); thus, IH LCNF and
IH LCMF presented lower transmittance values across the entire spectra (Figure 4.3B) due to their
higher residual lignin content (12%) compared to the other samples (2-4%) (Appendix C, Table
A.6). Interestingly, IH 10x-LCMF presented some fibrils aggregation (Figure 4.3A), while the

other LCMFs showed a more homogeneous feature.
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Figure 4.3. (A) Photograph of the suspensions and their respective percent transmittance at 660

nm. (B) Optical transmittance spectra of different lignocellulosic fibrils suspensions.

Surface chemistry

Figure 4.4 shows FTIR spectra with specific bonds of the LCNF (Figure 4.4A) and LCMF
(Figure 4.4B) fractions obtained from each feedstock, along with the charge density (CD) values
obtained by conductometric titration. It can be seen that both LCNFs produced from IH presented
higher CD values (322-344 umol g*) than those from CS and RCG (110-112 umol g%) (Figure
4.4A). A similar trend was observed for LCMFs produced from IH, but to a lower extent (Figure
4.4B). The more prominent peak at 1604 cm™ in FTIR spectra of both IH-LCNF and IH 10x-LCNF

validated their higher CD values obtained via titration, as this particular band has been correlated
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with carboxyl groups present in hemicellulose (143,144) that promote surface charge to the fibers.
Furthermore, the peak at 1504 cm™ corresponding to C=C stretching vibration of lignin aromatic
rings (145) was more prominent in IH-LCNF and IH-LCMF samples, which agrees with the higher

residual lignin content obtained for this sample.
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Figure 4.4. FTIR spectra showing specific chemical bonds of (A) LCNFs and (B) LCMFs of
different biomass feedstocks. Charge density (CD) values obtained via conductometric titration

are also shown (the titration curves are shown in Appendix C, Figure A.4).

To further investigate the higher CD of LCNFs and LCMFs produced from IH biomass, FTIR
spectra of the pulps after alkaline peroxide pulping (i.e., before PAA treatment) were also assessed
(Figure 4.5). Interestingly, IH pulp showed a much more prominent peak at 1604-16 cm™ (which
overlaps with water around 1630 cm™), which is associated with carboxyl groups of glucuronic
acid in hemicellulose (143,144). In addition, the peaks at 780 cm™ and around 1732 cm™ appeared
exclusively in IH pulp, therefore representing molecules that are inherent to this specific type of
biomass. 780 cm™* has been previously assigned to carboxyl groups of hemicellulose (146). The

band around 1732 cm™ has been attributed to C=0 stretching vibration of either acetyl groups
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present in xyloglucan (a specific type of hemicellulose present in IH biomass) (144,147,148) or

carboxylic ester groups in pectin (149,150).
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Figure 4.5. FTIR spectra showing specific chemical bonds of pulps of different biomass

feedstocks.

The results above indicate that IH’s higher carboxyl content compared to CS and RCG is mainly
associated with hemicellulose acid groups and the presence of pectins. The literature has described
that IH biomass has considerable galacturonic acid content, which can be attributed to the presence
of pectin molecules such as rhamnogalacturonan-1 (151,152). Correspondingly, the untreated IH
biomass used in this study showed higher acetyl/uronic acids content (5.5%) compared to the other
untreated feedstocks (3.1-3.8%) (Appendix C, Table A.6), confirming the presence of pectin
substances in IH. Hence, it can be inferred that the higher CD obtained for LCNF and LCMF from
IH biomass is attributed mainly to IH biomass's inherent hemicellulose and pectin compounds,
with a posterior intensification during the oxidation reactions from PAA pretreatment. Finally, the
peak at 1317 cm™ has been assigned to C-O stretching of C5 substituted aromatic rings, such as

syringyl and condensed guaiacyl units of lignin (143,144). This peak is present for all three pulps,
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but it is more prominent in IH, probably as a result of IH pulp’s higher lignin content (19%)

compared to CS and RCG pulps (6 and 10%, respectively) (Appendix C, Table A.6).

Fiber structure and morphology

Table 4.1 summarizes the separation yields of lignocellulosic fibrils after centrifugation and their
structural and morphological characteristics (crystallinity index, fibril width and length, and fibril
aspect ratio). All feedstocks resulted in LCNF yields ranging from 25-34% (with corresponding
LCMF yields of 66-75%), demonstrating that the process is robust and produces similar amounts
of LCNF fraction. Among the three biomass feedstocks tested, IH and IH 10x samples showed the
lowest LCNF yields (27 and 25%, respectively), with correspondingly the highest LCMF yields
(73% and 75%), suggesting lower effectiveness of the mechanical treatments on IH biomass.
Interestingly, the lignin content seemed to not play a crucial role in the extent of fibrillation of IH,
as both IH and IH 10x resulted in similar LCNF/LCMF separation yields. This evidence suggests
that varying lignin contents between 3-12% (Appendix C, Table A.6) did not affect the extent of
release of nanofibrils from IH in the present process, which is a remarkable outcome.

Furthermore, the lower LCNF vyields of samples prepared from IH compared to CS and RCG
indicate a lower degree of “nanofibrils release” from the bigger fibrils in the original hierarchical
structure of IH. This outcome may be related to the physical structure of IH biomass, which
comprises two kinds of fibers known as bast and core fibers. Bast fibers are extremely long fibers
with about 25 mm in cell length (as a comparison, softwood cells are about 3.5 mm in length),
while core fibers have similar physical characteristics as hardwoods with 0.8 mm cell length (133).
Therefore, the diverse fiber sizes in IH biomass could have caused incomplete fibrillation during

the mechanical treatments, leading to lower LCNF yields.
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The crystallinity index (CI) of the different lignocellulosic nanomaterials is also included in
Table 4.1. Little difference was observed between the Cl of LCNF and LCMF fractions produced

from (from 64% to 75%).

Table 4.1. Separation yields of lignocellulosic fibrils after centrifugation and their structural

and morphological characteristics (crystallinity index, fibril width and length, and fibril aspect

ratio).
S.eparation CI (%) Fibril width  Fibril length  Fibril .
yield (%) (nm) (pm) aspect ratio
CS 30 71 2.1+0.7 12+0.7 585
2 RCG 34 66 23+1.4 1.4+0.9 591
S " 27 64 24+09 14408 599
IH 10x 25 66 2.8+ 1.2 1.6+1.2 565
CS 70 72 169+51 - -
S RCG 66 69 143+34 - -
S IH 73 72 18.0+£123 - -
IH 10x 75 75 159+93 - -

The morphology of the LCNF fractions generated from different biomass feedstocks was
characterized by AFM imaging (Figure 4.6), and the fibrils dimensions are included in Table 4.1.
The AFM images revealed that all LCNFs had the morphology of elementary fibrils, with average
widths ranging from 2.1-2.8 nm and lengths ranging from 1.2-1.6 um. Such a similar range in
width and lengths also resulted in comparable LCNF size ratios (565-599) (Table 4.1). These
results demonstrate the effectiveness of the conversion process in producing LCNFs from a wide
range of feedstocks with sizes corresponding to nanofibrils obtained via harsher TEMPO oxidation
pretreatment using hardwood pulp feedstock (47). The size distribution curves for the width and
length of each sample are also shown in Figure 4.6. RCG-LCNF presented a broad, right-skewed
distribution for fibril width, indicating the presence of thinner and thicker nanofibrils, as reflected

in its higher standard deviation. Also, all LCNFs showed a right-skewed distribution for nanofibril
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length, especially the IH 10x-LCNF sample with the highest standard deviation. A surprising
outcome related to the results shown in Table 4.1 and Figure 4.6 refers to both IH-LCNF and IH
10x-LCNF showing not only similar separation yields as previously mentioned but also similar

nanofibril morphologies regardless of their different lignin contents.
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Figure 4.6. AFM images and size distribution curves of LCNF from different biomass

feedstocks.

The morphology of the LCMF fractions was characterized by SEM imaging (Figure 4.7), and
the fibrils widths are included in Table 4.1. Notably, CS and RCG feedstocks produced more
uniform LCMFs than IH (Figure 4.7). IH-LCMF and IH 10x-LCMF presented several fibril
bundles, supporting the above interpretation of incomplete fibrillation during IH processing, and
therefore resulted in the highest average widths and the broadest standard deviations (Table 4.1).
LCMFs produced from IH also presented broader, right-skewed width distribution curves than

those produced from CS and RCG (Figure 4.7). Interestingly, IH 10x-LCMF had a lower standard
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deviation than IH-LCMF, indicating that a lower lignin content could have helped reduce the
occurrence of partially-fibrillated fibrils in the LCMF fraction. Overall, the average width of the
LCMFs produced in this study varied between 14 and 18 nm, independent of the type of feedstock
used. Our LCMFs have widths comparable to other studies (4,61,94,95), with the particular case
of the LCMFs produced from IH biomass that contains a more heterogeneous size distribution

comprising individual microfibrils and bundles.
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Figure 4.7. AFM images and size distribution curves of LCNF from different biomass

feedstocks.
45 CONCLUSION

This study has demonstrated that lignocellulosic nanomaterials (LCNF and LCMF) were
successfully produced from three heterogeneous waste feedstocks (CS, RCG, and IH) via the same
conversion process at mild conditions. Yet, the different chemical and physical characteristics of
the original biomass feedstock influenced various properties of the final nanomaterials. For
instance, a feedstock with higher extractives and ash content (i.e., RCG in this study) resulted in

lower total mass yield after pulping and PAA pretreatment due to the removal of such components
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during the reactions. Then, a feedstock with physical characteristics similar to woody materials
(i.e., IH in this study) demonstrated a much lower delignification yield during the mild reactions,
resulting in nanomaterials with higher residual lignin content. Correspondingly, IH’s physical
structure and recalcitrance during the conversion process produced lower LCNF yields than the
other feedstocks and an LCMF fraction with wider size distribution due to remaining partially
fibrillated bundles. In addition, depending on the chemical characteristics of the original biomass,
such as the presence of high contents of glucuronic acids in hemicellulose and/or pectin substances,
the surface charge density of the final nanomaterials was significantly higher. Finally, different
chemical compositions and the nature of the residual lignin can affect the thermal stability of the
final nanomaterials.

Hence, the conversion process was surprisingly robust, producing lignocellulosic nanomaterials
from very different types of heterogeneous feedstocks, including a food crop residue, an invasive
grass species, and an industrial lignocellulosic residue. Using highly available waste feedstocks
such as these can provide substantial economic and sustainability benefits to nanocellulose
production, representing a significant effort in supporting their production on a large scale in

various regions across the United States.
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Chapter 5. Conclusion and Future Work

5.1 CONCLUSION

Nanocellulose is an excellent alternative to petroleum-based materials and chemicals in various
applications due to its abundance, sustainability, and unique properties. Yet, major barriers such
as high production costs hinder nanocellulose from achieving its full application potential. This
research project aimed to develop a cost-effective and robust conversion process to produce
lignocellulosic nanomaterials from low-cost waste feedstocks. The process developed consisted of
mild alkaline peroxide pulping, peracetic acid pretreatment, and mechanical treatments that
successfully generated two types of lignocellulosic nanomaterials (LCNF and LCMF).

Surprisingly, the process was effective with four different low-cost feedstocks, i.e., wheat straw,
corn stover, reed canary grass, and industrial hemp. This remarkable finding demonstrates the
process’s robustness and potential to be established in various locations across the country due to
its low feedstock dependency. However, the different chemical and physical characteristics of the
feedstocks impacted the yields and properties of the final nanomaterials. In addition, the techno-
economic analysis revealed that the process was economically feasible, mainly due to the use of a
low-cost feedstock and mild reaction conditions that eliminated the need for expensive pressurized
equipment and a steam generation system. The MPSP of lignocellulosic nanomaterials was further
reduced by either increasing the facility size to achieve economies of scale or co-locating with
another facility (e.g., biorefinery or corn-to-ethanol plant) to promote beneficial exchanges of
process streams and equipment. Finally, the lignocellulosic nanomaterials obtained from wheat
straw biomass presented excellent plastic reinforcement properties. A substantial improvement in
mechanical properties was achieved, with a remarkable case of simultaneous strengthening and

toughening of the composite, demonstrating their potential for application in composites and
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packaging, which are the biggest market drivers for nanocellulose products nowadays. In sum, the
present research successfully validated the conversion process effectiveness, economic feasibility,
and robustness, as well as the application potential for the nanomaterials produced.

This work has shown significant efforts toward one of the biggest challenges of the 21% century,
which is the transition from a petroleum-based economy to a more renewable and sustainable era.
By developing more cost-effective technologies to produce nanocellulose, we can increase its
production capacity worldwide and enable the use of this biomaterial in various applications as a
sustainable alternative to petroleum-based materials. The present work targeted one of the greatest
challenges to nanocellulose commercialization: high production costs. This complex problem
cannot be solved by one specific research area; instead, it requires efforts across different fields to
develop a viable solution. Hence, this research project presented a unique interdisciplinary
approach that combined efforts in process engineering, computational modeling, and materials
science toward the common goal of producing nanocellulose more cheaply and sustainably.
Ultimately, this study aimed to make a scientific contribution towards the production of sustainable
and cost-effective nanocellulose products that can become a reality in the future. For a new
technology to be tangible, it must be effective and produce high-quality products; it must be robust;
and most importantly, it must be cheap — and the present research has demonstrated that this can

be possible.

5.2 FUTURE WORK

The research carried out in this project has established the early efforts from our research group
to solve the nanocellulose high production costs issue, thus setting the stage for further research
initiatives. One area worth investigating further is the fine-tuning of the process conditions to

control the extent of cellulose, hemicellulose, and lignin removal during the reactions. By
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obtaining nanomaterials with tailored chemical compositions, it will be possible to understand
better how each component and its overall content affects the final properties of the nanomaterials.
Another area worth exploring is expanding the feedstock portfolio to hardwoods (e.g., poplar),
seeing that industrial hemp has many similarities to hardwoods, and it showed promising results
in this work.

With the establishment that the lignocellulosic nanomaterials are economically feasible at their
aqueous suspension state, further investigation should be carried out on the drying and redispersion
of the nanomaterials. Drying nanocellulose products is a critical step when considering selling and
shipping these nanomaterials to other industries. Thus, different drying methods should be tested,
and the effect on the nanomaterial’s properties should be investigated. Finally, from the final
application point of view, the lignocellulosic nanomaterials should be added to other types of
matrices, such as polylactic acid (PLA). PLA is a biomass-derived, biodegradable material with a
hydrophobic nature, which can be challenging since most cellulosic materials are hydrophilic in
nature. However, the presence of residual lignin in lignocellulosic nanomaterials can be a great
asset due to its hydrophobic properties. Hence, this research area can provide a better
understanding of how the lignin content of the nanomaterials can influence their dispersion on the

PLA matrix.
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APPENDIX A. Supplementary information — Chapter 2
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Figure A.1. Suspension stability test of Pretreatment control (PC) at time 0 and after 30 min
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Figure A.2. Conductometric titration curves of different samples. The curve region showing a
conductivity plateau is associated with the quantity of weak carboxylic acid groups present in the
sample and therefore is related to the oxidation degree. Charge density was calculated based on

the NaOH volume consumed in the plateau region.
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Figure A.3. X-ray diffraction spectra and corresponding CI of different samples. XRD analysis

was performed to assess the effect of both pretreatments on the crystallinity of WS fibers.
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Table A.1. Summary of all process conditions tested during the screening stage and the chemical composition of the resulting fibers.
Screening of process conditions included feedstock composition (whole WS vs. node-free WS), feedstock moisture (dry vs. soaked),
reaction pH (acidic vs. alkaline), reaction times (60, 75, and 150 min), solvents (water, glycerol, and 50/50 mixture of both), and

presence vs. absence of hydrogen peroxide (H20>) during the alkaline reactions. The selected reaction conditions are highlighted.

Experimental parameters Pulp chemical composition
Feedstock Tir_ne Temp Solvent NaOH H202 H2SO4 Cellulose Hemicellulose Lignin Ash
(min) (°C) charge charge charge content %  content % content %  content %

Dry wheat straw (clean) 60 90 water 15% 7.5% - 55.9 24.4 9.6 18
Soaked WS (clean) 60 90 water 15% 7.5% - 56.6 244 8.4 1.7
Dry wheat straw (clean) 75 90 water 15% 7.5% - 56.8 24.8 8.8 15
Soaked WS (clean) 75 90 water 15% 7.5% - 56.6 245 8.7 1.6
Dry wheat straw (clean) 75 90 100% glycerol  15% 7.5% - 444 25.0 214 6.7
Dry wheat straw (clean) 75 90 100% glycerol  15% - - 445 24.7 21.2 6.8
Dry wheat straw (clean) 225 90 100% glycerol  15% - - 46.9 254 18.0 5.6
Dry wheat straw (clean) 75 90 50% glycerol 15% - - 51.7 26.9 11.3 1.9
Dry wheat straw (clean) 225 90 50% glycerol 15% - - 52.5 26.7 10.7 1.8
Dry wheat straw (clean) 150 90 water 15% 7.5% - 59.1 26.0 8.4 1.2
Dry wheat straw (clean) 75 90 water 15% - - 56.2 24.8 115 13
Dry wheat straw (clean) 75 90 100% glycerol - - 1% 40.7 23.7 27.1 6.8
Dry wheat straw (clean) 75 90 100% glycerol - - 5% 304 22.2 27.3 6.6
Dry wheat straw (clean) 75 90 50% glycerol - - 1% 39.3 23.0 29.7 6.9
Dry wheat straw (clean) 75 90 50% glycerol - - 5% 389 22.1 28.6 6.3
Dry wheat straw (clean) 75 90 water - - 1% 38.8 23.9 27.1 9.5
Dry wheat straw (clean) 75 90 water - - 5% 37.7 23.2 29.7 9.7
Dry WHOLE wheat straw 75 90 water 15% 7.5% - 55.2 25.1 9.1 19
Dry WHOLE wheat straw 150 90 water 15% 7.5% - 55.8 25.7 7.9 19
Dry wheat straw (clean) 150 90 water 15% - - 54.9 24.5 9.8 1.8
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Table A.2. Relative carbohydrate composition of original WS, WS refined pulp, PAA
pretreated pulp, and TEMPO pretreated pulp.

Arabinan Galactan  Glucan Xylan Mannan

Original WS 2.9 0.9 62.7 33.6 0.0
WS refined pulp 2.8 0.4 67.9 28.9 0.0
PAA pretreated pulp 2.0 0.0 71.6 26.4 0.0
TEMPO pretreated pulp 1.8 0.0 73.0 25.2 0.0

Table A.3. Tensile test specimen’s thickness, density, and resulting mechanical properties of
PV A composites reinforced with 5 wt.% lignocellulosic fibrils.

Thickness Density Specific tensile  Specific Young’s Elongation Fracture

) (g cm?) stren_gth \ mod_Lilus \ at break toughneass
(MPa g* cm?) (GPag* cmd) (%) (MJ/m?)
Neat PVA 39.0+08 1.26+0.04 36.2+3.8 21+03 63.4+21.6 22.3
PVA/LCMF 79.1+24 0.86+0.03 58.2+1.2 27+0.1 26.1+3.7 11.7
PVA/H-LCMF 746+6.7 0.89+0.03 50.4+2.3 25+0.2 31.5+13.2 15.0
PVA/LCNF 526+0.6 1.16+0.04 53.5+0.6 28+0.1 71.0+18.38 35.0
PVA/H-LCNF 57.8+2.0 1.18+0.05 51.2+14 25+0.1 121.1+16.7 61.4
PVA/TEMPO-LCNF 58.2+48 1.06+0.03 61.4+0.8 31+00 62.3+115 38.3
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APPENDIX B. Supplementary information — Chapter 3

Table A.4. Breakdown of Total Capital Investment (TCI). ISBL refers to Inside-Battery-Limits

equipment cost (i.e., excluding feedstock handling and wastewater treatment).

Assumption Source  Cost ($)

Total installed equipment costs $81,478,066
Warehouse 4% of ISBL installed cost  (126) $2,293,276
Site development 9% of ISBL installed cost  (126) $5,159,870
Piping 5% of ISBL installed cost  (126) $2,579,935
Total direct costs (TDC) $91,511,146
Prorateable expenses 10% of TDC (126) $9,151,115
Field expenses 10% of TDC (126) $9,151,115
Home office and construction 20% of TDC (126) $18,302,229
Project contingency 10% of TDC (126) $9,151,115
Other costs (start-up, permits, etc.)  10% of TDC (126) $9,151,115
Total indirect costs $54,906,688
Fixed capital investment (FCI) $146,417,834
Working capital 5% of FCI (126) $7,320,892
Total capital investment (TCI) $153,738,726
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Table A.5. Breakdown of Total Operating Costs. ISBL refers to Inside-Battery-Limits

equipment cost (i.e., excluding feedstock handling and wastewater treatment).

Price Source Cost ($/year)
Feedstock (wheat straw) $60.63/tonne (52) $2,121,949
NaOH $352.42/tonne (153) $2,488,548
DTPA $2,000/tonne Alibaba $105,000
H.0, $680.00/tonne (154) $8,468,040
Acetic acid $750.00/tonne Alibaba $16,380,000
H.SO.4 $88.00/tonne (126) $77,834
Membrane replacement $0.03 * equipment cost  (126) $400,433
Natural gas $239.00/tonne (155) $1,770,217
Grid electricity in PNW  $0.05/kWh Egrr]ffn”j‘r:icaﬁons $4,220,930
Waste disposal $31.81/tonne (108) $402,478
Total variable costs $36,435,429
Operating labor salaries ;r;ts:o(;);:s Jarea $2,500,000
Operating supervision 15% of operating labor  (156) $375,000
Labor burden 90% of total salaries (126) $2,250,000
Maintenance gg/gto‘c ISBL installed ;56 $1,719,057
Laboratory charges 15% of operating labor  (156) $375,000
Operating supplies 1% of FCI (156) $1,464,178
Property insurance 1% of FCI (126) $1,024,925
Total fixed costs $9,709,060
Total operating costs $46,144,488
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Figure A.4. Conductometric titration curves of (A) LCMF and (B) LCNF from different
feedstocks.

111



Table A.6. Total mass yield and chemical composition of untreated biomass feedstocks, alkaline peroxide pulps, and PAA treated

pulps of corn stover (CS), reed canary grass (RCG), and industrial hemp (IH).

Chemical composition (% of oven-dry weight)

Total mass Holocellulose 2 Uronic/acetic acids Lignin Ash Extractives
yield (%) % % % % %
g CS - 719=x21 3.8+£0.2 21.3x0.2 34+01 7.8+0.1
§ RCG - 50.4+04 31+01 21.5%+0.2 8.2+0.1 29.6+0.1
5 IH - 55.5+0.2 55+£0.2 19.3+0.2 52+0.0 165+£0.3
CSs 60.6 90.3+0.3 0.0+£0.0 6.5+0.2 1.3+0.2 21+05
D_;_L RCG 49.0 79.5%0.3 0.0+£0.0 9.7+0.2 23+0.1 42+0.1
IH 64.4 70.7+34 0.0+£0.0 19.1+0.1 35+0.2 3.0+£03
3 CSs 50.2 95.0+£0.3 0.0+£0.0 23103 <0.1 NM
g o RCG 40.0 86.7x+25 0.0+£0.0 3.6+0.1 0.2+£0.0 NM
5 2 IH 44.2 81.3+05 0.0+£0.0 12.0+0.2 22+01 NM
o IH 10x PAA  36.2 92.7+1.0 0.0+£0.0 31+01 1.5+0.0 NM

NM = Not measured

2 For detailed carbohydrate composition of holocellulose, see Table A.8
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Table A.7. Relative carbohydrate composition in holocellulose of untreated biomass, alkaline

peroxide pulps, and PAA treated pulps of the different biomass feedstocks.

Arabinan Galactan Glucan Xylan Mannan

3 Cs 3.4 1.1 58.5 37.0 0.0
£ RcG 5.7 2.5 60.7 31.0 0.0
S I 23 35 70.8 212 22

CS 2.3 0.4 64.7 326 0.0
:i: RCG 53 1.4 62.7 30.6 0.0

IH 0.7 1.7 72.3 23.6 1.6
z CS 2.3 0.3 66.1 31.4 0.0
§ RCG 2.4 0.5 69.7 274 0.0
s 0.3 0.9 71.8 25.7 1.3
*~ IH 10x PAA 0.3 0.8 72.1 24.6 2.2
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