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ABSTRACT

NOGUEIRA, Carlaile Fernanda de Oliveira. The development of an advanced biorefinery
to produce cellulosic sugars and bionanomaterials. 2024. 194 p. Thesis (Doctoral of
Science) — Escola de Engenharia de Lorena, Universidade de S8o Paulo, Lorena, 2024.

Market trends show growing interest in cellulose nanomaterials due to their low
environmental impact. However, current nanocellulose isolation technologies face
technoeconomic and life cycle limitations, including high-energy input. Previous research
has shown that enzymatic treatments effectively reduce energy input for mechanical
nanocellulose isolation. Simultaneously, there is potential to enhance the viability of
cellulosic ethanol facilities by co-producing nanocelluloses as high-value products from
agricultural feedstock. Here, our goal was to study the mass balance of an enzymatic-
mechanical process that co-produces cellulosic sugars and nanocelluloses, evaluating the
technical feasibility of converting lignified and non-lignified materials and their full
valorization. First, we determined a feasible 50:50 mass ratio to obtain sugars and
nanocelluloses using efficient-saccharification enzyme cocktails. This ratio, derived from
breakeven point in the enzyme cost equation, serves as target for converting carbohydrates
in both non-lignified and lignified feedstocks studied. We investigated the co-production of
nanocelluloses (CNC and CNF) and high-titer sugars from hardwood bleached kraft pulp
(HBKP), varying cellulose conversion through enzymatic treatment. We demonstrated that
the coproduction of nanocelluloses and concentrated sugars from HBKP was technically
viable and required low energy consumption. Cellic CTec2 treatment significantly reduced
the energy input for CNF isolation, achieving total sugars concentration of 61 — 165 g.L™.
Cumulative energy from 5 to 23 kWh.kg, resulting in energy savings of 8 — 80% compared
to ultra-refining HBPK without pretreatment (25 kWh.kg™). Optimizing CNC vyield via
response surface yielded in 4.4 — 8.7 g/100g of HBKP. For the conversion of lignified
materials, a new process method was studied to pretretreat sugarcane bagasse (SCB) and
sugarcane straw (SCS), obtain sodium acetate and sugars, and isolate lignin-containing
nanocelluloses (LCNC and LCNF). The pretreatment involved a modified version of the
Deacetylation and Mechanical Refining (DMR) process. The process met the requirement
for the full valorization of biomass and was considered versatile. The pretreated materials
had high fines level (83.6 — 87.9%) after Cellic CTec3/HTec3 treatment, hence significantly
low energy input was required during ultra-refining. The total sugars concentration was 37
— 48 g.L! for SCB and 31.3 g.L ! for SCS. Nanocelluloses were isolated similarly to
previously investigated for HBKP. The LCNC yield was 5 — 7 g/100g of SCB and 6 g/100g
of SCS. The LCNF yield was 67 — 72 g/100g of SCB and 72 g/100g of SCS. The isolated
lignin-containing nanocelluloses showed promising surface chemistry both as suspensions
and films. LCNFs had high hydrophobicity (94° to 102°), low wettability (up to 810s), and
good thermostability (Tmax 334 — 337 °C). The LCNCs and LCNFs obtained from SCS show
promising hydrophobic characteristics and may be compatible with commercial polymers.

Keywords: Process development. Enzyme. High dry matter. Energy consumption.
Hydrophobicity.



RESUMO

NOGUEIRA, Carlaile Fernanda de Oliveira. Desenvolvimento de biorrefinaria avangada
para a producdo de agucar celulésico e bionanomateriais. 2024. 194 p. Tese (Doutorado
em Ciéncias) — Escola de Engenharia de Lorena, Universidade de S&o Paulo, Lorena, 2024.

Tendéncias de mercado mostram um crescente interesse em materiais nanoceluldsicos
devido ao seu baixo impacto ambiental. No entanto, as tecnologias atuais de isolamento de
nanocelulose possuem limitacdes tecno-econémicas e de ciclo de vida. A literatura mostra
que tratamentos enzimaticos reduzem significativamente o consumo de energia do
isolamento mecanico de nanocelulose. Simultaneamente, existe oportunidade para as
biorrefinarias de etanol celulésico renascerem por meio da integracdo de nanoceluloses como
coprodutos de alto valor agregado. Nosso objetivo foi estudar o balango de massas de um
processo enzimatico-mecanico para a producao nanocristais de celulose (CNC), nanofibrilas
de celulose (CNF) e acucares celul6sicos, avaliando a viabilidade técnica da conversdo de
materiais lignificados e ndo-lignificado. Primeiramente, determinamos uma proporc¢édo de
50:50 para obtencdo de nanoceluloses (CNC e CNF) e agUcares celulésicos a partir do
tratamento com coquetéis enzimaticos com alta eficiéncia de sacarificacdo. Essa proporcao
maéssica foi obtida a partir do ponto de equilibrio da equacdo do custo de enzimas, e serviu
como referéncia para a conversdo de carbohidratos das biomassas estudadas. Investigamos
a coproducdo de nanoceluloses e aglcares concentrados a partir de polpa Kraft branqueada
(HBKP), variando a conversdo da celulose. Demonstramos que a coproducdo de
nanoceluloses e agucares concentrados a partir de HBPK era tecnicamente viavel e requer
um baixo consumo de energia utilizando tratamento com Cellic CTec2. O consumo de
energia para o isolamento de CNF reduziu significativamente, variando de 5 a 23 kWh.kg,
gue representa uma economia de energia de 8 a 80% em compara¢do com o ultra-refino de
HBPK sem pré-tratamento (25 kWh.kg™). A concentragéo total de agticares no liquor foi de
61 a 165 g.L*. O rendimento de CNC foi otimizado usando uma superficie de resposta,
obtendo 4,4 a 8,7 g/100g HBKP. Para a conversdao de materiais lignificados, um novo
processo foi estudado para pré-tratar bagaco de cana-de-acUcar (SCB) e palha de cana-de-
acucar (SCS). Neste, foram obtidos acetato de sédio, agucares celudsicos e nanoceluloses
contendo lignina (LCNC e LCNF). O pré-tratamento desenvolvido se treata de uma versao
modificada do processo de desacetilagéo e refinamento mecéanico (DMR), o qual atendeu ao
requisito de valorizacdo total da biomassa. Os materiais pré-tratados apresentaram alto teor
de finos (83,6 a 87,9%) apds o tratamento com Cellic CTec3/HTec3, necessitando de um
consumo de energia expressivamente baixo durante o ultra-refino. A concentragéo total de
acucares foi de 37 a 48 g.L* a partir de SCB e 31,3 g.L* a partir de SCS. O rendimento de
LCNC foi de 5 a 7 g/100g SCB e 6 g/100g SCS. O rendimento de LCNF foi de 67 a 72
g/100g SCB e 72 g/100g SCS. As nanoceluloses contendo lignina apresentaram interessante
quimica de superficie quanto avaliadas tanto em suspensdes quanto em filmes. Em especial,
LCNFs exibiram alta hidrofobicidade (94° a 102°), baixa molhabilidade (até 810s) e boa
termoestabilidade (Tmax 334 - 337 °C). LCNCs and LCNFs produzidas a partir de SCS
apresentaram propriedades hidrofobicas promissoras para compatibilizacdo com polimeros
comerciais.

Palavras-chave: Desenvolvimento de processo. Enzima. Altor teor de sélido. Consumo
energético. Hidrofobicidade.
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CHAPTER 1 INTRODUCTION

1.1 Research motivation

The sugarcane biorefinery and the pulp and paper industries are some of the largest
lignocellulosic biorefineries worldwide. Because they are based on commodities, they use
robust technologies aiming for a zero-waste goal to follow a circular bioeconomy. However,
there is great potential for diversifying their product portfolio by improving the valorization
of their side streams. The lack of cost-effective technologies to produce market competitive
products from their side streams has led these industries to use this feedstock mostly for
energy cogeneration and hence meet the internal demands for heat and power, selling
electricity surplus to the power grid.

The abundant production of side streams in the sugarcane biorefinery motivates us
to research new processes for their valorization while presenting alternatives to address
pressing global problems, such as climate change and persistent pollution by plastics.
Examples of abundant side streams within sugarcane biorefinery are biomass surplus (e.g.,
sugarcane bagasse, straw, and tips), and industrial bio-residues (i.e., fractions underutilized
in the current cellulosic sugar production, such as lignin and the cellulosic solid residue
(CSR) recovered after enzymatic hydrolysis).

The pulp and paper industries could serve as a model on how the sugarcane
biorefineries could benefit from stream valorization and product diversification. The pulp
and paper industries have been facing a market shift from its traditional fiber-based products
to a new generation of forest products driven by innovation to ensure profit. Nanocellulose
(as an additional fiber crop) is a potential option to offset the strong trends of decline in their
traditional markets (e.g., graphic and printing papers).

Nanocelluloses are biobased, renewable, non-toxic, and recyclable bionanomaterials
that can be isolated from abundant plant biomass. The market interest in nanocelluloses has
emerged because nanocelluloses have the potential to combine properties, performance,
sustainability, and economic return. This is demonstrated by their high compound annual
growth rate (CARG), forecasted to be 23.50% period 2023-2032 (Global Market Insights,
2023), which indicates the expectation of nanocelluloses to break into new value chains and

grow the market size and market share.
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1.2 Research questions

Numerous raw materials and pathways have been explored for nanocellulose
isolation, yet a comprehensive feasibility analysis is lacking. Thus, the question whether the
isolation of nanocelluloses from non-wood pulp is more economically advantageous
compared to wood-pulp is still pending to be answered. We attempt to contribute to the field
by advancing the knowledge of enzyme-assisted mechanical treatment to isolate
nanocelluloses from non-wood lignified pulp and non-lignified wood-pulp.

One alternative route to isolate nanocelluloses from non-wood pulp in a biorefinery
concept is to base the study on the production of cellulosic ethanol and incorporate the
simultaneous production of nanocellulose. However, an optimum ratio between cellulosic
sugars and nanocellulose production remains to be determined. We attempted to answer this
question by studying the equation of enzyme cost proposed by Lynd et al. (2017) and
Stephen et al. (2012), for which we proposed an adjustment that shows a feasible mass ratio
for co-products produced via enzymatic treatment (Chapter 5).

The use of enzymatic treatments for nanocellulose isolation is a versatile approach
to co-produce cellulose nanofibrils (CNF), cellulose nanocrystals (CNC), and cellulosic
sugars although its feasibility as a stand-alone process has not been much explored.
Additionally, the enzyme cocktails commercially available target full saccharification of the
lignocellulosic material into sugars, which may not be optimal for nanocellulose isolation,
hence necessitating further study. We attempt to address this question first by evaluating
different degrees of cellulose conversion by varying the enzyme loading in the enzymatic
hydrolysis to co-produce cellulosic sugars, cellulose nanofibrils (CNF), and cellulose
nanocrystals (CNC) (Chapter 6 and 7) and then study the mass balance.

Lastly, the state of the art in nanocellulose isolation suggests that the choice of raw
material and pretreatment impact the nanocellulose yield and properties. Thus, it is essential
to analyze these parameters to understand the technical feasibility to produce nanocelluloses
within a biorefinery. In Chapter 8, we proposed and discussed a new process with focus on
cellulose nanomaterials based on the well-studied Deacetylation and Mechanical Refining
(DMR) process developed by the National Renewable Energy Laboratory (NREL). The
production of nanocelluloses using the DMR process to obtain nanomaterials and cellulosic

sugars has not appeared in the literature sofar. Additionally, we discussed the properties of
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lignin-containing cellulose nanocrystals (LCNC) and lignin-containing cellulose nanofibrils
(LCNF) obtained thereby in Chapter 9.

1.3 Research goal

Our research goal is to study the enzyme-mediated process to co-produce
nanocelluloses and cellulose sugars using the biorefinery concept. For that, we aim to study
the co-production of cellulosic sugars, sodium acetate, and lignin-containing nanocelluloses
(LCNC and LCNF) from non-wood lignified feedstock, sugarcane bagasse (SCB) and
sugarcane straw (SCS), based on the most currently feasible process to produce cellulose
sugars, the Deacetylation and Mechanical Refining (DMR). Our reference will be the co-
production of cellulosic sugars and nanocelluloses (CNC and CNF) based on Hardwood
Bleached Kraft pulp (HBKP) that is the feedstock currently used to isolate CNF. The
expected outcome was to establish the overall mass balance of each sub-process and

investigate possible bottlenecks by analyzing the valorization of raw material.
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CHAPTER 2 LITERATURE REVIEW

Part of this chapter was published on the Review paper:

Arantes, V, Dias, IKR, Berto, GL, Pereira, B, Marotti, BS, Nogueira, CFO. The current
status of the enzyme-mediated isolation and functionalization of nanocelluloses: production,
properties, technoeconomics, and opportunities. Cellulose (2020) 27:10571-10630.
https://doi.org/10.1007/s10570-020-03332-1

2.1 Availability of sugarcane bagasse and straw and their relevance

Sugarcane, maize, wheat, and rice are the four crops that account for half of the global
primary crop production according to the Food and Agriculture Organization (FAO).
Historical data gathered by FAOSTAT between 2000 — 2018 shows that sugarcane is the
main crop produced worldwide, representing 20% of world crop production during the
period with a total of 1.6 billion tonnes (Faostat, 2020). The same report shows that South
America is the leading region in the production of sugarcane (54% of the world total crop
production), pointing Brazil as one of the main sugarcane producers (40% the world total
crop production), and China and the United States ranking in the 3@ and 11" positions,
respectively. Regarding world production of raw sugar, the major producers are Brazil (22%
world share with a total of 40 million tonnes per year), India, Thailand, China, and the US
(around 29 million tonnes per year). The Brazilian sugar-energy sector based solely on
sugarcane contributes to 2% of Brazilian’s gross domestic product (GDP) and generates an
annual value of US$ 100 billion Ministério de Minas e Energia (MME) (2016); Carpio and
Souza, 2019). The ethanol industry contributed with US$ 34.7 billion to the U.S.'s GDP
while the total economic impact of the sugar industry on the US economy exceeds $19 billion
dollars based on sugarcane and sugar beets for sugar production and corn for ethanol
production. These results are obtained only by using first generation (1G) technology of
sugar and ethanol production.

The Brazilian sugar-energy sector relies on the production of sugar, ethanol, and
bioenergy. However, there is still biomass available to manufacture products. The current
optimized cogeneration systems, with turbines up to 75 — 85% efficiency, require smaller
amounts of bagasse to meet the energy self-sufficiency for 1G ethanol production (Coelho
etal., 2006;Walter et al., 2015;Khatiwada et al., 2016). Brazilian sugarcane producers report

that 90% of the sugarcane bagasse would be enough to meet the mill’s internal demand for
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electricity, leaving around 10% available to manufacture value added products (Nova Cana,
2014) while around 50% of straw (leaves and tops removed during harvest and before
crushing) stay in the fields for fertilization (Souza et al., 2020). The biomass production for
each harvest is approximately 15.0% of sugars (dry), 13.5% of bagasse, 14.0% of tops and
leaves (Negréo et al., 2021). Taking the Brazilian biggest sugar-ethanol biorefinery Raizen
as a case of study, which crushes 73 million ton of sugarcane per year (Raizen, 2019), and
considering the biomass production per harvest, it would result in approximately 1 million
tonnes of bagasse (dry) surplus and approximately 2.5 million tonnes of baled sugarcane
straw per year. Thus, large quantities of bagasse and straw would be available to use (in part
or totally) to produce value added products and greater economic return (e.g.,
nanocelluloses). However, the availability of sugarcane bagasse or straw solely is not enough
to guarantee the development of new technologies in this sector. It is essential to understand
the lignocellulosic material and demonstrate how to efficiently fractionate and transform its
fractions into products. Thus, a combination of process and market development is essential

to unlock the potential of new bioproducts.

2.2 Lignocellulosic material composition and ultrastructure

The lignocellulosic material refers to the fraction of plant that is responsible to
provide structural support for growth and protection against degradation. The main
components of lignocellulosic materials are about 35-50% of cellulose, 15-30% of
hemicellulose, and 15-30% of lignin. The minor components are proteins, lipids, pectin,
soluble sugars, and minerals (Fengel, 1970, 1969).

The ultrastructure model for lignocellulosic material is typically discussed based on
wood cell walls (Fengel, 1970, 1969; Meier, 1962; Heyn, 1969). The plant cell wall is
composed of a middle lamella (ML) and two cell walls, called primary and secondary walls.
The middle lamella is the outer structure of plant cell walls. It is composed of lignin (at high
concentration), hemicelluloses, and pectins, which promotes rigidity and protection against
degradation. The primary cell wall is a thin layer composed by an association of cellulose,
hemicellulose, pectin, and phenolic fractions, which enables strength and resiliency during
early stages of growth. The secondary wall is composed by three layers (S1, S2, and S3) and
contains the major fraction of cellulose embedded in hemicellulose and lignin (Fengel,

1970). Cellulose is found in both primary and secondary walls of the plant cell wall, being
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the main component of the S2 layer in the secondary wall. Cellulose forms different fibril
patterns in each layer of the secondary wall that satisfies the requirement for high tensile and
compressive strength in the plant cell wall structure. The ultrastructure of the plant cell wall
is illustrated on Figure 1.

. Disordered Elementa
T“’T— cellulose and fibril 24
Lumen ‘ I hemicelluloses

Glucomannan
Xylan

Lignin

ML: middle lamella, S1, S2, and S3: three layers of secondary wall

Fig. 1. lllustration of softwood plant cell wall with a breakdown view of its layers, including the lignocellulose
main components (cellulose, hemicellulose, and lignin), highlighting the cellulose structural hierarchy from
fiber to elementary fibril (Adapted from (Jakes et al., 2020)

The distribution of the main components of the lignocellulose matrix varies along the
different layers of the plant cell wall as well as the contents of each component, which will
depend on the plant species, tissue, weather, geographic location, age, among other factors
(Alwani et al., 2014; Fengel, 1969). Nevertheless, their natural construction follows a
rationale in which one component provides tensile strength embedded in a matrix that
confers resistance to compression (Fengel and Wegener, 1983). Table 1 provides a summary
of the average composition from the cell wall main components, highlighting the differences
between grasses and dicotyledons (e.g., hardwood). An important difference between grasses
and wood species are related to the composition and distribution of the components of the
lignocellulosic matrix (pectins, hemicelluloses, and lignin) in which cellulose is embedded (
Carpita and Gibeaut, 1993; Smith and Harris, 1999).
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Table 1. Occurrence of lignocellulose main components in primary and secondary walls according to the type
of biomass (grass and dicotyledon) (Scheller and Ulvskov, 2010)

Primary cell wall Secondary cell wall
Components - -
Grass Dicot Grass Dicot
Cellulose 20-30 15-30 35-45 45-50
Hemicellulose
Xylan 20-40 5 40 -50 20-30
Mixed linkage glucans (MLG) 10-30 Absent Minor Absent
Xyloglucan 1-5 20-25 Minor Minor
Mannans and glucomannans Minor 5-10 Minor 3-5
Pectins 5 20-35 0.1 0.1
Lignin Minor Minor 20 7-10
Ferulic and p-coumaric acids 1-5 Minor 05-15 Minor
Silica - - 5-15 Variable

-: not available; Dicot: Dicotyledon

2.2.1 Cellulose

The main structural polysaccharide of lignocellulosic matrix is cellulose, which is
industrially known as fibers. Non-wood fiber from sugarcane bagasse and straw are an
alternate source for hardwood fibers, both presenting short fibers (Abd EI-Sayed et al.,
2020). Sugarcane bagasse and straw fibers typically measure 1 — 2 mm in length and have a
diameter of 10 — 20 um (Ferdous et al., 2021).

Cellulose is a linear homopolymer consisting of repeating units of cellobiose, a
disaccharide formed by anhydroglucose residues linked by B-1,4 glycosidic bonds. The
hydroxyl (OH) group of glucose’s carbon-1 (C1) is in the form of a hemiacetal which has a
reducing character and is responsible for cellulose chain growth and has significant chemical
reactivity. The cellulose chain formation occurs by multiple repeating units of cellobiose
releasing a water molecule (Fengel and Wegener, 1983). At the end of the cellulose chain,
there i1s a OH group that is linked to C1, referred as “reducing end”, while, at the opposite
end of the chain, there is a OH group is linked to C4, referred as a “non-reducing end”’(Miller,
1959). Additionally, the OH groups provide reactivity to the cellulose surface. The inter and
intramolecular hydrogen bonds play an important role for the formation of the cellulose
crystalline microstructure. Intramolecular hydrogen bonds lead to stiffening of the chain

while intermolecular hydrogen bond results in the aggregation of several chains (Fengel,
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1971). The aggregation of microfibrils eliminates the surface interaction with the
environment and hence reduce the accessibility to hydrogen bonding sites. The aggregations
and consequently the reduction of water bound to the fibril causes a reduction in the specific
surface area (SSA). Experiments on fiber saturation shows that, in non-aggregate state, a
microfibril, the microfibril bundle, and fiber present SSA equal to 850 — 870 m?/g, 520 —630
and 470 m?/g, respectively (Paajanen et al., 2019).

The basic unit of the hierarchical structure of cellulose is formed by an aggregate of
linear chains, which is called microfibril or elementary fibril. The literature suggests that the
vegetal microfibril is formed by 18-, 24-, or 36- cellulose chains, which are models based on
the configuration of the rosette (protein complexes embedded in the plasma membrane that
are responsible for the synthesis of microfibrils) (Cosgrove, 2014; Paajanen et al., 2019). A
bundle of microfibrils (typically modelled as four microfibrils) is called macrofibril or fibril,
and a bundle of macrofibrils in a network forms the fibers (Fengel, 1970, 1969; Paajanen et
al., 2019). The vegetal microfibril has diameter of approximately 3.5 nm, the macrofibril has
the diameter found in multiples of 3.5 nm, and a fiber can be found with lengths of 1 to 3
mm and widths of 10 to 50 um depending on the cellulose origin (Fengel, 1970, 1969; Meier,
1962; Heyn, 1969; Paajanen et al., 2019) as illustrated on Figure 2. The hemicelluloses are
found to aggregate in the longitudinal direction being able to interact with the microfibrils
(Fengel, 1970, 1969) and the macrofibrils are embedded in the lignin—Carbohydrate
Complex (LCC) (Buranov and Mazza, 2008a; Tarasov et al., 2018).

Cellulose chain Microfibril Microfibril bundle  Bundle network

~1nm ~3 nm ~10 nm ~1 ym ~10 ym

Fig. 2. Hierarchical structure of cellulose, highlighting the scale which defines the typical size referred for a
cellulose chain, elementary fibril, microfibril, and fiber. (Paajanen et al. 2019).

The microfibrils are so tightly bound that even enzymes or molecules of low
molecular weight have difficulty to access. However, there are still regions between the
microfibrils that are not so tightly bound which causes a lattice defect in its microcrystalline

structure, hence known as non-crystalline, semi-crystalline, or amorphous regions (Heyn,
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1969). Due to the less rigid arrangement, the non-crystalline regions appear to promote
flexibility to the plant cell wall while the crystalline regions promote stiffness (more rigid
arrangement) (Fengel, 1971). The slightly disorganization in the crystalline arrangement is
enough to turn these regions accessible for chemical or biological attack, which explains the
fact that non-crystalline regions are hydrolyzed more easily compared to crystalline regions
(Fengel, 1970; Arantes and Saddler, 2010). The difficulty to fully hydrolyze cellulose is
named cellulose recalcitrance (Arantes and Saddler, 2011; Himmel et al. 2007; Mansfield et
al., 1999).

2.2.2 Hemicellulose

The hemicelluloses, also termed as polyoses or cross-linking glycans, are a
heterogeneous group of polysaccharides that constitutes the second major carbohydrate
portion present in lignocellulose ultrastructure. The hemicelluloses are known to have its
backbone constituted solely by xylose (xylan) or mannose (mannan), and glucose (mixed
linkage glucans, MLG) or a combination of these monomers in disaccharides, such as
xyloglucan and glucomannan. The hemicellulose backbone is linked by B-1,4 glycosidic
bonds and can contain various pendant groups, such as acetyl, derived from hexoses
(mannose, glucose, and galactose), derived from pentoses (xylose and arabinose), uronic
acids (glucuronic, galacturonic, and methyl galacturonic acid), and derived from
deoxyhexoses (rhamnose and fucose) (Scheller and Ulvskov, 2010).

Hemicellulose can be found in both primary and secondary cell walls, and their
occurrence and type vary according to the type of biomass (Scheller and Ulvskov, 2010).
The main polyoses in grasses are glucuronoarabinoxylans (GAX), mixed linkage glucans
(MLG), and xyloglucan (Carpita, 1996; Smith and Harris, 1999; Vogel, 2008).

The typical amounts of each hemicellulose type in grasses and hardwood are shown
on Table 1. GAX is a common type of grasses xylan that contains glucuronic acid and
arabinosyl residues. GAX presents no clear pattern of substitution, thus they are often
referred as GAX with high or low degree of substitution. GAX are also acetylated in various
degrees (Carpita, 1996; Scheller and Ulvskov, 2010; Smith and Harris, 1999). MLGs are
unique to grasses cell walls of the family Poaceae, in which Sugarcane is a member. The
MLG are the second most occurring polyoses in these types of grasses, playing an important

role for the primary cell wall resiliency. MLG are constituted by glucose residues linked by
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B-1,3- and B-1,4-linkages, which make them known as B-glucans (\Vogel, 2008). Xyloglucan
is a minor type of polyoses in the grasses, mainly located in the primary cell wall. Xyloglucan
Is often found making interaction with cellulose microfibrils. Xyloglucan can be branched
with arabinose and galactose residues (Scheller and Ulvskov, 2010).

The main role of hemicelluloses is to maintain the order of the lignocellulose matrix
by forming interactions with cellulose (cellulose-hemicellulose) and lignin-Carbohydrate
Complexes (LCC). The cellulose-hemicellulose interactions through hydrogen bonding
enables, flexibility (tensile strength) to the cell wall and hemicellulose’s diversity of pendant
groups provides polarity and electrostatic repelling forces that prevent microfibrils
aggregation (Reis and Vian, 2004). Conversely, the LCC occurs by actual linkages involving
hemicellulose pendant groups with lignin. In grasses, GAX renders a role in both
polysaccharide-polysaccharide and polysaccharide-lignin interactions. GAX with fewer
substitution presents more interaction with cellulose whereas GAX with high substitution
interacts more with lignin at various positions by ester- and ether-linkages and unbound

hydroxycinnamic acids. (Vogel, 2008).

2.2.3 Lignin

Lignin is one of the three major components in the plant cell wall. The presence of
lignin imparts mechanical and biological properties to lignocellulosic materials, such as
rigidity, hydrophobicity, and protection against degradation (Hatfield and VVermerris, 2001).
From a biorefinery point of view, lignin is the primary component associated with the
recalcitrance of lignocellulosic materials due its complex phenolic composition, and
different types of linkages within the lignin structure and with polysaccharides in the LCC
(lignin-Carbohydrate Complexes). Lignin hinders the accessibility to the polysaccharides
especially by surface deposition (Li et al., 2016).

Lignin is a macromolecule formed by oxidative coupling of hydroxycinnamic
alcohols, phenylpropane precursors known as lignin units that are typically inter-linked by
B-O-4', B-5', a-O-4', 4-O-5', B-p’ linkages and less commonly by B-1', and 5-5' linkages
(Hatfield and Vermerris, 2001; Li et al., 2016). The hydroxycinnamic alcohols are p-
coumaryl alcohol (H unit: p-hydroxyphenyl), coniferyl alcohol (G unit: guaiacyl), and
synapyl alcohol (S unit: syringyl). The difference between the three lignin units is the degree
of methoxylation of the phenol ring, with the H, G, and S units containing respectively none,
one, and two methoxyl substitutions. The amount of each lignin unit forming the
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macromolecule varies according to plant tissue and species. Softwood lignin is mainly
constituted of G-units and hardwood lignin of G and S units. Lignin in grasses have the most
varied composition, containing the three types of lignin units in the following average
percentages: 4 — 15% of H-unit, 35 — 49% of G- unit, and 40 — 61% of S-unit (\Vogel, 2008).
Del Rio et al. (2015) extensively studied the chemical structure of lignin in sugarcane
bagasse and straw. They determined that the molar composition of core lignin (H:G:S) and
S/G ration are: 2:38:60 and 4:68:28, and 1.6 and 0.4, respectively for bagasse and straw. Del
Rio et al. (2015) shows that lignin from sugarcane bagasse and straw contain mostly 3-O-4’
linkages, 80% and 75% respectively, and sugarcane straw lignin contains a higher amount
of condensed lignin components (15% phenylcoumaran with -5 linkages and 3% of
dibenzodioxocins with 5-5° linkages). A high proportion of B-O-4’ ether linkages are
characteristic of linear lignin structures, which would be easier to depolymerize and remove
than highly branched and more condensed types of lignin (Grabber, 2005). Ferulate and p-
coumarate are p-hydroxycinnamates compounds so-called non-core lignin (NCL) mostly
found esterified with arabinoxylan (GAX). Ferulate and p-coumarate are the main
components connecting hemicellulose and lignin within the lignin-Carbohydrate Complexes
(LCC) (Buranov and Mazza, 2008a).

Due to the complexity of lignin, any choice of pretreatment to open the cell wall
ultrastructure and remove lignin affects both the chemical and physical properties of the
recovered lignin as well as that remaining in the lignocellulosic residue. Li et al. (2016)
identified desirable lignin characteristics to reduce recalcitrance and increase lignin
hydrophilicity (e.g., H units, esterified monomers, sulfonation, and aliphatic hydroxyls);
however, they highlighted that the complexities of the remaining substrate after the
pretreatment need to be considered for a subsequent treatment step, such as lignin
redeposition, unproductive binding of enzymes in case of enzymatic hydrolysis, and
accumulation of lignin fragments that are toxic for yeasts in case of subsequent fermentation

of the sugar stream.

2.2.4  Acetyl residues

The content of acetyl depends on the plant species, i.e., 2.5 — 3.7% sugarcane bagasse,

1.4 — 1.7% sugarcane straw, 3.2% eucalyptus globulus (Carvalho et al., 2015; Lima et al.,

2018). The largest amount of acetyl residues is found in the secondary cell walls since it
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constitutes the bulk of biomass. Acetylation naturally occurs in hemicellulose, pectins, and
lignin. Hemicellulose acetylation occurs at various degrees and at a greater amount compared
to other lignocellulosic components. Acetyl groups of xylans, mannas, and pectin are
attached to xylose residues at the position O-3 of and to O-2 to a lesser extent. Acetylation
of xyloglucan occurs on the galactose residues, mostly at the position on O-6 (Scheller and
Ulvskov, 2010). Naturally acetylated lignin (acetyl group in the gamma-carbon of the
aliphatic sidechain) occurs in the S- and G-units. The degree of acetylation (DA) in lignin
can be variable according to plant species. The occurrence of acetylation in the S- and G-
units is 0.8% and 1.5% for sugarcane bagasse and 1.8% and 0.8% in sugarcane straw,

respectively (del Rio et al., 2015).

2.25 Ash

Inorganic components of agricultural biomass can be classified as intrinsic and
extrinsic depending on the origin. The main source of ash is external (i.e., as a co-harvested
contaminant). Usually, the amount of ash is around 10%, however average amounts of ash
can be found for sugarcane bagasse and straw of 1 — 6.5% and 4 — 29%, respectively (Negréo
et al., 2021). Extrinsic inorganic elements generally comprise soil (fine and coarse particles)
and debris from mechanized harvest, which consists of silica. Common intrinsic inorganic
elements that can be found in dry sugarcane leaves are N (3.3 g/kg), Ca (3.7 g/kg), K (2.0
a/kg), CI (1.9 g/kg), Mg (1.1 g/kg), and other elements present at amounts lesser than 1 g/kg
(Negréo et al., 2021).

2.3 Current challenges for cellulosic sugars and ethanol production

Second generation (2G) technology of sugars and ethanol production (cellulosic
sugar and ethanol) is a very promising alternative to further increase the ethanol production.
However, stand-alone production of cellulosic sugars and ethanol is experiencing
technoeconomic challenges because working with most lignocellulosic materials is more
challenging than with starchy materials (Stephen et al., 2012). Studies over more than ten
years investigated different strategies to deconstruct lignocellulosic materials to produce
cellulosic sugars, and ferment it to produce ethanol in a manner that is technically feasible
and competitive with the ethanol production from sugarcane and corn (Davis et al., 2018;
Humbird et al., 2011; Kazi et al., 2010; Nguyen et al., 1996). Even though significant
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progress has been made by reducing the minimum product selling price (MPSP), current
ethanol 2G MPSP ranges from US$2.24 to US$2.54/gal (US$2.49/gallon of gasoline
equivalent) (Davis et al., 2021). Hence, the world has witnessed the shutdown and/or
bankruptcy of several commercial cellulosic ethanol facilities.

There were eight first-of-a-kind facilities that started up since around 2014 aiming to
process low-cost agricultural feedstock to produce cellulosic ethanol: Abengoa (USA), Beta
Renewables (ITA), DuPont (USA), GranBio (former GraalBio - BRA), Henan Tianguan
Group (CHN), Longlive (CHN), POET-DSM (USA), and Raizen Energy (BRA) (Padella et
al., 2019). Padella et al. (2019) discussed the status of these facilities that went through
phases of being operational and then idle, followed by having the facilities being sold or
changing business strategies. According to European Technology and Innovation Platform
(ETIP) Bioenergy (2020) and International Energy Agency (IEA) Task 39 (2020), there are
five facilities confirmed to be operational in 2021 and producing cellulosic ethanol at

commercial level. Table 2 summarize information about these facilities.

Table 2. Ethanol 2G facilities operational in 2021, highlighting the country, technology readiness levels
(TRLs), production capacity of cellulosic ethanol, raw material, products, technology, and whether it is co-
located or stand-alone (ETIP Bioenergy, 2020; IEA Task 39, 2020).

Company Production

(Country) TRL capacity Raw material Products Technology Integration
Technical lignin, .

Borregaard 9 15,800 tly Spruce wood Cellulosic sugars, and Sulf_lte SA

(NOR) MEC pulping
AustroCel . .

Hallein 8 30,000 tly Spruce wood g:ﬁﬁ'llgs?g ISFL aggs Suullfilrt]e SA

(AUT) 9 pulping

Cellulosic sugars,
. Sugarcane Energy
3
Czéagil)o 8 35.9 mly bagasse and (consider PROESA® SA
straw nanocellulose
production)

Raizen Sugarcro Raw sugars, Ethanol Raizen -

Energy 8 60,000 md/y re%iduesp 1G and 2G, Energy, logen®© CL

(BRA) and Biogas g

RISE wood and Cellulosic sugars,

Research non-wood Lignin, Biogas

Institute 8 160 tly (agriculture (consider CelluAPP®

(SWE) residues and nanocellulose

wastes) production)

MFC: Microfibrillated cellulose, SA: stand-alone, CL: co-located, -: not available

Facilities using acid hydrolysis technologies had more obstacles during the

pretreatment and downstream steps. Combined with the high content of inorganics in the
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agricultural raw materials, there were erosive-corrosive effect in the designed equipment,
precipitation of condensed lignin (generally referred as “sticky lignin™), and carbohydrates
degradation  (i.e., sugar dehydrations compounds, such as furfural and
hydroxymethylfurfural) (Galbe and Wallberg, 2019). Downstream challenges were the
inefficiency to recover and recycle the sulfuric acid (H2SO4) as well as to detoxify the spent
liquor to ferment the sugar stream (Kazi et al., 2010; Taherzadeh and Karimi, 2008).
Feedstock handling at high pressures and feeding the reactor were also reported as a
challenge (Galbe and Wallberg, 2019).

The acetyl groups are easily extractable from lignocellulosic material. Most
pretreatments employed for cellulosic sugar production remove acetyl groups, and their
sugar hydrolysates contain acetic acid in the range of 0.4 - 0.6% (v/v) and concentration up
to 11 g.L! (Vanmarcke et al., 2021). The accumulation of acetic acid in the sugar stream
causes pH to drop, reducing the fermentation efficiency and yeasts viability. Acetic acid has
an inhibitor effect at levels around 3 g.L™ and present a combined inhibitor effect with other
compounds formed by carbohydrates dehydration or lignin fractions considered toxic for
current ethanol 2G fermenting yeasts (Vanmarcke et al., 2021). Most alternatives to detoxify
the sugar hydrolysates incur higher costs to prepare the sugar stream prior to fermentation
which affects the minimum sugar selling price (MSSP). More economical detoxication
alternatives are still being studied (Travalia and Soares Forte, 2020). Other process hurdles
have been more extensively discussed elsewhere (Lynd et al., 2017;Padella et al., 2019).
Additionally, microeconomic and macroeconomic effects, such as respectively the necessity
of government subsidies and changes in the price of oil, play an important role for the
commercial success of these new bioindustries as well as the low return on investments
(Galbe and Wallberg, 2019).

2.3.1 Deacetylation and Mechanical Refining (DMR)

Chen and co-workers have been investigating the combined process of mild alkaline
treatment followed by mechanical refining, referred as Deacetylation and Mechanical
Refining (DMR) (Chen et al., 2014; X. Chen et al., 2015; Xiaowen Chen et al., 2012b; Davis
et al., 2021). Their initial work in 2011 obtained an overall digestibility (glucan and xylan
conversion) of the pretreated corn stover greater than 80% by combining deacetylation
treatment with concentrated acid hydrolysis whereas solely acid hydrolysis would not lead

to an overall digestibility higher than 70%. The deacetylation treatment (5%wt NaOH
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loading on corn stover) at temperature range of 60°C — 80°C removed 73 — 80% of acetyl
groups, 12 — 23% of lignin, 2.9 — 4.7% of xylan, and 0.8 — 1.9% of glucan. Interestingly,
low-solids enzymatic hydrolysis of unwashed solids of deacetylation pretreatment at 60°C
led to a higher glucan and xylan conversion (about 60% and 35%, respectively)
comparatively to washed solids (about 43% and 23%, respectively) (Chen et al., 2011). Chen
and collaborators investigated the fermentability of the sugar stream produced after the
combined deacetylation-acid treatment for different corn stover hybrids. They confirmed the
deacetylation step was effective to reduce the formation of furfural during the acid hydrolysis
stage. Furfural and acetic acid concentration at sugar stream after enzymatic hydrolysis were
< 0.15 g.L?! and < 1 g.L?, which was not detrimental to the yeast growth or to the
fermentation efficiency (Xiaowen Chen et al., 2012a). Later, they concluded that coupling a
concentrated acid pretreatment at high temperatures would not be economically viable due
to expensive reactors and steam required, resulting in higher CAPEX and OPEX (Tao et al.,
2011). Hence, they investigated the feasibility of the combined process deacetylation-dilute
acid hydrolysis together with a mechanical refining step (PFI milling) (Xiaowen Chen et al.,
2012b). The greatest benefit of coupling either deacetylation treatment and/or mechanical
refining was to prevent the loss of xylan, which increased the amount of xylose recovered
after the enzymatic hydrolysis, leading to higher ethanol titer in the fermentation. The
synergistic effect of the combined pretreatment resulted in glucan and xylan conversions
both up to 90% even for different corn stove hybrids. High-solids enzymatic hydrolysis of
washed and unwashed solids obtained from the combined process led to glucan conversion
up to 90% and 85%, respectively. The combined process produced glucose and xylose
concentrations in the range of 120 — 140 g.L ™ and 50 — 70 g.L}, respectively, and ethanol
titer up to 70 g.L ™t (Xiaowen Chen et al., 2012b). In 2014, Chen and coworkers proposed the
combined deacetylation and mechanical refining (DMR) as the newest process alternative
that can effectively fractionate herbaceous biomass to obtain high digestibility into sugars
(90% of carbohydrates conversion, accounting monomeric and oligomeric sugars), removal
of about 30% of lignin, removal 80% of acetyl groups with reduced formation of inhibitor
compounds, reduced loss of hemicelluloses up to 10%, and higher ethanol titers (around 86
g.L™Y) (Chen et al., 2014; X. Chen et al., 2015). Technoeconomic assessment suggest that
DMR process can achieve competitive minimum sugar selling price (MSSP) and minimum
ethanol selling price (MESP) of $349/ton and $2.12/gallon of ethanol, respectively (X. Chen

et al., 2015; Davis et al., 2018). The economics of the DMR process relies on efficient
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mechanical refining to ensure reduced enzyme loading can be used with high-solids
enzymatic hydrolysis (Chen et al., 2015). With a single disk-refiner and an energy
consumption of 212 kWh/ton, the most efficient enzyme hydrolysis conditions was 20%
solids with enzyme loadings of 20 mg.g™ of cellulose (4:1 ratio of Cellic CTec3:HTec3),
reaching a glucan and xylan conversion of 82% and 77%, respectively (Chen et al., 2014).
Using a double refining step (Disk refiner and Szego milling) and same energy consumption,
more economical conditions were obtained during the enzymatic hydrolysis: up to 25%
solids with enzyme loadings of 10 mg.g™* of cellulose (4:1 ratio of Cellic CTec3:HTec3),
reaching glucan and xylan conversion both up to 80% (monomeric and oligomeric sugars)
(Chen et al., 2015).

Davis et al. (2018) modeled a corn stover biorefinery that fractionates 2,205 ton (dry)
per day to convert biomass into biofuels using the DMR process with MPSP of $2.50/GGE
(gasoline gallon equivalent). They assessed a more severe deacetylation treatment (7%wt
NaOH loading on corn stover at 90°C for 1.5h), aiming to recover a higher amount of lignin
(47% of lignin solubilization) and convert it into products (i.e., adipic acid and 2,3-
butanediol). Because lignin is not destined to produce heat and power, it is necessary to
import electricity (44 — 42 MW) from which pretreatment and enzymatic hydrolysis require
26 — 31% and 25%, respectively (Davis et al., 2018). A five-times recirculation method is
proposed as an alternative to concentrate the deacetylation spent liquor, reduce the solid to
liquid ratio from 1:20 to 1:6.5, and obtain sodium, acetate, and lignin concentrations of 12
g.L % ~15g.L Y, and 20 g.L %, respectively (X. Chen et al., 2018). The method proposed to
recover NaOH is the neutralization with sulfuric acid and production of sodium sulfate salt,
which can be sold for $0.0706/Ib (Davis et al., 2018). However, the market price for NaOH
and acetic acid are $588-738/ton and $350-650/ton, respectively for historical period of
2013-2017 (ICIS, 2018).

More efficient alternatives to recover NaOH and sodium acetate from the
deacetylation spent liquor is the use of membrane electrodialysis (i.e., BPMED) and
microbial electrochemical technology (MET). These separation process use electrical
potential difference to selectively recover chemicals (Jiang et al., 2022; Patil et al., 2017,
2015). Jian and coworkers showed the recovery of 82% of NaOH and production of Ha,
which is an efficient and innovative alternative to produce energy from biomass (Jian et al.
2022).



40

2.3.1.1 Effect of deacetylation in the lignocellulosic ultrastructure

External and internal structure changes in the lignocellulosic ultrastructure modifies
the interaction between the cell wall components and the environment by affecting the cell
wall porosity and specific surface area (SSA) that leads to fiber swelling and enhanced
carbohydrate accessibility (Hartman, 1985). These changes can be accomplished by
mechanical and/or (bio)chemical treatments (Galbe and Wallberg, 2019). External structure
changes occur with the removal of outer walls (primary and S1) of the lignocellulosic
ultrastructure and its components (lignin and pectin) through external fibrillation and
exposure of the secondary cell wall (S2), which enhances the access to the carbohydrates
and contributes to fiber swelling (Fengel and Wegener, 1983; Hartman, 1985). With this,
hydrophobic interactions of lignin that are on the most outer surface are replaced by the
hydrophilic interactions of hemicelluloses (Hartman, 1985). Internal structure changes occur
in the varied bonds in the lignocellulose ultrastructure. The alkaline reaction mechanisms
consist of the attack on ester and ether bonds, which breakdown the LCC (lignin-
Carbohydrate Complexes) and lignin alkaline-labile bonds, turning lignin more hydrophilic
and less condensed (Buranov and Mazza, 2008a; Fengel and Wegener, 1983; Li et al., 2016;
Tarasov et al., 2018). The solubilization of lignin collapses the cell wall ultrastructure by
reducing the hindrance barrier that recovers the carbohydrates and ultimately exposing the
fibers, which increases the cellulose surface area (Fengel and Wegener, 1983; Li et al.,
2016). The extent of hemicellulose removal and lignin solubilization depends on the
conditions of alkaline reaction. Traditional Kraft processes have yield of 40 — 65% and
remove approximately 30% of xylan (X. Chen et al., 2018; Fengel and Wegener, 1983).

Lima and collaborators studied the effect of deacetylation in the cell wall
ultrastructure of SCB and SCS using NaOH loading on biomass of 1.2 — 8.4% for different
temperatures (55, 70 and 85 °C) and periods (1, 3 and 5 h) (Lima et al., 2018). They showed
that deacetylation reactions increase the nanopores size of SCB in the range of 10 — 200 nm,
which is greater than obtained with hydrothermal pretreatments. The increased nanopores
are obtained after an overall solubilization threshold is met (around 10% and 20% for SCB
and SCS, respectively). Additionally, they studied moisture sorption isotherms and
suggested the deacetylation treatment increase the hydration of the cell wall structure, which
occur because the water-accessible surface turned more hydrophilic and water uptake was

favored by increased nanopores. They also showed that the extend of internal changes caused
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by deacetylation in the SCB’s and SCS’s ultrastructure. The transmission electron
microscopy (TEM) micrographs of the deacetylated SCB shows the swelling effect for mild
(4.8% NaOH loading on biomass, 70°C for 3h) and severe deacetylation conditions tested
(8.4% NaOH loading on biomass, 55°C for 1h), highlighting a delamination effect (Figure
3). This effect is evidence that a mild alkaline treatment as deacetylation can promote the
relaxation of hydrogen bonds and increase fiber surface area (Lima et al., 2018), which
facilitates posterior steps of mechanical refining and improve access of enzymes for an
increased carbohydrate digestibility (Chen et al., 2015; Leu and Zhu, 2013).

JADeacetylated, severciiy
gddeconstruction '

&

Fig. 3. Transmission electron microscopy (TEM) micrographs of native SCB and deacetylated SCB recovered
after mild and severe deconstructions (Lima et al., 2018).

Regarding the effect of deacetylation in terms of removal of main components, Lima
and coworkers showed that acetyl groups can be fully recovered with solubilization of SCB
and SCS of about 15% and 25%, respectively (Lima et al., 2018). They showed that SCS
xylan is more susceptible to the deacetylation treatment than SCB xylan (removal of 22%
and 3%, respectively) (Lima et al., 2018). Liu and collaborators studied the kinetics of
hemicellulose dissolution and degradation during mild alkaline pretreatments of SCB and
suggested that there is a fraction of hemicelluloses that is easily extractable from SCB in the
initial stages of the treatment (dissolution rates 34.68%, 50.60%, and 60.28% at 50°C, 70°C,
and 90°C, respectively); A second hemicellulose fraction is more recalcitrant and requires
longer time and/or higher temperature to be extracted. Thus, deacetylation conditions are
less likely to produce carbohydrate degradation (degradation rates 2.72%, 4.28%, and 5.48%
at 50°C, 70°C, and 90°C, respectively) (Liu et al., 2014). Regarding the effect of
deacetylation on cellulose, Lima and coworkers suggested that mild alkaline conditions do

not promote a significant change in cellulose native crystalline organization for SCB and
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SCS because they did not observe significative cellulose co-crystallization (Lima et al.
2018).

2.3.1.2 Effect of mechanical refining in the lignocellulosic ultrastructure

The mechanical refining aims to reduce the particle size and increase the cellulose
surface area by fiber cutting or shortening (comminution) and external and internal
fibrillation that produces shorter fibers and delaminates fiber into fibrils (Hartman, 1985;
Kortschot, 1997; Leu and Zhu, 2013). A scheme of refining effect in a long fiber is shown

on Figure 4.

Y

PATH | PATH Il
DELAMINATION
/A

I’/ ¢ PEELING-OFF
i =
SHORT FINES _
FIBRE LONG SHORT
FIBRES FIBRES FINES

Fig. 4. Scheme of refining effect in a long fiber, highlighting the delamination effect, and production of short
fiber and fines (Kortschot, 1997).

Fiber cutting results in shorter fibers with higher uniformity and fines (fragments in
the 200 pum scale). External fibrillation (Figure 4, path 1) removes the primary wall and
produces an effect of pulling out fibrils from the outer fiber surface, which produce hair-like
morphology (Hartman, 1985; Wang et al., 2012). External fibrillation also causes the fibrils
to break off, forming fines (Hartman, 1985). The shearing effects during mechanical
treatment are especially responsible for the external fibrillation, which increases the surface
area and hence fiber-fiber interaction (Chen et al., 2013). This effect is widely employed
prior a pretreatment to increase access to cell wall pores and improve mass transfer. It can
also be employed subsequently after a pretreatment aiming to enhance the cell wall
deconstruction promoted by the pretreatment (Leu and Zhu, 2013). A more extensive cell
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wall deconstruction until fibril isolation is possible when external and internal fibrillation
are present (Figure 4, path Il). The internal fibrillation consists of the break of hydrogen
bonds intra-fiber and replace with water molecules (Hartman, 1985). This phenomenon is
referred as delamination and it marks the individualization of fibrils (Wang et al. 2012). The
delamination is especially promoted by compression forces and causes physical changes in
the cell wall, which promotes a reduction in the crystallinity index (CI) and improves the
cellulose accessibility (Hoeger et al., 2013; Leu and Zhu, 2013).

Hoeger and coworkers studied the effect of internal and external fibrillation on
different properties of lignified and non-lignified materials by using different periods of
ultra-refining treatments and investigated their impact on cellulose conversion by subjecting
the fibrillated materials to enzymatic hydrolysis with Cellic CTec2 for 48 (Hoeger et al.,
2013). They observed an overall reduction on the CI by about 15-25% after ultra-refining
treatments and identifies that the CI reduction behaves differently for lignified and non-
lignified materials. For bleached softwood kraft pulp (BSKP), the CI reduction occurs in the
early stage of ultra-refining (first 2h) and, for ground softwood pulp (GSP), it would occur
at an extended ultra-refining period (after 4h) due to a more preserved cell wall structure.
Regarding the effect on cellulose digestibility, they observed a 5-fold improvement on
cellulose conversion of GSP with external fibrillation (15 min of fibrillation resulted on
cellulose conversion to improve from 6% to 30% using enzyme loading of 10 FPU.g™* of
glucan) and a 10-fold cellulose conversion improvement (up to 60% cellulose conversion)
with an extended ultra-refining period for 6h that caused external and internal fibrillation
(Hoeger et al., 2013). They indicated that external and internal fibrillation could reduce the
enzyme loading by varying the ultra-refining time and suggested that the impact on cellulose
conversion would vary for lignified and non-lignified materials due to limitation on
enzymatic hydrolysis, such as unproductive binding and limited pores availability. A
reduction on the enzyme loading of 50% (from 10 to 5 FPU.g of glucan) was obtained as a
result of 6h-fibrillation of GSP, reaching cellulose conversion of 60%, whereas only 2
FPU.g* of glucan and 1h-fibrillation was necessary to obtain same cellulose conversion for
BSKP (Hoeger et al. 2013).

2.4 Nanocelluloses and their current methods of production

The International Organization for Standardization (ISO/TC 229) defines

nanocelluloses as a nanostructured material of which one or more dimensions are equal or
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smaller than 100 nm (International Organization for Standardization, 2005). Moreover, there
is an on-going effort to establish internationally the nomenclature, terminology,
methodologies, environmental health and human safety management for the use and testing
of nanocelluloses (Halappanavar et al., 2021; Moon et al., 2023). The general method to
isolate nanocelluloses from lignocellulosic materials consists of three main steps. The first
two steps are intended to prepare the lignocellulosic material to produce a cellulose-rich
pulp: 1) disruption of the lignocellulosic macrostructure by increasing porosity and
accessibility to the polysaccharides, 2) extraction of cellulose by removing the hemicellulose
and lignin, and 3) isolation of nanocelluloses (Garcia et al., 2017; Reid et al., 2017). The
choice of process for nanocellulose isolation can affect the nanocelluloses’ morphology,
particle dimensions, surface charges, behavior in solution, thermostability, and mechanical
properties (Garcia et al., 2017). Regarding nanocelluloses’ morphology, there are two main
morphology types of nanocellulose that can be obtained according to the isolation process:

cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF), as shown on Figure 5.

2.4.1 Cellulose nanocrystal (CNC)

Cellulose nanocrystal (CNC) is a crystalline nanomaterial with highly homogeneous
morphology identified by transmission electron microscopy (TEM) micrography or atomic
force microscopy (AFM) topography as rod-like or spherical shape, depending on the raw
material and the treatments employed (Arantes et al., 2020; X. Q. Chen et al., 2019; de
Oliveira Junior et al., 2022; Ji et al., 2019; Tong et al., 2020).

Concentrated acid hydrolysis is the preferred method to isolate CNC at large scale
(Miller, 2019), resulting in the widely known CNC model. The acid hydrolysis reaction
employed for CNC isolation consists of controlled conditions to promote the attack of
hydronium ions preferably in the less structured regions of the cellulose, which isolate the
crystalline regions, followed by esterification of the hydroxyl groups that result in a sulfated
CNC (Figure 5b). The advantages of concentrated acid hydrolysis are the reproducibility of
the method and characteristics of acid-CNC, low cost of sulfuric acid as the preferred reagent
(US$ 90/t according to De Assis et al. 2017a), and high yield obtained (i.e., yields are 30—

50% and up to 70% for a narrow reaction condition according to Chen et al. (2015).
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The typical characteristics of acid-CNC are: diameter of 4 —20 nm, length of 50 —
350 nm, high aspect ratio (length to diameter ratio, L/D ratio of 50), high crystallinity
(>80%), good colloid stability in water obtained by zeta potential (-34 to -42 mV), sulfur
content of 0.15 to 1.1 g/100g of CNC, and good thermal stability (maximum temperature of
degradation of 275 — 300 °C) (Garcia et al., 2017; Reid et al., 2017; Delepierre et al., 2021;
Moon et al., 2023). A summary of characteristics and properties of commercial CNCs are
shown on Table 3.

An economic drawback of the concentrated acid hydrolysis to isolate CNCs is the
necessity of acid-resistant equipment, pipelines, and robust reactor, which incurs in a high
CAPEX in the range of US$ 95 - 224 M (Table 4). The use of concentrated sulfuric acid
negatively affects operational expenses (OPEX) due to depreciation expenses, requirement
of acid makeup, and challenges to recover and recycle the sulfuric acid at reasonable prices
as well as to recover the solubilized sugars from the spent liquor (de Assis et al., 2017a).
Thus far, the simplest and most viable solution to recycle sulfuric acid is the neutralization
using lime, which generates large quantities of gypsum (CaSOas) (de Assis et al., 2017a;
Leistritz et al., 2006). The disposal of gypsum and the high demand for pure water (reverse
osmosis) during dialysis or ultrafiltration stages not only have a negative impact on
environmental indices but also generates high effluent treatment costs (Ledo et al., 2017;
Rosales-Calderon et al., 2021).

De Assis et al. (2017a) assessed the acid hydrolysis with concentrated sulfuric acid
to isolate CNC from dissolving pulp and estimated the CNC’s MPSP is 4.4 — 7.2 US$/kg,
considering a CNC yield of 50% and an internal rate of return (IRR) of 16% (Table 4). They
concluded that initiatives to increase the CNC vyield and lower the cost of raw material,
combined with actions to save CAPEX are essential to achieve a reduction of the CNC’s
MPSP.

Rosales-Calderon et al. (2021) assessed the acid hydrolysis with concentrated
sulfuric acid to isolate CNC from BHKP, which has a smaller content of cellulose and lower
average prices comparatively to dissolving pulp. They suggested that the amount of acid
required changes according to the cellulose source and hence the recovery and recycle of
acid become more important for the economics when starting from raw materials with

smaller content of cellulose.
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Moreover, the use of starting material other than pulp would require a step of raw
material preparation that impact the CNC yields and process economics. We estimated that
acid-CNC vyields could be in the range of 9.5 — 31.5 (g/100g) based on untreated
lignocellulosic material, considering the average composition of cellulose in lignocellulosic
materials of 35 — 50%, cellulose extraction using alkaline and bleaching steps (about 90% of

cellulose recovery), and an acid hydrolysis yield of 30 — 70% on pulp basis.

2.4.2 Cellulose nanofibrils (CNF)

Cellulose nanofibrils (CNF) is the product generated by the complete release of
fibrils from the cellulose microstructure resultant by breaking the interaction forces between
the elementary fibrils through mechanical treatment (high rates of compression, friction, and
shear) (Iwamoto et al., 2007) or chemical treatment (overcharging non-crystalline domains)
(Tejado et al., 2012). The typical characteristic of CNFs is long non-branched fibrils that can
be observed as individualized or entangled fibrils by microscopy techniques such as TEM,
AFM, and scanning electron microscopy coupled with TEM detector (SEM/STEM). The
CNF microstructure comprises both crystalline and less ordered regions of cellulose (Moon
et al., 2023). The CNF average size has a diameter in the range of 3 - 100 nm and length in
the micrometric scale, resulting in a high aspect ratio (L/D ratio > 10) and hence high specific
surface area (SSA), although smaller SSA and degree of crystallinity (40 — 50 %) when
compared to CNCs (Berto and Arantes, 2019; lwamoto et al., 2007; Moon et al., 2023).

There are several methodologies and equipment useful to produce CNFs, which may
or may not be proceeded by a pretreatment step to reduce clogging and decrease energy
demand. The three equipment commonly employed in the preparation of CNFs, that is the
homogenizer, microfluidizer, and disc ultra-refiner (Spence et al. 2011). The type of
equipment and operating conditions (e.g., solids loading, number of passes, flow rate,
pressure requirements, and disc’s material) are factors that affect the energy consumption,
the scalability potential, and other aspects related to downtime, maintenance, and
depreciation expenses (de Assis et al., 2017b; Spence et al., 2011). New methods and
equipment for CNF isolation were reviewed by Arantes et al. (2020), including extrusion
and ball milling.

The homogenizer and microfluidizer are operated at high pressure and low solids

loading (0.2 to 3% dry matter) (Arantes et al. 2020). They are operated by forcing the pulp
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suspension against slits of micro size that generates shear forces and cavitation that cause
fiber fibrillation. The main drawback of using high pressure systems to isolate CNF are the
clogging and energy demand due to the several numbers of passes, which requires
pretreatments to reduce operational problems and energy consumption (Henriksson et al.,
2007; Hu et al., 2015; Nechyporchuk et al., 2016; Siddiqui et al., 2010; Spence et al., 2011).
On the other hand, the ultra-refiner presents fewer operation problems and downtime with
fiber encrustations when compared to other methods, which allows the use of higher solids
contents up to 2 — 4.5% without pretreatment (Arantes et al. 2020). The maximum
consistency reported for disc ultra-refiners is 5 — 10% employed for different materials (e.g.,
wood pulps, chitosan, tunicin cellulose, and collagen) (Taniguchi and Okamura, 1998).

The disc ultra-refiner (also referred as wet refiner, wet grinder, micro-grinder, ultra-
grinder, or grinder with stone disk) is operated similarly to common refiners in the pulp and
paper industry. In the ultra-refining method, the pulp suspension is subjected to defibrillation
due to the compression, shear, and friction forces when fibers pass a rotating and a static disc
with working gap that can be adjusted with a clearance typically equal or smaller than -100
um. The pulp suspension is fed by gravity and subjected to centrifugal force into the
clearance between the two stones discs. One ultra-refining cycle consists of complete pass
of the suspension and its recovery in the outlet for a subsequent feed that allows a continuous
operation (Hu et al., 2015; Wang et al., 2012). Figure 5 shows an illustration of the most
known disc ultra-refiner, the SuperMassColloider from Masuko Sangyo Co. Ltd. (Japan),
and its scheme of operation. For most Supermasscolloider models that does not operate with
the weight of the top disk, the energy consumption is proportional to the refining time, and
the energy demand is almost exclusively originating from the force required to defibrillate
the material according to the gap clearance (Hoeger et al., 2013; Hu et al., 2015; Liu et al.,
2018). For standard refiners, the gross energy (including no-load (idle) and disc’s motion) is
relevant not only the net refining energy as occurs for Supermasscolloider models where the
disc’s motion is not representative (Hu et al. 2015; Liu et al. 2018). Lindstrom, (2017)
attributes the energy required for cellulose delamination to the cell wall cohesion and
presence of charges, such as carboxyl groups present in xylan (Liu et al. 2018) or groups

inserted during pretreatments (Tejado et al. 2012).



52

(@) (b) (©)

Inlet suspension

Gap
clearance

Static disc

‘‘‘‘‘‘‘

Outlet o
suspension

/ \
S Rotative &
Rotative disc disc §

Fig. 5. (a) lllustration of SuperMass Colloider, (b) scheme of operation, (c) highlight of gap clearance and
showing fibers between the static and rotative stones. Source: Adapted from Nechyporchuk et al. (2016) and
Roux and Mayade (1999).

Ultra-refining leads to an increase in specific surface area (SSA) and fine content
with reduction of fiber length (Roux and Mayade, 1999). Because the effects of mechanical
operation occur randomly over several cycles, a mixture of micro- and nanoscale particles
with high polydispersity is generated, depending on the extent of fibrillation. The extended
fibrillation can reach higher diameter uniformity; however, it generally results in fiber
cutting effect that is negative for CNF properties (Berto and Arantes, 2019; Kelly et al.,
2021; Malucelli et al., 2018; Nakagaito and Yano, 2004). Currently, a mixture of cellulose
nanofibrils and cellulose microfibers (CMNF) is referred as nanocelluloses and the term is
used interchangeably with the term CNF (Moon et al. 2023).

2.5 Integrated production of nanocelluloses via enzyme-mediated process

2.5.1 Enzymatic hydrolysis

Enzymatic hydrolysis of lignocellulosic carbohydrates is a process catalyzed by
enzyme cocktails constituted by carbohydrate active enzymes (CAZymes) able to
breakdown or modify the structural polysaccharides of lignocellulosic materials, according
to the enzyme’s tridimensional structure and the sequence of amino acids in their catalytic
domain (Henrissat, 1991; Henrissat and Davies, 1997); Levasseur et al., 2013). Enzyme
cocktails can contain a single-component (mono-enzyme) or pool of enzymes that act on
specific links of polysaccharides and/or oligomers substrates. Single-component cocktail
cannot completely depolymerize the structural polysaccharides from biomass. Current
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commercial enzyme cocktails for biomass conversion (i.e., Cellic CTec series from
Novozymes) are constituted by a pool of enzymes that act collaboratively and synergically
and target a high-carbohydrate conversion. These high-carbohydrate conversion enzyme
cocktails can be used in high-solids enzymatic hydrolysis with minimal inhibition by the
end-product (glucose, cellobiose, and xylose) and minimal deactivation (high
thermostability) (Modenbach and Nokes, 2013; Teter, 2012).

Figure 6 illustrate the diverse type of CAZymes families and the need for
collaborative hydrolytic and oxidative action (glycoside hydrolase (GH) and auxiliary
enzymes (AA), respectively) for the complete depolymerization of cellulose (Arantes and
Saddler, 2010; Bissaro et al., 2016; Dimarogona et al., 2012; Horn et al., 2012). In deep
discussion of the CAZymes families and mode of actions for cellulose depolymerization was
presented by Payne et al. (2015). A detailed discussion of the effect of CAZymes families at
the fiber level was presented by Arantes et al. (2020). The complete depolymerization of
hemicellulose requires different families of CAZymes due to its varied composition and

types of links constituting the hemicelluloses (Glass et al., 2013; Payne et al., 2015).
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Fig. 6. Illustration of the cellulose depolymerization model during enzymatic hydrolysis by a complete
saccharification enzyme cocktail, highlighting the main hydrolytic and oxidative enzymes involved in the full
depolymerization of cellulose (Dimarogona et al., 2012).

The enzymatic route is the most economically feasible to produce sugars at high titers
with high profitability (Kazi et al. 2010) and free of inhibitors (Himmel et al. 2007).
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However, a complete carbohydrate conversion into fermentable sugars is not economically
advantageous to produce cellulosic ethanol (Dias et al., 2013). Dias and collaborators
assessed different conditions for pretreatment and enzymatic hydrolysis and demonstrated
that a higher production of 1G/2G ethanol can be obtained using intermediate conditions of
solids consistency and sugar conversion (15% and 60%, respectively) for better economic
feasibility. The extended carbohydrate conversions (higher than 80%) incurs in higher costs
for the enzymatic hydrolysis step due to longer residence time required (72h or more),
reduced gains in sugar conversion levels at longer reaction times, increased demand for heat
to maintain the temperature of the bioprocess, and need for liquor concentration in case of
obtaining low sugar concentration (Modenbach and Nokes, 2013; Newman et al., 2013).
Suitable ranges of enzymatic hydrolysis conditions to obtain high titers of sugar (>100 g/L)
for industrial operation are established in the literature, which are enzyme loading < 30 mg/g,
high solids loading (>15%), and time up to 48 h (Dias et al., 2013; Humbird et al., 2010;
Modenbach and Nokes, 2013; Newman et al., 2013; Stephen et al., 2012) The National
Renewable Energy Laboratory (NREL) targets cellulose and xylan conversion both at 90%
and arabinan conversion at 85% using total enzyme loading at 10 mg enzyme protein/g of
cellulose although their latest technology uses an enzyme loading of 12 mg/g on DMR
substrates (Davis et al., 2018).

It is noteworthy to mention that the isolation of nanocelluloses from the remaining
residue of enzymatic hydrolysis, also referred as cellulosic solid residue (CSR), is more
advantageous than the current practice of burning it together with lignin (Leistritz et al. 2006,
2009; Albarelli et al. 2016). The lignin and CSR recovered often contains too much moisture
to be burnt (Davis et al., 2018) and they do not have the same heating value (hemicellulose
17.7 MJ.kg?, cellulose 17.3 MJ kg™, SCB lignin 26.9 MJ.kg?, dry bagasse 19.1 MJ.kg™)
(Dias, 2011). Kazi et al. (2010) assessed different scenarios of pioneer plants for cellulosic
ethanol production, including four types of pretreatments and three downstream methods,
and concluded that is not economically advantageous to burn plant by-products to meet the
demand for heat and power. They suggested that obtaining steam and electricity from other
sources (i.e., the combustion of natural gas) would be more economic favorable due to the
high cost of installation of a fluidized bed combustor (around US$ 50M, Davis et al., 2018)
comparatively to the cost of an installed natural gas boiler (US$ 3 M, Kazi et al. 2010).
Additionally, the heating value of natural gas is significatively higher (42-55 MJ.kg™, The
Engineering ToolBox, 2003).
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Enzymatic hydrolysis can be employed to isolate CNC and/or CNF, together with
sugars or not (Arantes et al., 2020). There are two process strategies via enzyme-mediated
treatment to integrate the production of nanocellulose and sugars. First strategy uses
enzymatic hydrolysis as a pretreatment to promote mild cellulose disruption (cellulose
swelling), which may or may not recover considerable quantity of sugars to be recovered as
a valuable stream. Examples of enzyme-mediated process as a pretreatment consists of its
use prior to refining step to reduce energy consumption in the fibrillation process when
isolating CNF (Berto et al., 2021; Henriksson et al., 2007; Xiuyu Liu et al., 2019) or prior
to acid hydrolysis to maximize the valorization of the raw material and reduce the amount
of sulfuric acid when isolating CNC (Beltramino et al., 2015; Beyene et al., 2017; Dai et al.,
2018; J. Wang et al., 2021a). The second process strategy employs a more severe enzymatic
treatment that produces sugars at high titers together with CNC and/or CNF (Beyene et al.,
2017; Bondancia et al., 2017; Camargo et al., 2016; Pereira et al., 2021; Pereira and Arantes,
2020; Song et al., 2014; J. Wang et al., 2021a; Zhu et al., 2011). Based on the latter
references, it is possible to propose an integrated route to produce nanocellulose and sugars

for integral valorization of the raw material.

2.5.2 Feasibility of enzyme-mediated isolation of CNC

CNC isolated by enzymatic hydrolysis (enzymatic-CNC) possesses final properties
highly dependent on the type of enzyme, hydrolysis conditions, and composition of the
cellulose source. Table 5 shows a summary of enzymatic-CNC properties obtained solely by
enzymatic hydrolysis treatment. Typically, but not necessarily, enzymatic hydrolysis
maintains the cellulose surface intact (when using hydrolytic enzymes), which produces
enzymatic-CNC with lower colloidal stability (high tendency to aggregate) and higher
thermostability comparatively to acid-CNC. Other characteristic of the enzyme-mediated
isolation is the ability to tailor CNC shapes (rod-like or spherical) (Figure 5). Enzymatic-
CNCs can be very uniform in size with high aspect ratio depending on the reaction conditions
(X.-Q. Chen et al., 2019, 2018; de Oliveira Junior et al., 2022; Kafle et al., 2015)
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From the point of view of a biorefinery approach, the use of enzymatic hydrolysis
represents an important economic and sustainability improvement over concentrated sulfuric
acid hydrolysis to isolate CNCs. Enzymatic hydrolysis is highly specific and environment
friendly process. It does not generate carbohydrate degradation products nor requires the use
of neutralizing chemicals, thus eliminating expensive downstream steps, extensive demand
for pure water, and acid recycle (Rosales-Calderon et al., 2021). Additionally, the enzymatic
route employs mild reactions (typically, at 50°C) and requires less robust equipment, thereby
a smaller CAPEX than acid hydrolysis (Savignon and Gongalves 2016; Rosales-Calderon et
al., 2021).

Most studies employing enzymatic treatment for carbohydrates conversion were
developed to fully depolymerize biomass polysaccharides, hence a learning curve is
necessary to assess and develop suitable enzyme cocktails for CNC isolation. Initial studies
on enzyme-mediated treatments to isolate CNC have focused on understanding how to
benefit from different enzyme types and their mode of actions to develop new cocktails or
to validate existent cocktails to isolate CNC (Alonso-Lerma et al., 2020; Anderson et al.,
2014; De Aguiar et al., 2020; Siqueira et al., 2019; Xu et al., 2013; Yarbrough et al., 2017).
Other important studies were dedicated to understanding the influence of the composition of
the cellulose source on enzyme-mediated isolation of CNC cite what is the influence found
(Kafle et al., 2015; Penttil& et al., 2013). However, just a few studies have reported on the
yield of enzymatic-CNC or discussed the process feasibility (Bondancia et al., 2017;
Xiaoquan Chen et al., 2012; X. Q. Chen et al., 2018; de Aguiar et al., 2020; Meyabadi and
Dadashian, 2012; Pereira and Arantes, 2020). Thus far, the yield achieved by enzymatic
production of CNC is low and ranges between 2.5 - 38%, in which CNC is primarily obtained
from cellulose-rich material (Table 5). The study by Filson et al. (2009) was the only to
achieve yields as high as 38% (pulp basis) by introducing enzymatic hydrolysis with a
microwave heating post treatment. Further studies are necessary to optimize the enzymatic
hydrolysis conditions (enzyme loading, solids consistency, and reaction time) to isolate
CNCs and achieve higher CNC yields.

To the best of our knowledge, there are only two technoeconomic assessments of
enzyme-mediated CNC isolation. Savignon and Gongalves (2016) conducted the first early-
evaluation study of enzymatic CNC production based on the results reported by Filson et al.
(2009). They assessed both CAPEX and OPEX lower than the ones estimated for acid
technology, producing 205.5 t/year of enzymatic-CNC from recycled pulp (Table 4). They
showed the correlation of the internal rate of return (IRR) and enzyme price is inversely
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proportional and the correlation between IRR to CNC yield is directly proportional, revealing
the importance of investigating and optimizing the reaction conditions of enzymatic
hydrolysis and CNC vyield. The technoeconomic assessment obtained by Rosales-Calderon
et al. (2021) corroborates to the necessity to optimize the enzyme cocktails and enzymatic
hydrolysis conditions to improve the CNC vyield and reduce the use of pure water. They
demonstrate that a considerable amount of cellulose-rich material is left as CSR is feasible
to produce value-added products although there are opportunities to improve the viability.
An important highlight of their study was the co-production of nanocelluloses and high titer
of sugars ( greater than 100 g.L™).

Other preliminary technoeconomic assessments use part of the CSR to isolate
nanocelluloses, however these studies do not truly rely on enzymatic technologies to isolate
nanocelluloses but to obtain cellulosic sugars and produce cellulosic ethanol. Albarelli et al.
(2016) assessed different types of pretreatments to produce cellulosic ethanol via enzymatic
hydrolysis and CNC via the acid treatment route. They suggested that pretreatments able to
minimize carbohydrate depolymerization were preferred for CNC production, and the
opposite is expected when higher ethanol yields are desirable. Albarelli and coworkers
highlight that the suitable choice of process conditions will depend on the biorefinery goal
(commodities or specialties). A noteworthy discussion on technical aspects, such as energy
and water consumption, is available for each pretreatment assessed (Albarelli et al. 2016).
Leistritz et al. (2006), in a prospective study, evaluated the utilization of 1% cellulosic solid
residue (CSR) using an alternative technology developed by Michigan Biotechnology
Incorporate (MBI) International, that co-produces cellulosic ethanol and CNC via acid
hydrolysis (Table 4). Their results indicate an extraordinary potential of economic return by
using CSR to isolate CNC (CNC-only scenario IRR 40%), whereas the ethanol-only and co-
production scenarios result in an IRR of 7.06% and 7.33%, respectively. The significative
IRR was obtained using a co-located infrastructure with readily available side-streams.
However, they do not consider the cost of raw material, energy consumption, and effluent
treatment expenses to estimate the CNC MPSP. In a more detailed scenario, the CSR should
cost at least the same price as the electricity that it can produce. Despite that, they obtained
a CNC MPSP of US$ 1.87/kg, which is somehow similar to the CNC MSPS estimated by
De Assis et al. (2017a) for a stand-alone scenario (US$/kg 4.4 — 7.2 for IRR 16%) (Table 4).
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2.5.3 Feasibility of enzyme-mediated isolation of CNF

The isolation of CNF has been demonstrated through either stand-alone or integrated
plants with synergy to pulp and paper industry (Arantes et al., 2020; Chauve and Bras, 2014;
Miller, 2019; The Process Development Center (PDC), 2022). The most efficient
pretreatments to reduce energy consumption and improve the final properties of CNFs are
the enzyme-mediated (Arantes et al., 2020) and chemical oxidative treatments, such as
TEMPO-mediated (Klemm et al., 2018; Xie et al., 2018). Enzyme-mediated isolation of
CNF (enzymatic-CNF), especially using hydrolytic enzymes, and TEMPO-mediated
isolation of CNF (TEMPO-CNF) have different morphologies (aspect ratio) and surface
charges (intact and carboxylated, respectively) which result in different properties for CNF.
Therefore, it is suggested that these types of CNFs would occupy different markets (Chauve
and Bras, 2014; Delgado-Aguilar et al., 2015; Klemm et al., 2018).

There are two models of cellulose depolymerization more extensively investigated
as pretreatments to isolate CNF, that is the action by endoglucanases exploring a mild
cellulose depolymerization and complex enzyme cocktail that promotes a drastic cellulose
depolymerization and can co-produce sugars (Arantes et al. 2020).

The treatment with single-component cocktails of endoglucanases (e.g., commercial
cocktails FiberCare and Novozym 476 from Novozymes) aim to reduce energy consumption
during mechanical fibrillation and obtain high CNF yield without co-produce significative
amounts of sugars (Berto et al., 2021; Xiuyu Liu et al.,, 2019; Wang et al., 2015).
Endoglucanases target less ordered regions of cellulose and promotes changes in the fiber
morphology by fiber fragmentation, also referred as cutting effect. The cutting effect
promotes external fibrillation and fiber swelling, which further facilitates mechanical
fibrillation and fibril isolation into CNF (Wang et al. 2015; Liu et al. 2019). Although the
conditions of enzymatic hydrolysis with endoglucanases have been diverse, most studies
concluded that a lower endoglucanase loading (0.1 - 10 mg.g™) is effective to provide energy
savings from 20 — 60% relative to mechanical fibrillation without pretreatment (Berto et al.,
2021; de Amorim dos Santos et al., 2023; Xiuyu Liu et al., 2019; Wang et al., 2015), even
for periods of enzymatic hydrolysis as low as 1h (Berto et al. 2021). This is because fiber
fragmentation can be intensified with an increased endoglucanase loading but the
endoglucanases action can vary according to its family, and it can plateau due to substrate
saturation, specific catalytic activity, and composition of commercial cocktails (single-

component or preparation of enzymes with collaborative action) (Wang et al. 2015; Nagl et
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al 2021). Thus, the enzyme loading is not necessarily proportional to the reduction of fiber
width and length, nor to energy savings during mechanical treatment (Henriquez-Gallegos
etal., 2021; Xiuyu Liu etal., 2019; Nagl et al., 2021; Wang et al., 2015). Nagl and coworkers
showed that the endoglucanase causing the lowest release of sugars provided the highest
degree of refining (°SR) (Nagl et al 2021). Enzymatic-CNF obtained with FiberCare
pretreatments have diameter ranges of 5 — 11 nm and length ranges of 5 - 40 um (Zhou et
al., 2019). The treatment with FiberCare is known to produce drastic fiber changes even at
low enzyme loadings (0.1 mg.gt) (DP 1,160 to 640). It can reduce the DP by approximately
50% (DP 1,160 to 542) with enzyme loading of 1 mg.g* without producing considerable
amounts of sugar. An increase of FiberCare enzyme loading up to 10 mg.g™ result in a pulp
yield of about 95% and DP of about 440 (Wang et al. 2015). Other characteristics are also
dependent on reaction conditions, endoglucanase type and loading, and intensity of
mechanical fibrillation, such as crystallinity index ranges of 50 - 84% (Iwamoto et al., 2007,
Nechyporchuk et al. 2015; Liu et al. 2019; Berto et al. 2021) and transmittance can vary 25
- 90%, in which high transmittance is obtained by applying a dispersion post-treatment
(Wang et al. 2015; Liu et al. 2019; Henriquez-Gallegos et al. 2021). The colloid stability in
water obtained by zeta potential for enzymatic-CNF is approximately -30 to - 20 mV
(Espinosa et al., 2017; Pereira et al., 2021) and thermal stability is similar to the cellulose
(Onset decomposition temperature of 230 °C) (Berto et al., 2021).

The co-production of enzymatic-CNF and sugars can be obtained by a mixture of
cellulases (endoglucanases and cellobiohydrolates, such as Celluclast 1.5 and Cellic CTec)
and xylanases (e.g., Genencor multifect B and HTec), or a high saccharification cocktail that
consists of multienzymes from different CAZyme families, that is a combination of
cellulases, B-glucosidades, xylanases, and accessory enzymes (e.g., Cellic CTec and HTec
series 2 and 3 from Novozymes). Enzyme cocktails composed by a pool of enzymes are
generally used at higher enzyme loading (10 - 30 mg.g™) and reaction times (> 48h) (Arantes
et al. 2020). These pretreatments isolate enzyme-CNF energy savings of about 50%,
compared to CNF isolation without pretreatment, and can recover sugar at concentration up
to 100 g.L! with carbohydrate conversion of up to 44% (Pereira et al., 2021). The co-
production of sugars by high saccharification enzymatic cocktails incurs in a reduction of
CNF yield compared to mild enzymatic or no pretreatment, however it can isolate CNFs with
great diameter uniformity and high wet-SSA (Pereira et al., 2021). The process integration

is proposed by recovering the cellulosic solid residue (CSR) to isolate CNF and/or CNC.
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Some authors showed that nanocelluloses obtained after intensive enzymatic hydrolysis
treatment (e.g., high enzyme loading and/or longer hydrolysis period) have CNC-like
morphology, that is reduced length and high crystallinity (Bondancia et al., 2017; de Campos
et al., 2013; Qing et al., 2013; Siqueira et al., 2010; Song et al., 2014; Zhu et al., 2011),
which often result in high tensile resistance but lowered tear strength when tested for
mechanical properties for paper additives.

Applied research and development in the pulp and paper industry has led to diverse
patents using enzyme-mediated processes to isolate CNF (Arantes et al. 2020). The common
aspect explored by these emerging technologies was the use of enzymatic treatment to lower
energy consumption and increase the solids consistency during the defibrillation step to
produce high-solids CNF suspensions, which aims to solve problems with dewatering due to
production of nanocelluloses at low solids and lower costs with transportation. Stora Enso
OYJ is an assignee of a technology that describes the use of concomitant enzymatic
pretreatment and refining steps to produce one-pot MFC, coupling a series of refiners
(Heiskanen et al., 2012). Heiskanen and collaborators claim to operate with high solids
loading at solid consistency of 20-35%. Their patent claims their technology would be useful
for operation with up to 45% dry matter. VTT is an assignee of a technology that proposes
the use of enzymatic treatment and extruders to isolate CNF. They claim their technology
operates at solid consistencies of 15 - 40% and their patent protects their technology to
operate with up to 60% dry matter (Hiltunen et al., 2015).

The reaction with 2,2,6,6-Tetramethylpiperidine-1-oxyl radical (TEMPO) is often
cited as the pretreatment which requires the least energy (i.e., 0.125 - 0.936 kWh/kg in
homogenizer) and produces CNF with exceptional interface properties (Serra et al., 2017).
However, the high cost of the chemicals used for TEMPO pretreatment offsets the benefits
of energy savings (reagents cost ranges 44-141 €/kg of CNF (Delgado-Aguilar et al., 2015),
with TEMPO costing 180 $/kg and NaBr 5 $/kg reported by Xu et al. (2022)). Hence, the
necessity to recover and recycle the chemicals hinders an economically feasible upscaling of
TEMPO-CNF (Klemm et al. 2018; Delgado-Aguiar et al. 2016; Serra et al. 2017; Xu et al.
2022). Authors that investigated the effect of reducing the amount of TEMPO to isolate
oxidized-CNF highlight that the reduction of carboxyl content incur in the loss of properties
(e.g., optical transmittance, water retention, and SSA), increase of energy consumption
during mechanical fibrillation, and increase of reaction time (1- 5h) (Serra et al. 2017). Serra
and coworkers concluded that a reduction of 80% on TEMPO reagent is possible without a

reduction on cationic demand, which would incur in an overall reduction of 21% in the cost
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to isolate TEMPO-CNF. However, it would still not make TEMPO-CNF cost-competitive
with traditional polymers (Serra et al. 2017). A recent study has a detailed investigation
regarding the impact of reducing the reagents necessary for TEMPO pretreatment (NaClO,
TEMPO, and NaBr). Traditional pretreatment conditions are reagents loading of 372:16:103
mg.g* cellulose (NaCIO:TEMPO:NaBr) for 2h at room temperature (25°C) in alkaline
medium (pH 10) to obtain a pulp yield of 57% (Xu et al 2022). Xu and coworkers reported
a relationship between the cationic demand, reaction time, and pulp yield with TEMPO
treatment. They showed the pulp yield can vary depending on the desired cationic demand,
that is 57 — 90% and 750 — 2500 pEq.g?, respectively. A pulp yield of 79% could be obtained
by reducing the reagents loading for a reaction period of 50 min while maintaining desirable
TEMPO-CNF properties (Xu et al. 2022), however the possibility to recovery the remainder
oxidized compounds as value added products is not discussed. Current market price of
mechanical-based CNF without pretreatment is US$167/kg (mixture CNF and CMF, also
referred as CMNF) and US$ 222/kg (high-fines CNF) using disc refiner technology
(FibreFiner© GLV). TEMPO-CNF is sold by US$ 3,750/kg based on same mechanical
technology (The Process Development Center (PDC), 2022). TEMPO-CNF properties can
vary according to the carboxyl content and the oxidation system of reagents (Isogai et al.,
2011). TEMPO-CNF with typical carboxyl content of 1.0 - 1.75 mmol.g? results in
diameters of 4 -14 nm and length of < 2-3 mm, excellent colloid stability in water obtained
by zeta potential (-70 to -85 mV), transmittance of 70 — 80%, initial contact angle of 47°,
degree of polymerization (DP) of around 40 — 300, high crystallinity index of 84%, fines
content 63.5%, and reduced thermal stability (Tonset of 200 °C and Tmax at 250 °C) (Isogai
et al., 2011; Nechyporchuk et al., 2014).

To the best of our knowledge, there are only two technoeconomic assessments of
CNF production. A summary of technoeconomic aspects of CNF isolation is shown on Table
6, which highlights promising results for the enzyme-mediate pretreatments. De Assis et al.
(2017Db) assessed the production of cellulose micro- and nanofibrils (CMNF) at 50 t per day
from NBSK pulp using a standard disc refiner. They estimated an operational cost in the
range of US$1,493 — 1,899/t for refining without pretreatment at pilot plant UMaine-FPL
and a CMNF MPSP in the range of 1.8 — 2.5 US$/kg at IRR 16%.
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Alander et al. (2017) conducted a preliminary analysis of microfibrillated cellulose
(MFC) production at the RISE Bioeconomy (Innventia) pilot plant that employs a technology
developed by Ankerfors et al. (2009), consisting of an enzymatic pretreatment followed by
a defibrillation step using homogenizer. The results indicated an energy consumption as low
as 1.8-1.9 kWh/kg at an operational cost of 90 €/t, producing a mixture MFC at an estimated
price of 794 €/t evaluated for paper reinforcement (Ankerfors et al., 2009; Alander et al.,
2017).

Kangas and Pere (2016) reported a two-step production of CNF HefCel (VTT) using
enzymatic pretreatment and subsequent defibrillation at high solids loading. They estimated
the chemical and energy costs at €110/t CNF and energy consumption as low as 0.600
kWh/kg although their methodology of assessment was not disclosed. Their recent work
employed a simultaneous enzyme-mechanical treatment with a commercial enzyme cocktail
(EcoPulp Energy), containing CBH and EG, and operated a two-shaft sigma mixer at solids
consistency of 25 % with enzyme loading of 6 mg.g™ for 8h at 70 °C to isolate CNF HefCel
with 87% vyield (Pere et al., 2020).

2.5.4 Lignin-containing CNC and CNF (LCNC and LCNF)

Conventionally, lignin removal from lignocellulose materials has been considered a
necessary step in the preparation of nanocelluloses (Garcia et al., 2017; Hubbe et al., 2008).
However, remaining fractions of polysaccharides and lignin may improve nanocelluloses
properties, such as higher colloidal stability and higher hydrophobicity.

Conventional CNC and CNF are routinely targeted for chemical modification to
improve the compatibilization with other polymers. However, due to CNCs' inherent
hydrophilicity, incorporating them into hydrophobic environments is challenging and
frequently involves functionalization (Arantes et al 2020). The hydrophilicity leads to high
water adsorption, which may have a negative impact on the performance of some materials
and alter their properties.

Recent studies have investigated lignin-containing nanocelluloses that were either
blended from streams containing pure lignin or lignocellulose streams (Wei et al., 2018), or
directly tailored and isolated from lignocellulose feedstocks (Xuran Liu et al., 2019; Trifol
et al., 2021; Xu et al., 2021). The percentage composition of cellulose and lignin can vary
depending on the specific source of lignocellulosic biomass and the extraction process. There

Is no system of classification available for lignin-containing nanocelluloses thus far. To be
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considered as lignin-containing nanocellulose, the material typically contains a significant
amount of cellulose with a portion of lignin. The percentage may vary depending on the
desired properties and applications of the nanocellulose material. Some authors claim that a
higher lignin content may confer enhanced mechanical strength and hydrophobicity, reduce
energy consumption during fibrillation (Diop et al., 2017) and may facilitate water drainage.
Although there is no specific threshold for the percentage composition of a lignin-containing
nanocellulose, a typical cellulose and lignin composition found in the literature is: cellulose
content of approximately 50% to 90% or more, and a lignin content of 1% to 50% (Trifol et
al., 2021; Wei et al., 2018), typically equal or less 20% (Bian et al., 2019; Copenhaver et
al., 2021; Xuran Liu et al., 2019)

To the best of our knowledge, there is no published technoeconomic assessment
available of LCNC or LCNF isolation from pretreated agricultural pulp. Further studies are
still needed to understand the impact of pretreatment of the agricultural raw material on the
ability to extract cellulose in a co-localized infrastructure, or the use of other industrial

lignocellulosic residues.

2.6  Problem summary

There is a growing demand for renewable and sustainable products and to circumvent
current problems with plastic pollution. Sugarcane bagasse and straw are abundant
lignocellulosic materials that can be used as low-cost feedstock to obtain bioproducts and
biofuels. However, new solutions of process development are needed to focus on obtaining
bioproducts rather than biofuels to improve the viability through low- and high-value
products.

The recalcitrance of the lignocellulosic material is a concept that refers to the
difficulty of fully fractionating and efficiently recovering its main components for economic
utilization. From a chemistry point of view, the recalcitrance is determined by the plant cell
wall ultrastructure, which refers to the complex association of the plant cell wall components
and their arrangement. From a biorefinery point of view, the current goal for the pretreatment
is to recover the lignocellulosic fractions as value-added products, maximize the overall
yield, and reduce the energy requirement as low as possible (Galbe and Wallberg, 2019).

Moreover, the parameters that envolves sustainability, such as the recycleability of chemicals
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and process alternatives to minimize the demand for resources (especially, water and energy)
are essential considerations for the feasibility.

The enzymatic technology has been suggested in the literature as the most profitable
option to obtain sugar streams at high titers (Kazi et al. 2010). Additionally, the enzyme-
mediated treatment reduces the energy consumption required to isolate nanocelluloses using
the mechanical route (Henriksson et al., 2007; Paékko et al., 2007a; Wang et al., 2015; Xiuyu
Liuetal., 2019; Berto et al., 2021). Ultimately, the opportunity to co-produce nanocelluloses
together with cellulosic ethanol using the cellulosic solid residue (CSR) would be synergetic
to increase valorization of the lignocellulosic main fractions. For that, the cellulosic sugars
stream is recovered after the enzymatic hydrolysis and the CSR is used to isolate cellulose
nanomaterials by mechanical methods (Camargo et al., 2016; de Campos et al., 2013; Feng
etal., 2018; Lam et al., 2017; Pereira and Arantes, 2020; Saelee et al., 2016).

Despite the potential of nanocelluloses as a value-added product, there is still limited
information available regarding the feasibility of the co-production of cellulose
nanomaterials and cellulosic sugars/ethanol (Albarelli et al., 2016; Leistritz et al., 2006;
Pereira et al., 2021; Rosales-Calderon et al., 2021), or how to transition from a biorefinery
based on biofuels to bionanomaterials, especially when the biorefineries employ enzyme-
mediated processes. Thus, a detailed mass balance study is necessary to assess the co-
production of sugars and cellulose nanomaterials from lignified and non-lignified biomass
using enzyme-mediated processes. Furthermore, a discussion on how raw materials and
process choices impact the properties of lignin-containing nanocelluloses, particularly when
derived directly from non-wood biomass, remains essential. Additionally, exploring how

native-like lignin can impart unique properties to cellulose nanomaterials is still necessary.
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CHAPTER 3 OBJECTIVES

Objectives

To investigate the combined enzymatic-mechanical approach to co-produce lignin-

containing cellulose nanocrystal (LCNC), lignin-containing cellulose nanofiber (CNF), and

cellulosic sugars from sugarcane bagasse (SCB) and straw (SCS). The Hardwood Bleached

Kraft pulp (HBKP) will be used as a reference feedstock to co-produce nanocelluloses
(CNC and CNF) and cellulosic sugars.

Specifically, the goals were:

1- To determine the mass balance to co-produce nanocelluloses (CNC and CNF)
and cellulosic sugars from HBKP and characterize the nanocelluloses in terms of
diameter size;

2- To determine the mass balance to co-produce lignin-containing
nanocelluloses (LCNC and LCNF) from SCB and characterize the nanocelluloses in
terms of diameter size;

3- To determine the mass balance to co-produce lignin-containing
nanocelluloses (LCNC and LCNF) from SCS and characterize the nanocelluloses in
terms of diameter size;

4- To determine the chemical composition of the lignin-containing

nanocelluloses (LCNC and LCNF) and their propertied in solution and as films.



72



73

CHAPTER 4 MATERIALS AND METHODS

4.1 Materials

Eucalyptus bleached kraft pulp, referred as HBKP, kindly donated by Suzano
(Jacarei-SP, Brazil). Northern bleached softwood Kraft (NBSK) pulp was obtained as baled
market pulp and unbleached softwood Kraft (UBK) pulp was obtained as a board grade
unbleached kraft pulp. NBSK and UBK were supplied by the Process Development Center
(PDC) at the University of Maine (Orono, ME, USA). The chemical composition of HBKP
was 78.6%(w/w) of cellulose, 14.6%(w/w) of xylan and 2.7% (w/w) of lignin determined by
Pereira and Arantes (2020). The chemical composition of NBSK pulp was 76.19%(w/w) of
cellulose, 17.41%(w/w) of xylan, and negligible amount of total lignin according to
Copenhaver et al. (2021). UBK had 10 — 15% residual lignin (kappa number 70-100)
according to Tayeb et al. (2020). UBK chemical composition was 66.9%(w/w) of cellulose,
5.74%(w/w) of xylan, and 13.3% (w/w) of lignin according to Imani et al. (2019).

Sugarcane bagasse, referred as SCB, kindly donated by Usina Quata (Zillor, Quata,
SP, Brazil), and Sugarcane straw, referred as SCS, kindly donated by American Process
(Thomaston, GA, USA) harvested by Granbio. SCB and SCS were air dried to final moisture
content of 5 — 6% and kept in polyethylene bags.

Commercial enzyme cocktails Cellic CTec2 (VCS00002, lot #SLBS6227, protein
concentration 200 mg/mL determined by Pereira and Arantes 2020 following a modified
Mok et al. (2015) protocol), cellulase Cellic CTec3 equivalent (NS 22257, protein
concentration 194 + 7 mg/mL, 176 + 5 FPU/g, 520 U/g CMCase), xylanase HTec3
equivalent (NS 22244, protein concentration 102 £ 7 mg/mL, 10.81 + 0.06 FPU/g, 318 U/g
CMCase) were kindly donated by Novozymes (Denmark). Protein concentration was
determined according to Mok et al. (2015) using a reaction volume 10 times larger. All
enzymatic activities were measured using the methods reported by Ghose,1987).

Filtered tap water from the University of Maine was used as provided. Tap water
from Lorena School of Engineering water well was autoclaved (121 °C, 1.5 atm, 15 min)
and analyzed for total hardness 23.415 mg/L determined by standard method SM 2340 C,
conductivity of 172.1 uS/cm (23°C), total solids of 102 mg/L determined by standard method
SM 2540 A, B, C, D, E, G, cations composition of [Na*] 0.67 mM, [Ca*?] 0.19 mM, [K*]
0.06 mM, [Mg*’] 0.04 mM determined by standard method EPA 6010C, and anions
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composition of [CI7] 0.12 mM determined by standard method SM 4500-CI-B (Laboratorio

Ampro Andlises Industriais, Lorena, SP, Brazil).

4.2 Methods

The methods session is divided into two parts — fractionation methods and analytical
methods. The fractionation methodology describes the proposed process to coproduce
fermentable sugars, CNC, and CNF, two designs of experiments and statistical analysis as
well as the yield calculation. The analytical methodology describes the characterization

employed for the solid and liquid fractions recovered after each treatment.

4.2.1 Fractionation methods

The proposed process to coproduce acetic acid, fermentable sugars (glucose and
hemicellulose hydrolysate), CNC, and CNF is summarized in Figure 7. It shows the main
fractionations studied to obtain the recalcitrant cellulosic solid residue (CSR) after enzymatic
treatment. The CSR is further used to isolate CNC and CNF.

The entire process was perfomed with SCB and SCS (Figure 7, part #1 and 2). The
HBKP was used to study the co-production of fermentable sugars, CNC, and CNF and
investigate optimization alternatives (Figure 7, part#1). NBSK pulp and UBK pulp were

solely used during the ultra-refining step for a comparative study with SCB and SCS.

4.2.1.1 Milling and sieving

SCB and SCS were size reduced using a hammer mill (Munson Mill Machinery Co,
USA) and the fraction passing a 5-mm screen was used. The Munson mill was coupled to a
dust collector (Craftsman Professional). 3 g/100g of starting SCS, which were used to further
treatments. The milled SCB was screened using a vibrating sieve of 100-mesh (opening 150
um) and the SCS was screened using a vibrating sieve of 30-mesh (opening 595 um) on a
mechanical shaker (Humboldt) for 15 min.

The retained portions were 94.6 = 0.5 g/100g of starting SCB and 49 * 3 g/100g of
starting SCS, which were used to further treatments. The retained portion of each material is
referred to as SCB and SCS milled and sieved.
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The portion that passed the sieve as well as the dust collected were discarded. For
mass balance purpose, the ash composition was determined for SCB and SCS before and

after sieving as well as for the discarded sieved portion.

4.2.1.2 Modified Deacetylation and Mechanical refining (DMR)

The modified Deacetylation and Mechanical refining (DMR) technology refers to a
two-step treatment pursued by NREL consisting of a mild alkaline treatment and mechanical
refining, in which the goal is to remove a maximum of acetic acid, preserve the carbohydrates
while promoting a low removal of lignin. The deacetylation of xylan leads to improved
accessibility of the lignocellulosic material, and therefore likely to improved enzymatic
hydrolysis (Inalbon et al., 2013).

In the present study, alkaline treatments were conducted at least duplicates with 12 g
o0.d. of biomass (SCB and SCS). Reactions were conducted in PE/PET bags (Kapak pouches
502, thickness 4'4”) sealed with heat after loaded with biomass at solid-liquid ratios of 1:4,
1:6, or 1:8 (g/mL) and NaOH loading on biomass of 4%(w/w), 6%(w/w), or 8% (w/w) using
a solution of NaOH 5%(w/w) without prior impregnation. Reactions were conducted in a
water bath with temperature controller (Solo 4848 Automation Direct) at temperature of
50.0°C or 80.0°C for 90 min. Control reactions were conducted with deionized water.
Kneading of the bags was performed every 15 min. At the end of the residence time, the
reaction bags were cooled for 10 min in cold tap water. The treated material was transferred
to a 100-mesh nylon bag (FSI-Pall Corporation) and filter pressed to recover the liquor,
referred as DEAC SCB and DEAC SCS. The solid fractions were washed three times in a
ratio of deacetylated material:deionized water of 1:10 (total water usage of 30 L/kg of treated
material) and filter pressed between the washing steps. The final pH of the liquors was
recorded. Both solid and liquid fractions were submitted to gravimetric analysis for yield
calculation and ash determination. The chemical composition was determined for solid
fraction.

For more relevant results, the deacetylation reactions were scaled up to 50 g o.d. of
biomass (SCB and SCS) and conducted in duplicates. The alkaline treatment was solid-liquid
ratio 1:4, NaOH loading on biomass of 4%(w/w) and 6%(w/w) for SCB and NaOH loading
on biomass of 4%(w/w) for SCS. Reactions were conducted at 50.0°C for 90 min. At the end

of the treatment, the solids were washed with deionized water three times at a solid:liquid
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ratio of 1:10 and 1:12, respectively for DEAC SCB and DEAC SCS, followed by manual
squeezing the material inside the 100-mesh nylon bag (FSI-Pall Corporation). The total water
usage summed 30 L/kg DEAC SCB and 52L/kg of DEAC SCS. The liquors were recovered,
and the final pH was recorded. The final moisture content of the pretreated materials was
approximately 20%. The reaction duplicates were mixedtogether, and the pretreated
materials were kept in ziplock bags and stored at 4°C. Both solid and liquid fractions were
submitted to gravimetric analysis for yield calculation, ash determination, and chemical
composition determination.

The DEAC SCB4, DEAC SCB6, and DEAC SCS4 were refined using a PFI mill
(model 88036, Noram, Quebec CA) following test method TAPPI/ANSI T 248 sp-21
(TAPPI/ANSI, 2021). The beating consistency was 20% solids (30 g o0.d.) at 6,000rev with
the beating gap set to 0.2 mm. No prior disintegration was performed.

4.2.1.3 Enzymatic hydrolysis of DEAC SCB and DEAC SCS

The enzymatic hydrolysis assays were conducted at microscale to explore the
digestibility effect of the previous treatments (alkaline treatment plus PFI refining)
comparatively with solely alkaline treatment using different enzymatic loadings and
different ratios of enzyme cocktails Cellic CTec3:HTec3. The microscale enzymatic
treatments were conducted in duplicate using 5-mL microcentrifuge tubes, total reaction
mixture of 4 ml with 2%(w/v) solids loading and enzyme solution prepared in 50 mM sodium
acetate buffer (pH 4.8) and 0.01%(w/w) sodium azide. The enzyme loading were varied (2.3
—12.5mg.g* o0.d. of biomass) and enzyme cocktail ratios were studied as shown in Table 7.
Tubes were incubated in a shaking incubator (model | 24, New Brunswick Scientific) at 50°C
and 200 rpm for up to 72 h. Reactions were stopped by immersion in boiling water for 15
min. The sugars hydrolysates were collected by centrifugation at 1,252xg (4,000 rpm) for
30 min at room temperature using Fisher Scientific accuSpin 400 centrifuge (Swinging
Bucket Rotor #5197). The content of glucose, xylose, and arabinose released during
enzymatic treatment was analyzed by high performance liquid chromatography (HPLC).

The enzymatic hydrolysis at larger scale were carried out using 1-L Nalgene
polypropylene centrifuge tubes with a total reaction mass of 100-g containing 15%(w/w)
solids loading using enzyme loadings of 15 mg per gram of dry material, Cellic
CTec3:HTec3 ratio of 1:2, prepared in 50 mM sodium citrate buffer (pH 4.8) and
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0.01%(w/w) sodium azide. Reactions were conducted at least in duplicates. Tubes were
incubated in an oven at 50°C containing a compact roller system (Wheaton small bench-top
apparatus, DWK Life Sciences) set up to rotate at 3.8 rpm for 72h. Reactions were stopped,
and the sugars hydrolysates were collected by centrifugation at 10,540xg for 20 min at 25
°C using Sorvall centrifuge (rotor SCL-4000). The content of glucose, xylose, arabinose, and
acetic acid released during enzymatic treatment was analyzed by HPLC. The cellulosic solid
residues (CSR) were suspended in tap water to a final volume of 500 mL to proceed with
CNC isolation.

Table 7. Combination of enzyme loading and reaction time for enzymatic hydrolysis

Enzymatic  on cellulose 5 15 15 15 21 25 25
loading
(mg/g) on SCB 2.5 7.5 75 75 10.5 12.5 12.5

on SCS 2.3 6.9 6.9 6.9 9.7 115 11.5
Enzyme
cocktails CTec3:HTec3 1:0 1:2 2:1 14:1 20:1 1:4 4:1
ratio

24,48, 24,48, 24, 48,

Time tested (h) 72 72 48 48 48 72 48

4.2.1.4 Enzymatic hydrolysis of HBKP

A series of enzymatic hydrolysis assays were conducted to study the effect of the
severity of enzymatic hydrolysis (SEH), which consisted of varying the enzymatic loading
and time of reaction, in recovering CNC and CNF from CSR (Figure 7, part#1). Reactions
were conducted in duplicates in a rotary incubator (model HB-3D, Techne®, Hybrigene)
with a total reaction mass of 800 g containing 17.5%(w/w) solids loading of eucalyptus
bleached kraft pulp (HBKP) using an enzyme solution of Cellic CTec2 (protein loading 10
—20 mg.g* pulp) prepared in 50 mM sodium acetate buffer (pH 4.8) and 0.01%(w/w) sodium
azide. The reactions were incubated at 50°C for up to 72 h with rotation of 20 rpm. Reactions
were stopped by immersion in boiling water for 30 min. The conditions for enzyme assay

were tested as shown in the Table 8.
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Table 8. Combination of enzyme loading and reaction time for different enzymatic hydrolysis conditions

SEH EH- EH- EH- EH- EH- EH- EH- EH-
530  5-72  10-30  10-72  20-30  20-72  30-30  30-72
Enzymatic
loading 5 5 10 10 20 20 30 30
on pulp
(mg/g)
Time (h) 30 72 30 72 30 72 30 72

EH-E-T was used to refer to each enzymatic loading (E) and time (T) tested.

The mixtures were vacuum filtered (Whatman® n° 1 Filter paper, porous size 11 pm)
to recover the liquid fraction and separate the cellulosic solid residue (CSR). The CSR was
washed three times with 500 mL deionized water (total 1.5 L) while being vacuum filtered
to lower sugar and ions concentration. The third stage of washing resulted in a final spent
wash liquor conductivity equal or below 250 puS.cm™. The CSR was used in the design of

experiments to isolate CNC and CNF.

4.2.1.5 Isolation of CNC by centrifugation

The isolation of CNC from CSR consisted of a series of centrifugation steps. The
turbid top layer was cumulatively collected until turbidity was not observed after a
centrifugation (end of separation). Both CNC suspension and remaining CSR were submitted
to gravimetry analysis to calculate the yield of CNC isolation.

For the experiments with HBKP, the centrifugation equipment and operation
conditions are explained on the item 6.2.1.6. To isolate CNC To isolate LCNC from
pretreated SCB and SCS the suspensions were centrifuged at 750xg for 15 min at 25 °C
using Sorvall centrifuge (rotor SCL-4000). No ultrasonication was performed. CNC samples
were kept in solution or dried according to the subsequent analysis. The CNC suspensions
were concentrated by oven dry and used to produce films at 0.1% solids by casting at 50°C

overnight or lyophilized.

4.2.1.6 Isolation of CNC using Design of Experiment (DoE)

The design of experiment was applied in a two-part study to understand how the

cellulose conversion by enzymatic hydrolysis affects the isolation of CNC, the recovery of
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CNC by centrifugation from CSR, and the energy consumption to ultra-refine the remaining
CSR. The two-step study consisted of a 12-experiment Plackett-Burman (PB) design to
screen the centrifugation operation parameters and a full factorial design (central composite
rotational design - CCRD) for two parameters (5 levels) chosen from PB design of
experiment. The experimental matrixes and statistical analysis were generated by Minitab
software v.18 (Minitab Inc., State College, PA, USA). Statistical analysis included tests for
normal distribution and randomness using a confidence interval of 95% (p = 0.05) to select
the most important variables with a confidence interval of 90% (p = 0.1).

The isolation of CNC from the CSR was carried out by centrifugation using a
Rotanda centrifuge (model 460R, Hettich Zentrifugen) with swing-out rotor (model 5647).
Acceleration and deacceleration ramp were set to level 9 with at least 5 min until rotation
stop. The centrifugation conditions as well as the amount of material were set according to
the experimental matrixes.

The PB design of experiment consisted of 12 experiments, without duplicates, using
8 “real” factors (Factors A, B, C, D, E, F, G ¢ H) and 3 additional factors without an assigned
parameter (dummy factors). The centrifugation parameters assigned to each factor, in two
levels, are shown on Table 9. The complete experimental matrix is shown on the Appendix
A. Twelve experiments resulted in 12 CNC suspensions for which 15 responses were
investigated (Number of centrifugation steps (C #), volume of suspension recovered (mL),
CNC o.d. weight (g), CNC yield (%), Remaining CSR o.d. weight (g), CSR (%), W/C ratio
(9/#C), Span, Uniformity, wet-SSA (m?/kg), D [3,2] (um), D [4,3] (um), D10 (um), D50
(um), D90 (um)) and are shown on Appendix A.

The Central Composite Design (CCD) was performed based on the results obtained
with 12-experiments PB design, using the cellulose conversion (factor A) and rotation (factor
E) as variables. Other variables tested with PB design were set as following with the goal to
minimize resources (material, water, or energy): factor B low level, factor C low level, factor
D low level, factor F low level, factor G high level, factor H low level. A full factorial
experiment 22 with 3 central points and triplicate of each point was conducted, using a wider
range for cellulose conversion and rotation than used in the PB design. The experimental

matrix is shown on Appendix B. The model had a statistically significant curvature, therefore
axial points were added to the full factorial experiment (o = +/2). Table 10 shows variables

and the levels used to build a response surface model.
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Table 9. Factors, variables, and levels used for the 12-experiment Plackett-Burman (PB) design.

Factor Variable Level -
-1 (low) +1 (high)
A Cellulose conversion 28 % 38 %
(EH-10-30) (EH-10-72)
B CSR (g) 25 5.0
C Water volume (mL) 20 100
D Water type Tap water Reverse Osmosis
E Rotation (xg) 500 2,838
F Time (min) 10 30
G Temperature (°C) 4 25
H Tube capacity Falcon (50 mL) Centrlfu?ne I_t)ube (500
| No variable assigned* - -
J No variable assigned* - -
K No variable assigned* - -

* Factors with no defined variable are used to estimate the experimental error.

Table 10. Central Composite Rotational Design with 2 variables and 5 levels

] Level
Factor  Variable
-1.41 -1 0 +1 +1.41
Cellulose 18 % 28 % 50 % 63 % 79 %
conversion EH-5-30 EH-10-30 EH-20-30 EH-20-72 EH-30-72
B Rotation (xg) 398 500 750 1,000 1,103

Table 11. Summary of the disc ultra-refiner Supermasscolloider and operation conditions

Aliquot  Total

Model Up_per Disc gap Cooling size passes Ene_rgy Material
disc (mL) 4 monitor processed
MKCAB-2 J, I i ForLong Eight CSR
disc model t?:ﬁf?gg q Ma'? (t)%mig a Yes 1 25 DRT- suspensions
MKGA10-80 K 341D from HBKP
NBSK,
Started at -100 Load UBK,
MKCAG-2 Non- um and closed meter DEAC SCB4
motor 208 U attached u2n6t:)l ufnt? i No 15 20 model DIE :g ESEZLBG
15kW  tothe feed D b 1o DM-100,
maintain 60% LCT PFI-EH,
laod DEAC SCs4

PFI-EH
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The full factorial design was performed in 33 experiments to determine the normal
distribution and 25 experiments were used in the regression analysis to build the response
surface model. The regression model explains the CNC yield (CSR basis) by using a
quadratic relationship between cellulose conversion and rotational speed with effects non-
coded. The model parameters, S, R?, adjusted R, and predicted R2, were analyzed together
with the p-value to determine the most important terms and interaction terms to describe the
CNC yield. The parameter A*B was removed from the model because its removal did not
affect the prediction capability, whereas the term B and the quadratic parameter A*A were
kept in the model because they provided an improved prediction (i.e., presented higher R2
and predicted R2) even though they were not considered statistically significant by solely
analyzing the p-value.

Eight experiments were conducted to validate the prediction capability of the
response surface model using different degrees of cellulose conversion obtained by a
combination of enzymes loading (5, 10, 20, 30 mg.g™t) and reaction time (30 h and 72 h),
which were chosen based on common values reported in the literature. The conditions EH-
30-30, EH-5-72, and EH-10-72 were not used to build the model, only to validate. The

rotation speed was set at 750 xg. The prediction error of the model varied 1 — 56 %.

4.2.1.7 Ultra-refining of CSR after enzymatic treatment

After CNC isolation by centrifugation, the remaining CSR was suspended in filtered
water to produce suspensions containing 1.5% solids (total volume for HBKP-CSR, SCB-
CSR and SCS-CSR was 1 L, 1.5L, and 1.5L). The suspensions were manually fed to a disc
ultra-refiner Supermasscolloider (Masuko Sangyo, Japan) to isolate CNF. The summary of
the ultra-refining model and operation conditions are shown on Table 11. One pass refers to
the circulation of the complete volume. The Supermasscolloider had the upper disc attached
or not according to the model used and the bottom disc rotating at 1,600 rpm with disc gap
set manually. The process had the energy monitored by an energy meter, and number of
cycles and total time recorded. Aliquots of the suspensions were collected during the
fibrillation procedure and submitted to particle size analysis. The overall mass recovery was
considered to be 100% because the only possible loss was related to handling and recovery

of the mass from the equipment.
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CNF suspensions were concentrated by oven dry up to 3% solids as needed and

samples were used to produce films by casting in oven at 50°C overnight or lyophilized.

4.2.2 Analytical methods
4.2.2.1 Yield calculation

The solid yield was determined by gravimetry (constant weight at 105 °C), which
requires the quantification of each sample (dry weight) before and after treatments in
triplicate. The yield calculation is a percentage ratio that was determined by the difference
between the initial and final weight after each treatment by its initial weight. Solids content
in treated materials were calculated based on 0.5 — 1 g of material placed in the oven at 105
°C or by infrared moisture analyzer. For sodium acetate, aliquots of 2 mL of the alkaline
liquors were analyzed. For CNF suspensions (< 1.5 % solids), aliquots of 0.5 — 1 g were
collected for the solids yield analysis. For CNC suspensions (< 0.5 % solids), aliquots of 15-

20 mL were collected for the solids yield analysis.

To determine the CNC yield (CSR basis), it was used according to Pereira and Arantes (2019):

CNC o.d.weight«Total volume recovered

CNC yield (CSR basis) =

x 100% (Eq. 1)

CSR o.d.weight* Volume for gravimetry analysis

To determine the CNC yield (pulp basis), it was used according to Beyene et al. (2017):
CNC yield (pulp basis) = CNC yield percentage (CSR basis) * CSR o.d.weigh /100 (Eq. 2)

4.2.2.2 Chemical composition of solid and liquid fractions

The chemical characterization of solid materials was carried out according to the
following National Renewable Energy Laboratory (NREL, USA) analytical protocols:
NREL/TP-510-42622 for ash (A. Sluiter et al., 2008a), using samples of 0.500 — 1.000 g o.d.
at least 5 times for each material.; NREL/TP-184 510-42619 for extractives (A Sluiter et al.,
2008), using samples of 1.000 g o.d. in triplicates, and NREL/TP-510-42618 for monomeric
sugars and lignin in biomass samples (Sluiter et al., 2012), using 0.300 g o.d. in triplicates.
The chemical characterization of liquid fractions was carried out according to NREL/TP-
510-42623 (A. Sluiter et al., 2008b), using liquid samples containing approximately 0.3%
solids.
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The monomeric sugars, acetic acid, and acid-soluble lignin resultant from biomass
treatment using a two-step acid hydrolysis (1% step H2SO4 72%(w/w) for 1h at 30°C, 2" step
H2SO4 4%(w/w) for 1h at 121°C) were recovered by filtration (glass microfiber filter
Whatman grade 934-AH) to separate from acid-insoluble lignin and were subsequently
filtrated with PTFE filters pore size 0.45 pum. The monomeric sugars and acetic acid
recovered after enzymatic hydrolysis were filtrated using Nylon filters pore size 0.45 pm.
Glucose, xylose, arabinose, and acetic acid were determined by High Performance Liquid
Chromatography (Shimadzu Corporation), using the column Aminex HPX-87H (Bio-rad) at
45°C and refractive index detector (Shimadzu RID-10A) cell at 40°C. Samples were eluted
with 5 mmol.L? sulfuric acid at 0.6 mL.min™. The concentration obtained from standard
curves for glucose, xylose, arabinosyl, and acetyl were estimated using software Shimadzu
EZStart Lab Solutions v.5.101. To calculate the polysaccharide and acetic acid yields,
correction factors of 0.9, 0.88, 0.88, and 0.72 were used respectively for glucan, xylan,
arabinan, and acetic acid. Post-hydrolysis was not conducted.

The acid-insoluble lignin was determined by gravimetry. The acid-soluble lignin was
determined by measuring the absorbance of aliquots of 1 mL diluted 10-20x and using the

molar absorptivity constant of 105 L.gtcm™ at wavelength of 205 nm (Dence, 1992).

4.2.2.3 Particle size and particle size distribution

Particle size and distribution were determined in real time from wet process streams
by two particle size analyzers using light scattering techniques. Particle sizes were
complementary analyzed by microscopy techniques for better accuracy on the diameter size
measurement.

The HBKP-CNC and HBKP-CNF isolation was monitored using a laser diffraction
particle size analyzer (Mastersizer 3000, Malvern Instruments, UK) with measuring range
capacity of 0.01-3500 um. Measurements were set to minimum of 5 readings carried out
with obscuration level of 2 - 3.5%, stir rotation at 3,500 rpm without sonication. The intensity
detected was converted to a unique number that refers to the hydrodynamic diameter of an
equivalent particle by the software HydroMV (Malvern Instruments, UK) using the Mie
algorithm set to non-spherical particle model and a cellulose refractive index of 1.4683
(Sultanova, Kasarova and Nikolov, 2009). Parameters monitored were particle distributions
(D10, D50, D90), Span is a weighted average ((D90 — D10) / D50) that quantify the width
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distribution and it is a polydispersity indication, Uniformity is a measure of the absolute
deviation from the median of particle sizes varying 0-1, D [3,2] is the average particle size
(Sauter mean diameter, contribution of small particles to the surface area), D [4,3] is the
volume-weighted mean diameter (De Brouckere mean diameter, contribution of bigger
particles to the volume), and wet-specific surface area (wet-SSA) of the equivalent particle.

The analysis of fiber morphology and isolation of CNC and CNF were carried out
with the image acquisition system MorFi LB-01 fiber analyzer (Techpap, France).
Suspensions with 50 mg/L consistency were prepared in deionized water by successive
dilutions to a final volume of 1 L in triplicates and pumped into the measuring cell. The
suspensions were analyzed using the MorFi software set to fiber / fine limit at 200 um in
length and the total number of analyzed fibers was set to 5,000 counts. According to the
manufacturer, the resolution limit is 15 pum, i.e., smaller sizes are not identified by the optical
device. All particles with length bigger than 1 mm and smaller than 200 um and width <5
pum were counted as fine elements. Fibers were counted within this length range and width
of 5— 75 um. Parameters monitored were fine content (% in area), average fiber length (um),
fiber length-weighted in length (um), fines area (um?), average fiber width (um), and number
of fibers.

Absorbance readings (ABS) were accepted in the range of 0.2 — 0.8 and wavelength

screening for turbidity analysis was performed between 300 — 700 nm in quartz cuvette.

4.2.2.4 Optical microscopy

CNC suspensions and CSR were evaluated using optical microscopy (OM). OM
images were obtained using an Olympus BX53 X-cite 120 LED microscope (company,
country). A drop of sample prepared at solids content of 0.01% (w/w) was stained with 100
pl Congo red 1% on a microscope slide. The images were collected in the monochrome mode
using amplification of 10x, 20x, and 40x. At least 100 diameters were measured using the

Olympus cellsens Dimension software.

4.2.2.5 Scanning electron microscopy (SEM)

Samples of CNC and CNF suspensions were prepared at different dilutions (0.01 —

0.0001% solids) and dispersed in an ultrasonic bath for 15 min. The preparation of substrates
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for Scanning electron microscopy (SEM) followed an adaptation of the negative staining
technique by Mattos et al. (2019). The samples were placed on a Si chip sputter coated with
4 nm-layer of gold-palladium by Cressington sputter coater model 108auto (Cressington,
country) using the Cressington thickness controller. The microstructures were analyzed
using the Zeiss NVision 40 Focused lon Beam Scanning electron microscope (FIB-SEM)
(Zeiss, country) at an accelerating voltage of 3 kV at low vacuum. Images were analyzed
using the software Image J and at least two images for each sample were analyzed to achieve
100 measurements of the particle’s diameters (100 different particles). Images were adjusted

for contrast and processed for noise reduction (despeckled).

4.2.2.6 Atomic Force Microscopy (AFM)

Samples of CNC and CNF suspensions were prepared at 0.01% solids and dispersed
in an ultrasonic bath. The samples were placed on pre-cleaved high-quality mica support and
let dry in a humidity-controlled chamber. The topographies were obtained using an Atomic
Force microscope (model MultiMode 8, electronic controlled by NanoScope V, Bruker)
using a silicon cantilever with aluminum. The AFM probe was set to capture images in the
automatic mode (ScanAsyst-Air, Bruker). The system was operated at PeakForce Tapping
Mode (nominal frequency 70 kHz and nominal force of 0.4 N.m™). The captured intensity
sign was converted to pixels density to generate topographic images. The images were
treated by the software Gwyddion (64 bit) and used for diameter measurements. At least 2
topographic images of each sample were analyzed with at least 100 measurements taken

from each image.

4.2.2.7 Viscosity

The shear viscosity was determined using an automatic viscometer (Brookfield
DV2TLYV Pro digital) with 6.7 mL of a CNF suspension at 0.5% (w/w) and the SCA-18
spindle to according to Berto and Arantes (2019). Torque tests were conducted in triplicates
using a torque ramp at 200, 150, 100, 50, and O rpm. Viscosity data were collected every 30s
before changing the spindle rotation (total collection time of 5 min) using Brookfield

RheocalcT (v 1.2.19). The reported viscosity data was collected at operation conditions of
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200 rpm (shear rate 264 s), when most of the samples reached a torque of 10% (according

to the manufacturer).

4.2.2.8 Zeta Potential

Samples of CNC and CNF suspensions were diluted to 0.03% solids and dispersed
in an ultrasonic bath. The zeta potential was analyzed using U-shaped -capillary
electrophoresis cell by Zetasizer 3000HSa (Malvern Instruments, UK) using He-Ne laser
(633nm) at angles of 12° and 90°. Measurements were taken on Zeta mode set to automatic
temperature and water as dispersant (refractive index 1.33) employing the Dynamic Light
Scattering (DLS) technique. Three measurements of each sample were performed using
solution turbidity minimum of 1,000 KCps, providing zeta potential distribution and average

for each run.

4.2.2.9 Thermogravimetric analysis (TGA)

Lyophilized CNC and CNF samples (2 - 10 mg) had the thermostability analyzed by
a TGA Q500 V20.13 (TA Instruments, New Castle, DE, USA) from room temperature to
700°C using a heating ramp method with heating rate of 20°C.min"t under nitrogen gas
atmosphere. The TGA data is shown as the variation of the sample mass (TG) and the
derivative weight loss (DTG) along with the temperature change to determine respectively
the initial temperature of degradation (extrapolated onset, Tonset) and the maximum mass
decomposition rates (temperature of maximum degradation, Tmax) by the software TA
Universal analysis 2000 v4.5A.

4.2.2.10 Water Contact Angle analysis

Thin films of CNC (0.1% solids) and CNF (3% solids) were cut to 2 cm square pieces
and analyzed for water contact angle using the Mobile surface analyzer (KRUSS GmbH,
MSA, Hamburg, Germany). For each measurement, one 1uL. drop of deionized water was
applied on a random area of the film surface. The projection of the water drop on the top of
the film surface had the wettability monitored and contact angle (CA) measurements started

at 2 s after the drop touched the surface until the drop was fully absorbed. The best fitting
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method provided by the Kruss Advance software was chosen to fit the shape of the drop
projection against a white background. A total of three CA measurements from three
different specimens were carried out per sample from the top surface. At least one
measurement of the bottom surface from each film. The samples were conditioned in room

with controlled humidity (50%) before the analysis.
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CHAPTER 5 ENZYME-MEDIATED NANOCELLULOSE PRODUCTION:
INDUSTRY PERSPECTIVES AND ANALYSIS OF MASS RATIO

This chapter was published as part of the Review paper:

Arantes, V, Dias, IKR, Berto, GL, Pereira, B, Marotti, BS, Nogueira, CFO. The current
status of the enzyme-mediated isolation and functionalization of nanocelluloses: production,
properties, technoeconomics, and opportunities. Cellulose (2020) 27:10571-10630.
https://doi.org/10.1007/s10570-020-03332-1

5.1 Introduction

Nanocelluloses can be isolated from plant-based cellulose, algae marine biomass or
produced by microbials, fungi, and animals (Klemm et al. 2018). The great attractiveness to
isolate nanocelluloses from lignocellulosic materials is the wide variety and abundance of
plant-cellulose sources at industrial scale (Nechyporchuk et al., 2016). Typical plant-
cellulose sources used for nanocelluloses isolation have high content of cellulose. Examples
of those are naturally occurring fiber crops, such as cotton (high purity cellulose, average
cellulose composition of 98%), or sources industrially prepared, such as microcrystalline
cellulose (MCC), microfibrillated cellulose (MFC), and wood-pulp from various pulp and
paper processes (e.g., bleached Kraft pulp with cellulose composition of 75 - 80%, sulfite
pulp with cellulose composition > 90%, dissolving pulp with cellulose composition > 95%);
however, agricultural sources that are not directly linked to human nutrition are considered
very attractive from an economic and environmental point of view. Examples of promising
agricultural raw material are crop residues (e.g., bagasse and straw obtained from different
sources) and bioenergy crops (energy cane, poplar, switchgrass) (Espinosa et al., 2017; Lee
et al., 2014; Rajinipriya et al., 2018). Other locally available raw materials were also
employed to isolate nanocellulose (Brinchi et al., 2013; Chieng et al., 2017; Corréa et al.,
2010; de Campos et al., 2013; Hideno et al., 2009; Martelli-Tosi et al., 2016; Tibolla et al.,
2017).

Different approaches are proposed to isolate nanocellulose using a biorefinery
concept (Leistritz et al. 2006; Song et al. 2014; Albarelli et al. 2016; Nelson and Retsina,
2014; Garcia et al. 2017). There are two strategies of using enzymatic treatment to integrate

the production of nanocelluloses in a biorefinery. The first alternative employs enzymatic
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hydrolysis as a pretreatment that promotes cellulose disruption prior to refining or acid
hydrolysis, which may or may not recover a considerable sugar amount/concentration. This
mild enzymatic treatment generally employs mono-components enzyme cocktail (Hassan et
al. 2010; De Campos et al. 2013; Beltramino et al. 2015; Dai et al. 2018; Liu et al. 2019b;
Saelee et al. 2016); the second alternative uses a severe treatment that co-produces and
recovers high-titer sugars, which may or may not be channelled for biofuel production. The
severe enzymatic treatment generally employs a enzyme cocktail for complete
saccharification (Zhu et al. 2011; Song et al. 2014; Camargo et al. 2016; Beyene et al. 2017,
Bondancia et al. 2017; Rosales-Calderon et al. 2021). Based on the latter, it is proposed an
integrated route to co-produce nanocellulose (high-value added) and sugars (low-value
added) using a biorefinery concept, aiming to valorize underutilized material to enhance
profit.

This chapter aims to discuss perspectives on how pulp and paper and sugarcane
industries could benefit by co-producing nanocelluloses using an enzyme-mediate process,
comparing the price and availability of the lignocellulosic materials and underutilized
subproducts. Moreover, the challenges related to the economic attractiveness of side streams
will be discussed. By analyzing the enzyme cost equation, a mathematical adjustment is
introduced to propose a feasible mass ratio of co-products through the breakeven points,
revealing trends in the proportions of co-products and alternatives to integrate sugars and

nanocelluloses.

5.2 Integration perspectives of the enzyme-mediated isolation of nanocelluloses

within pulp and paper and sugarcane industries

The pulp and paper and the sugarcane industries are the biggest manufacturers of
lignocellulose-derived products and important players on the market of commodities. Thus,
both segments would benefit from nanocellulose production at industrial scale to enhance
their profits in an integrated infrastructure. However, the discussion of producing
nanocellulose within those biorefineries require consideration of critical aspects such as the
choice of raw material and pretreatments, and market risk.

The choice of raw material influences the technoeconomics of a biorefinery
regardless the chosen technology. The price and availability of raw materials, as well as the

fluctuations caused by market demands, directly affect the operational expenditure (OPEX)
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and impact the final price of nanocelluloses. The most common raw materials employed in
nanocellulose production are available at the following values, depending on which market
they are procured: hardwood bleached Kraft pulp (HBKP) 500 — 1,050 US$/t (ref. Brazil,
Jan 2006 — Jul 2019), northern bleached softwood Kraft pulp (NBSKP) 600 — 1,450 US$/t
(ref. China, Europe and USA, Sep 2014 - Jul 2019), and dissolving pulp 850 — 1,100 US$/t
(ref. China, 2016 - 2017) (Arantes et al. 2020). Fibers side streams such as sludge fibers and
recycled pulp can be purchased at 20 US$/t and 100 US$/t, respectively (Spence et al. 2011).

Notable reviews have discussed the growing importance of agricultural subproducts
as potential raw material in nanocellulose isolation (Pereira and Arantes 2018; Rajinipriya
et al. 2018). However, pulp production from agro-industrial residues is not as popular as
woody pulp production (Hurmekoski et al., 2019). China, Colombia, and Brazil are the most
known countries to use straw and bagasse to produce non-woody fiber pulp at volume order
of 7.5 Bi tons and 188 M tons in 2014, respectively (Faostat, 2020). Sugarcane bagasse pulp
has a market price comparable to chemical wood pulp, at approximately 850 US$/t (personal
communication with GCE paper/Propal). Estimations of the price of low-cost agricultural
feedstock generally depend on the oil barrel price. The following prices are generally noted
for these industrial sub-products: wheat straw 5-10 USD/t (Leistritz et al. 2006), sugarcane
bagasse 15 - 25 US$/t, sugarcane straw 30 - 40 US$/t (ref. Brazil 2019, dollar currency
conversion 4.00 R$/US$, communication with industry representative). Table 12 shows a
comparison of prices from wood and non-wood raw materials with potential to isolate
nanocelluloses. The reported prices do not consider associated costs such as transportation,
collection, or soil and nutrient removal.

Low-cost agricultural feedstock has been considered more economically attractive as
a starting material to isolate nanocelluloses than wood pulp and forestry byproducts due to
their price (Table 12) (De Assis et al., 2017b). This can be evidenced by taking into account
the Brazilian production and market. The sugarcane biorefinery has much larger scale of
production and side-stream availability than the pulp and paper industry (about 10 times).
The annual bagasse and straw generation volume is around 172 and 82 Million ton and pulp
production in Brazil is 20 Million ton (UNICA, 2019; Fao, 2021). Adding a high-value
product associated with sugarcane biorefinery is noteworthy, as it may reduce the price of
cellulosic ethanol. This has been observed in bioenergy mills considering the 1G

ethanol/sugar scenario. When capital is allocated for sugar production, which is a product
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with higher market price than ethanol, it helps to share operational expenses and hence
enhance the profits with 1G ethanol (Dias et al., 2016).

Table 12. Comparison of prices from wood and non-wood raw materials with potential to produce
nanocellulose (Adapted from Arantes et al., 2020).

Raw material Price (US$/t) Market and historical price
(Hlj‘édlg%"d Bleached Kraft pulp 500 — 1,050 Brazil (period Jan 2006 — Jul 2019)
Northern Bleached Softwood Kraft 600 — 1450 China, Europe and USA
(NBSK) pulp ' (period Sep 2014 - Jul 2019)
Dissolving pulp 850 — 1,100 China (period 2016 — 2017)
Wheat straw 5-10* USA (Leistritz et al. 2006)

Corn stover 10 - 15* USA (Leistritz et al. 2006)
Sugarcane bagasse 15 - 25* Brazil (period 2019)

Sugarcane straw 30 - 40* Brazil (period 2019)

Sludge fibers 20 (Spence et al. 2011)

Recycled pulp 100 (Spence et al. 2011)

*The reported prices do not consider the costs of transportation, collection, or soil and nutrient removal

Additionally, the reported price for nanocelluloses is quite attractive compared to the
prices of traditional products from sugarcane mills (hydrous fuel ethanol 1.46 US$/gallon,
raw sugar 0.25 US$/kg, and electricity 150 US$/MWh) (USDA, 2018). Moreover, It is
known that it is not advantageous to fully convert the cellulose from lignocellulose materials
into fermentable sugars for the production of cellulosic ethanol due to reduced gains in sugar
conversion levels in longer reaction times, increased demand for heat to maintain the
temperature of the bioprocess, in addition to the low solids content and subsequent need for
liquor concentration (Arantes and Saddler, 2011; Dias et al., 2013; Modenbach and Nokes,
2013; Newman et al., 2013). Due to the enzymatic model of cellulose depolymerization,
Arantes and Saddler (2011) suggested that a level of carbohydrate conversion of 70% could
be targeted as an efficient saccharification using the lowest enzyme loading possible
regardless of the lignocellulosic source or pretreatment. Dias et al. (2013) demonstrated that
a higher production of 1G/2G ethanol can be obtained using intermediate conditions of solids
content and sugar conversion (15% and 60%, respectively). Although an optimum
proportion between sugars and nanocelluloses has not been discussed yet, the residue from
enzymatic hydrolysis, also known as cellulosic solid residue (CSR), and the recovered lignin

could still be useful for upgrading into products. From a process point of view, the use of the
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remaining CSR to isolate nanocelluloses will be advantageous because it often contains too
much moisture to be burnt. According to Leistritz et al. (2006), even a small percentage of
CSR such as 1% used to isolate nanocelluloses would improve the biorefinery economics.
On the other hand, the integration of nanocellulose production with the pulp and
paper industry is the most promising alternative to reach the market due to technical
knowledge in producing pulp and bleached pulp (Hurmekoski et al. 2019). Currently, mild
enzymatic pretreatment has been considered efficient to reduce clogging and lower the
energy input during mechanical treatment (de Assis et al., 2017b; Spence et al., 2011).
Conversely, the industry may hesitate to allocate a valuable product such as pulp to a high-
risk market using new technology. Challenges related to market demand and competition
with the traditional products are some of the hurdles to drive nanocellulose production to a
step forward. Hence, new forest products still rely on traditional markets until a permanent
shift can occur (Hurmekoski et al., 2019). Some industry representants have indicated the
interest of using rejected fibers for nanocellulose isolation (Aguayo et al., 2018), which
seems to be competitive as a starting material compared to agricultural subproducts (Table
12). Moon et al. (2015) assessed possible alternatives of improving the valorization of side
streams from the pulp and paper industry by proposing the use of an additional quantity of
logging residues to co-produce CNF and fuels along with the pre-existing products (such as
chips, bark, and chip dust). The authors estimated that the ratio of income/expenditure for
CNF is as high as the ratio obtained for paper production considering a scenario in the
Maniwa region (Japan). Their assessment suggested that the CNF co-production may double
the total plant investiment (TPI) and increase the OPEX but yields 2.5 times higher return
on revenue. Moon and collaborators discussed other positive effects of co-producing CNFs
beyond improving the pulp valorization, such as the creation of positive social impact in the
form of new jobs, expansion of industry value chain to sectors currently non-attended by the

pulp and paper industry, and stimulus for the circular economy.

5.3 Mass Ratio Analysis for Co-producing Sugars and Nanocelluloses: Insights

from Enzyme Cost Equation

Enzymatic hydrolysis is considered the best economical technology to produce
cellulosic ethanol (Kazi et al., 2010; Chen et al., 2016). However, the cost of enzymes is one

of the largest contributors for the price of cellulosic sugars/ethanol (Newman et al., 2013;
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Stephen et al., 2012). Therefore, the enzyme cost has been one of the most pursued topics to
improve the feasibility of cellulosic ethanol. In the last few years, several approaches were
adopted to lower the impact of enzyme cost on the price of cellulosic ethanol. The Eg. 3 was
presented by Lynd et al. (2017) and Stephen et al., (2012) and leads to the estimation of the

cost of cellulases per gallon of ethanol as shown by EQ.3:

C=— (Eq. 3)
Where

C = cellulase cost ($/gallon of ethanol)

L = cellulase loading (mg protein/g feedstock = kg protein/M ton feedstock)
P = cellulase price ($/kg),

Y = ethanol yield (gallon/Mton feedstock)

Considering process integration for the co-production of nanocelluloses and
cellulosic ethanol as an alternative to lower the impact of the cellulase price, we proposed to

adjust the equation Eq. 3 as shown by Eq. 4:

1 1

(1-x).Ygton x

C=LP| (Eq. 4)

Where

C = cellulase cost ($/gallon of ethanol)

L = cellulase loading (mg protein/g feedstock = kg protein/M ton feedstock)

P = cellulase price ($/kg of protein)

Yeton= €thanol yield (gallons/M ton feedstock)

X = mass ratio based on feedstock depolymerization into cellulosic sugars/ethanol

X = Ynano = Nanocellulose yield (kg/M ton feedstock) = 1 (CNF)

Figure 8 shows two plots of a range of mass ratio up to 1, that represents 100% of
feedstock conversion into cellulosic sugars (Figure 8a) or cellulosic ethanol (Figure 8b). The

break-even point obtained for the Eq. 4 was 0.5 for cellulosic sugars (Figure 8c) and 0.6 for
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cellulosic ethanol (Figure 8d). The approach proposed here agrees with the current
understanding that conducing the cellulose hydrolysis over the rate of 60% for ethanol
production is not economically feasible. This result implies that, instead of solely
maximizing the yield of cellulosic ethanol by enhancing the feedstock conversion, an
improved valorization of the feedstock can be achieved by utilizing the CSR as a value-
added product. When a high-value product is integrated with the cellulosic sugar production,
it shares the enzyme costs across the production process. This assessment highlights an
intriguing opportunity for cellulosic ethanol facilities reborn through the integration of

nanocelluloses as high-value co-products together with its traditional products.
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The integration with a new product is even more beneficial if it has a high yield.
Thus, the Eq. 4 shows mass ratio alternatives that may consistute options where
nanocellulose could play the role of main product and lead the enzyme costs, hence the
production costs. This alternative fosters a possible condition for a versatile process

integration.

5.4 Conclusion

The potential of nanocellulose co-production within the pulp and paper and
sugarcane industries was investigated. There is a perspective that pulp and paper industry
will be the primary supplier of nanocelluloses in the near future. This was attributed to the
production of cellulose-rich pulp, industrial availability of pulp subproducts, and expertise
in refining, including trials to isolate CNF using enzymatic pretreatments. As CNF promises
a high return on revenue, it may have the potential to offset the decline of traditional markets.
In contrast, integrating nanocelluloses within the sugarcane biorefinery holds an enormous
potential because of the economic attractiveness and abundance of agricultural subproducts
that can be used to isolate nanocelluloses. Sugarcane biorefineries, already proficient in the
use of enzymatic treatments to produce cellulosic sugars and ethanol, could benefit from
upgrading the cellulosic solid residue (CSR) — a readily available cellulose source —to isolate
nanocelluloses and enhance cellulosic ethanol's economic feasibility. Hence, the enzyme-
mediated process can provide a platform for nanocelluloses integration that benefits both
pulp and paper and sugarcane industries.

The analysis of the enzyme cost equation revealed to be a valuable tool to study mass
ratios of cellulosic sugars and nanocelluloses. The introduction of a mathematical adjustment
to the enzyme cost equation may assist in identifying the feasible co-production proportion.
The breakeven point illustrated the mass proportion at which the nanocellulose integration
may become viable, confirming the current understanding that exceeding a level of 60%
cellulose conversion is not economically feasible. The enzyme cost equation analysis also
revealed alternative scenarios where nanocelluloses could play a primary role as co-product.
Although manipulating mass ratios of cellulosic sugars and nanocelluloses may offer new
possibilities of introducing a new category of bioproducts in the industries’ value chain, more
technoeconomic studies are still necessary to discuss the impact of producing different mass

ratios.
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CHAPTER 6 EXPLORING DIFFERENT CELLULOSE CONVERSION FOR
THE CO-PRODUCTION OF CNC AND HIGH TITER OF SUGARS FROM
BLEACHED KRAFT PULP: AN OPTIMIZATION STUDY

6.1 Introduction

The process feasibility is especially governed by the yield of its products. Low yield
products require large quantities of raw material to be processed, which enhances the
operational costs and hence increases the minimum product selling price (MPSP). These
types of processes are highly impacted by the variations of the raw material’s cost and
availability, which jeopardize the viability of a new product. These aspects need to be
evaluated for the production of nanocelluloses via enzyme-mediate processes.

The literature points out that enzyme-mediated processes focusing solely in
producing CNC obtain a low CNC yield (< 38%). Other studies that consider the co-
production of CNC and cellulosic sugar also report low CNC yield (< 20%) and only a very
few authors report the yield and concentration of sugars as shown on Table 5. Leéo et al.
(2017) indicated that the low CNC yield could impact not only for the process economics
but also the sustainability due to higher costs with effluent treatment. Preliminary technical-
economic analysis carried out by Rosales-Calderon et al. (2021) concluded that it is essential
to study alternatives to improve the CNC yield as well as to optimize the separation process
between CNC and CSR for enzyme-mediated processes. They suggested that employing
filtration to recover sugars would be 7 times more economically effective than using
centrifugation and suggested the use of water less pure than osmaosis reverse would produce
greater CAPEX and OPEX savings. Klemm et al. (2018) and Wang et al. (2012) also
highlighted the need for efficient separation procedures to isolate CNCs and indicated the
necessity of a detailed study of the centrifugation and its parameters in the recovery of CNC.

Furthermore, enzyme loading, and time are important variables for the enzymatic
kinetics of substrate consumption and product formation, which directly affects the
feasibility of a bioprocess. Enzymes are considered a high-cost input and the reaction time
is important for defining both the process architecture as well as the scheduling of steps and
process flows (i.e., process steps and equipment sizing, and programming reaction times,
dead time, unloading and loading times of reactors) (Humbird et al., 2010; Newman et al.,

2013; Stephen et al., 2012). The kinetics for cellulosic sugar production have been



98

extensively studied as well as the optimization alternatives for CNC production acid
hydrolysis, however the effect of different degrees of cellulose conversion produced by
commercial enzyme cocktails is still poorly studied to produce nanocellulose and requires
further investigation to assess suitable conditions for the co-production of nanocelluloses
and fermentable sugars at high concentration (Bondancia et al., 2022, 2017; De Aguiar et
al., 2020; Pereira et al., 2021; Pereira and Arantes, 2020; J. Wang et al., 2021b).

This chapter has the goal to investigate the isolation of CNC by enzymatic hydrolysis
and conduct the recovery of CNC by centrifugation. The separation of CNC from the CSR
was investigated by a 12-experiment Plackett Burman (PB) design to screen centrifugation
parameters that impact in the CNC vyield and energy demand. The parameters for
investigations were selected in order to set the centrifugation less energy-demanding and
reduce the need for ultra-pure water. Additionally, to investigate the enzyme-mediate
isolation of CNC, the enzymatic hydrolysis was conducted to produce different degrees of
cellulose conversion from Hardwood Bleached Kraft pulp (HBKP), which was another
important parameter in the design of experiments. The expected outcome of this chapter is
to provide a correlation between centrifugation parameters and enzymatic hydrolysis
conditions to optimize CNC yield using a mathematical model and to investigate possibilities

to increase CNC yield while avoiding high-cost processes.

6.2  Reasoning for the selection of centrifugation parameters

When centrifugation by density difference is applied to nanomaterials, the choice of
the appropriate rotation is an essential parameter for the separation. Bonaccorso et al. (2013)
studied different sorting strategies by centrifugation to the selective separation of gold
nanoparticles (sizes between 10 — 30 nm). The authors adopted simplifications of particles
interactions, such as aggregation and diffusion, and considered that the particles had well-
defined and spherical shapes. Using sedimentation-based separation and water medium
without any solute, they observed a linear relationship between the applied centrifugal force
and the distance that the gold nanoparticles travel within the system. They identified three
important regions in which it is possible to distinguish the influence of the rotation speed on
the separation of nanoparticles with size equal to 10 and 20 nm: 1) low rotation (< 525xg) -
no sedimentation of nanoparticles occurred; 2) rotation between 525 — 2,100xg - selective

sedimentation of nanoparticles occurred for particle size of 20 nm; 3) high rotation
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(>2,100xQ) - particles decanted regardless of their size. To investigate the suitable rotation
speed to separate CNC from CSR, a similar approach was used although the desired
separation would be to recover the maximum of nanoparticles from a mixture with micro-
sized particles. Thus, the rotation speed investigated was between 500 - 2,838xg.

Other parameters considered for the investigation of centrifugation parameters were
the centrifugation scale and water column for separation (represented by tubes with different
capacities), the consistency for the separation (represented by the amount of CSR relative to
the volume of water for its resuspension), and the water purity (e.g., tap water and reverse
osmosis water) which can influence in the coalescence tendency by changing the particle-
particle and particle-solvent interactions.

Regarding the centrifugation scale, we understand the limitations of the study using
a benchtop equipment (centrifuge with swing-out rotor) and the necessity to repeat the
separation until no turbid layer is not formed after the centrifugation. The water column
simulates the maximum distance that the particles can travel and be efficiently separated
from micro-sized particles. This parameter was tested using the tube capacity (50 mL and
500 mL) and the volume of water for the CSR resuspension was 20 mL and 50 mL on Falcon
tubes and 20 mL and 100 mL on centrifuge tubes.

A second consideration for the study was the consistency for the separation resolution
of the particle’s mixture. The amount of CSR (0.d.) and resuspended in different volumes of
water explores separation conditions, such as concentration, dilution, and aggregation of the
particles (particle-particle interactions). These parameters were tested using consistencies of
2.5 — 25% (w/w). The particle-particle interactions could also be affected by the choice of
temperature for the separation (4 °C and 25°C) and the water purity level. The proposal to
use two types of water is based on issues related to minimizing operational costs and
literature indeterminations regarding the excess of conductivity, especially referred in
studies of CNC produced by acid hydrolysis. Penttild et al. (2013) consider conductivity
higher than 20 uS/cm as excessive CNC recovery. Up to date, the study by Hamad and Hu
(2010) was the only that mentions the use of tap water to replace deionized water during the
dialysis process to remove excess acid and salts after acid hydrolysis. Hamad and Hu (2010)
observed that CNC washed with distilled water had lower pH and lower stability in
suspension when compared to CNC washed with tap water and De Assis et al. (2017a,

2017b) mention the used of tap water in the preliminary technical-economic assessment for
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CNC and CNF production. However, up to date, there are no studies discussing the impact

of using different types of water to isolate and recover CNC.

6.3  CNC recovery by centrifugation and assessment of centrifugation parameters

The 12-experiment PB design was employed to screen the most important
centrifugation parameters to study the separation of CNC from CSR. The eight centrifugation
parameters were studied in relation to 15 responses obtained by gravimetry analysis from
CNC and CSR recovered after the separation and by light scattering analysis of the 12 CNC
suspensions produced. The 15 responses are shown on the Appendix A. Figure 9 shows the
visual aspect of the 12 CNC suspensions obtained, which reflect the amount of CNC isolated
but also a polydispersity of diameters (Toivonen et al., 2018). Numbers below each vial

indicates the experiment identification number (ExpID#).

M — —

OOOOOEOEOO®OWW®
ExpID#1, 2, 3,7, 9, 10 — reverse osmosis water
ExplD#4, 5, 6, 8, 11, 12 — tap water

Fig. 9. lllustration of the 12 suspensions produced with the Placket-Burman Design.

The statistical results indicated that two responses - CNC yield and uniformity — out
of the 15 studied were significatively explained by two of the centrifugation parameters —
Rotation speed and tube capacity. Table 13 shows the statistical results (main effect, F-value,
and p-value) obtained for the responses CNC yield and uniformity for each centrifugation
parameter and a Pareto chart is shown on the Appendix A. The statistical analysis points that
CNC yield is explained by two factors Rotation speed (Factor E, main effect - 5.175, F-value
6.74, p-value 0.081) and Tube capacity (Factor H, main effect - 7.160, F-value 12.9, p-value
0.037). Because the main effects obtained for Rotation speed and Tube capacity are negative
(E -5.175 and H -7.160, respectively), this suggest that performing CNC recovery at low
speed (500 xg) and smaller tube capacity (a larger water column for separation) would
produce a higher CNC yield response. For the uniformity response, only the Tube capacity
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(Factor H, main effect -0.1460, F-value 8.63, p-value 0.099) was considered significant and
the main effect is negative (H -0.1460), which indicates that a higher uniformity response
would be favored by a smaller tube capacity (a larger water column for separation).
According to the manufacturer, the uniformity value reported by this analysis is a measure
of the absolute deviation from the median of the particle sizes, thus a higher value would
indicate a higher amplitude of particle size distribution. An example is Exp ID#4 for which
and the uniformity value and CNC yield was 0.623, and 24.6%, respectively, which were the
highest values obtained for these responses. For this condition, D90 is 2.64 pum, which
indicates 90% of the particles present equivalent sphere size smaller than 2.64 pm. However,
a fraction of the analyzed particles has equivalent particle size bigger than 2.64 pm, which

justifies the visual aspect being opaque white.

Table 13. Statistical results (main effect, F-value, and p-value) obtained for the responses CNC yield and
uniformity by analyzing 8 centrifugation parameters in a 12-experiment PB design.

Statistical results (main effects, F-value, p-value)

Factor Variables

CNC yield Uniformity
A Cellulose conversion 4.219, F=4.48,p =0.125 0.0207, F=0.17,p =0.718
B CSR(g) -2.830, F=2.02, p = 0.251 -0.0467, F=0.88, p = 0.447
C Water volume (mL) 2.075, F=1.08, p =0.374 0.0873, F=3.09, p=0.221
D Water type 2.165, F=1.18, p = 0.357 0.1153, F=5.38,p = 0.146
E Rotation (xg) -5.175,F=6.74,p=0.081*  -0.1117, F=5.05, p = 0.154
F Time (min) 2.381, F=1.43,p=0.318 0.0873, F=3.09, p = 0.221
G Temperature (°C) -0.872, F=0.19, p = 0.691 -0.0550, F=1.22, p=0.384
H Tube capacity -7.160, F=12.9,p=0.037*  -0.1460, F=8.63, p = 0.099*

*Factors in bold are statistically significant considering interval of confidence of 90% (p < 0.1) and F critical
value at the p = 0.1 level of significance is F (8, 3, 0.01) = 5.25.

The results obtained with the PB design for CNC separation, low rotation and with a
higher water column, corroborate with those described by (Bonaccorso et al., 2013), who
studied the separation of gold nanoparticles with size range of 10-20 nm and assumed their
particles had well-defined and spherical shapes. They observed that at low rotation speed the
gold nanoparticles did not decant. For our investigation, similar centrifugation conditions
were recommended even though the diversity of morphological structures that can be formed
after the enzymatic hydrolysis could turn the separation more complex. These results help to
resolve the discrepancies between the data reported in the literature, where different authors
have used different combinations of centrifugation parameter to isolate CNC (Chieng et al.,
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2017; Pereira and Arantes, 2020; Pirani and Hashaikeh, 2013; Prathapan et al., 2016; Song
et al., 2014; Yarbrough et al., 2017; Zhu et al., 2011).

The PB design was useful for an initial screening of the centrifugation parameters. It
was determined that six centrifugation parameters were not statistically significant to isolate
and recover CNC. This demonstrates the effectiveness of the PB design to reduce the number
of process variables based on the main effects. The non-significant factors were A, B, C, D,
F, and G, representing cellulose conversion, CSR weight o.d., volume of water for CSR
resuspension, type of water, time, and temperature, respectively. Even though the cellulose
conversion (Factor A) was not considered statistically significant using level of confidence
p=0.1, the magnitude of the F-value calculated for cellulose conversion (F-value = 4.48)
indicates a quadratic sum 4.48 times greater than the quadratic sum of the errors of the
system. Moreover, the value of the main effect calculated for cellulose conversion compared
to the main effect calculated for other variables points to a greater importance of cellulose
conversion for CNC vyield response. The literature also shows that different reaction
conditions can produce CNC with different CNC yield and morphologies (Arantes et al,
2020). Thus, the lack of statistical significance observed for cellulose conversion in the PB
design could be due to the narrow range of cellulose conversion (28 — 38%) rather than the
actual unimportance of the parameter for CNC isolation and recovery.

One interesting result from the PB study was regarding the water type parameter and
the fact the water type did not significantly influence the CNC recovery even though it is
known it affects suspension stability. Although the zeta potential was not analyzed as a
response for the PB design, the visual aspect of the CNC suspensions suggests an influence
in the overall suspension stability. Since the ionic concentration can alter the surface energy
of the nanocelluloses due to the interaction of the hydroxyl groups with the medium, the
higher concentration of ions on the tap water produced suspensions with an opaque aspect
than CNC suspensions using reverse osmosis. The tap water used to recover CNC presented
conductivity 8.6 times higher than suggested by the literature (172.1 uS/cm against 20
pS/cm). Figure 5 shows vial#1 and vial#4 which present same concentration of CNC (0.005
g.mL™) but different visual aspect. Other consequences for the CNC applicability were not
further explored with this study.

To proceed to an experimental design with higher resolution, the centrifuge
parameters were set to provide conditions less intensive for high-purity-water and energy.

The centrifugation parameters were lower rotation speed, no system cooling (25°C), shorter
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centrifugation time, and use of tap water for CSR resuspension. The amount of CSR (0.d.)
and volume of water for resuspension were set to the lower level, resulting in a solids
consistency of 12.5% (w/w). This final combination of parameters has the potential to
considerably reduce the operational costs, especially disregarding the necessity of ultra-pure

water.

6.4  Exploring different degrees of cellulose conversion

Due to the importance of enzyme loading and time for enzyme-mediate processes, a
design of experiments with higher resolution followed by a response surface methodology
was carried out using a wider range of cellulose conversion. By increasing the cellulose
conversion range used for the Plackett-Burman study, it is possible to investigate the effect
of cellulose conversion on CNC yield while exploring enzymatic hydrolysis conditions to
obtain high sugar content. Humbird et al. (2010) and Newman et al. (2013) highlighted that
a region of linear correlation between enzyme loading and cellulose conversion leads to a
viable region for obtaining sugars at high concentration. According to the literature, the
desirable conditions for enzymatic hydrolysis are high solids loading (> 15% solids
consistency), enzyme loadings up to 30 mg.g, and time up to 48h (Humbird et al., 2010;
Stephen et al., 2012; Newman et al., 2013; Dias et al., 2013)

Analysis of the carbohydrate conversion from different enzymatic hydrolysis
conditions shows a strong linear correlation between the increase of enzyme loading and
cellulose and xylan conversion. Figure 10a shows a linear trend between enzyme loading
and cellulose conversion for enzyme loading up to 20 mg.g™ with correlation coefficient
values of R? = 0.9995 and R? = 0.996 for 30h and 72h, respectively. By including the
condition at enzyme loadings 30 mg.g™, it causes the slope and correlation values to be
smaller (slope 1.6 at R? = 0.94 and slope 2.3 at R? = 0.98 for 30h and 72h , respectively).
Figure 10b confirms this observation by showing the glucose concentration did not increase
proportionally when the enzyme loading was increased from 20 mg.g to 30 mg.gt. The
glucose concentration obtained with enzyme loading of 20 mg.g™ was 121 g.L Y and 130 g.L-
1 for 30h and 72h, respectively, whereas, with enzyme loading of 30 mg.g, it was 114 g.L-
Land 136 g.L™ for 30h and 72h, respectively. The linear region observed represents the fast
phase of cellulose conversion (higher cellulose accessibility) whereas the reduction of slope

observed, even when enzyme loadings is as high as 30 mg.g™, indicates the reaction is
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moving to moderate phase of cellulose conversion (less cellulose accessibility) (Arantes and
Saddler, 2011). This change in the carbohydrate conversion indicates a stage where the gains
in cellulose conversion and glucose production are smaller and hence not advantageous. The
linear trend observed for enzyme loading and xylan conversion followed a similar pattern
than observed for cellulose conversion. Figure 10d shows a strong linear trend between
enzyme loading and xylan conversion with enzyme loading up to 20 mg.g*. By including
the condition with enzyme loadings of 30 mg.g?, it also causes the slope and correlation
values to be smaller (slope 1.6 at R? = 0.994 and slope 2.3 at R? = 0.996 for 30h and 72h ,
respectively).

The enzyme cocktail used in this study was Cellic CTec2, which is an improved
enzymatic preparation developed to overcome cellulose recalcitrance and boost cellulose
conversion by providing high B-glucosidases activity to prevent inhibition by product and
xylanase activity to enhance the accessibility of cellulases to the cellulose fibers and fiber
swelling (Song et al., 2014). Because of the additive/synergistic effect from Cellic CTec2’s
main components (cellulases, xylanases, and B-glucosidases), this commercial enzyme
cocktail can produce high sugar concentration although newer versions of the Cellic’s
cocktail would reduce the cellulose recalcitrance even further (Teter, 2012). Thus, the
observed decrease on the effectiveness of enzymatic hydrolysis and decrease of glucose and
xylose production even at high enzyme loading (30 mg.gt) is an indication of reduction in
the cellulose accessibility (cellulose recalcitrance) rather than enzymatic inhibition or mass
transfer limitation (Arantes and Saddler, 2011).

It is known the combination of hydrolysis time and solid loading play an important
role in achieving high carbohydrate conversion and sugar concentration, however it also
incurs in the operational cost (Newman et al., 2013). For the same solid consistency of
17.5%, the linear correlations made between cellulose conversion and glucose concentration
(Figure 10c) and xylan conversion and xylose concentration (Figure 10f) show that higher
gains of sugar concentration are achieved when the cellulose and xylan conversion is
increased at reaction time of 30h compared to 72h. This is observed by the trend’s slope at

reaction time 30h being steeper than at 72h.
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Another interesting observation is that, at conditions with low enzyme loadings and
longer reaction time, an intermediate level of sugar concentration would be achieved
(condition EH-5-72, 5 mg.g™ for 72h, glucose and xylose concentration of 67 + 6 g.L™* and
17 + 1 g.L?, respectively) while, at higher enzyme loadings and shorter reaction time, would
favor to obtain higher sugar concentrations (condition EH-20-30, 20 mg.g™* for 30h, glucose
and xylose concentration of 127 + 7 g.L "t and 24 + 3 g.L %, respectively). Using the linearized
curves, it appears that the enzyme loading of 12.6 mg.g™* at reaction time of 30h and the
enzyme loading of 9.1 mg.g* at reaction time of 72h would produce same cellulose
conversion (33.94%) and glucose concentration (84 g.L™). A cost analysis would be
necessary to assess the tradeoffs of increasing enzyme loading or time to achieve a higher
sugar concentration and reveal best economical condition.

To further understand the effect of cellulose conversion of a commercial enzyme
cocktail on CNC vyield, the CSR generated within a wider range of cellulose conversions (18
— 79%) was submitted to centrifugation (rotation range of 398 to 1103xg) to recover CNC.
The cellulose conversion was used as an indicator of the enzymatic hydrolysis severity to
isolate CNC and the rotation speed was a parameter that represents the ability to recover the
CNC to build a mathematical model that explains the isolation and recovery of CNC. A
second-order quadratic polynomial model was obtained using terms considered statistically
significant and important for the prediction ability. The response surface plot generated from
the regression equation is shown on Figure 11a and it explains the CNC yield response using
the cellulose conversion (non-codified parameter: A), rotation speed (non-codified
parameter: B), and their quadratic terms. The response surface shows that higher CNC yield
response is obtained for high levels of cellulose conversion and lower levels of rotation
speed, which is represented by the dark blue region on the surface.

The regression equation shows that the main effect for cellulose conversion is bigger
than the main effect of rotation speed for both linear and quadratic terms. The fact that the
interactive effect between cellulose conversion and rotation speed (term AB) was not
statistically significant indicates that a change on the one parameter level do not produce a
differentiate (synergistic) response (CNC yield). To a practical point of view, these results
indicate that the CNC vyield is majorly influenced by the isolation than the recovery
procedure, because a change in the cellulose conversion affects the CNC yield greatly than
a change in the rotation speed. This fact highlights the importance of investigating suitable
enzyme cocktails for CNC isolation combined to pre-treatments that can enhance the CNC

yield.
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SEH: Severity of Enzymatic Hydrolysis in terms cellulose conversion (g/g pulp)
Rot: Rotation speed (398 — 1103 xg)
Nano: CNC yield (g/100 CSR)

Regression Equation:
CNC yield = 20,39 - 4,5 SEH - 0,0341 Rot + 25,3 SEH?+ 0,000022 Rot?
Summary of the model:

S R? R2(aj) R2(pred)

1,89930 80,64% 7554%  60,75%

S, R?, R%(adj), R?(pred) are indicators of the fitting quality and model prediction.
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Fig. 11. (a) Response surface for the optimization of the CNC yield (g/100 CSR) for parameter A (cellulose
conversion) and parameter B (rotation speed) (b) Real and predicted values for CNC yield (c) Level of
adjustment for experimental and predicted CNC yield.
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The prediction power of the model was found to be intermediate with R? of 80.64%
and predicted R? of 60.75% (Figure 11b and 11c) and the CNC yield (CSR basis) was in the
range of 7.3 - 17.8 g/100g of CSR. A limitation of the centrifugation procedure was noticed
by reducing the rotation speed to the lower level (lower than 500xg) where it is possible to
lose separation resolution and recover large particles than desired (at micrometer scale) (data
not shown), which would artificially increase the CNC yield. Thus, especially at low rotation
speed, more errors could be incurred to the model’s ability of prediction of the CNC yield.
Therefore, the rotation speed was set to 750 xg for the validation experiments.

The validation experiments comprehended data produced to build the model and
independently of the model. The results shown on Figure 11b suggest that the model is
underestimating the CNC yield for conditions with reaction time of 30h and overestimating
the CNC vyield for conditions with reaction time of 72h. The errors of the model appear to
become higher for conditions with cellulose conversion higher than 28% (conditions with
enzyme loading of 10 mg.g™). Another potential source of errors for the model possibly
comes from the gravimetry analysis for a very dilute CNC suspension (solids content <
0.5%). The solids content of CNC suspensions obtained by gravimetry was conducted with
20-mL samples added to ceramic crucibles and submitted to oven dry at 105°C were
compared with the solid content results obtained from IR moisture analyzer, revealing a
measurement difference in the range of 1 - 31%.

Enzyme preparations that target the complete saccharification of cellulose-rich
substrates, such as the Cellic CTec2 cocktail, produce a slurry-like material with the extent
of the reaction, which consists of a mixture of particles at a wider range of sizes and
morphologies due to the depolymerization the carbohydrates’ fibrillar structure. However,
evidence of CNC isolation and recovery was capture by AFM images shown on Figure 12a
and 12b for cellulose conversion of the 28% and 63%, respectively. Measurements of the
particle’s heigh correlate with the nanocellulose’s diameter by AFM (Mattos et al., 2019).

The results obtained with the AFM analysis corroborate to the fact that enzymatic-
CNC present high uniformity (Arantes et al., 2020). It was expected that CNC with uniform
size would be obtained only at longer reaction times due to a more severe depolymerization
and the processivity characteristic of Cellic CTec2 enzymatic cocktail (Bondancia et al.,
2022, 2017). However, the results point to the contrary. Higher uniformity was observed for
cellulose conversion of 28% (EH-10-30) and higher polydispersity was observed for
cellulose conversion of 63% (EH-20-72), demonstrating that the centrifugation procedure

might not have size resolution as selective to CNC compared to golden nanoparticles as
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pointed by Bonnacorso et al. (2013) possibly due to CNC have more diverse morphologies
and not spherical as the separation based on density difference assumes. When comparing
the diameter distribution, it is observed that both conditions produce similar mean diameter
size, however the condition of lower cellulose conversion leads to a more homogeneous
diameter size distribution (89% of diameter size up to 10 nm with maximum diameter size
of 21 nm) while the condition of higher cellulose conversion leads to a wider diameter size
range (87% at diameter size up to 20 nm with maximum diameter size of 87 nm), pointing

to greater depolymerization and fiber fragmentation of the material with the extension of

enzymatic hydrolysis.
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Fig. 12. AFM topographies and diameter distribution of CNC obtained from suspensions recovered at
rotation speed 750 xg and isolated after (a) cellulose conversion of 28% (EH-10-30) and (b) cellulose
conversion of 63% (EH-20-72). Scale bar shows 2 pm.
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Although the CNC yield (CSR basis) was chosen as an efficiency indicator of CNC
recovery to investigate the centrifugation procedure, it is important to consider the overall
yield, that is CNC yield (HBKP basis). Figure 13 shows the results for CNC yield (CSR
basis) and CNC yield (HBKP basis). The CNC yield (HBKP basis) is in the range of 4.4 -
8.7 9/100g of HBKP and the total sugars concentration is in the range of 61 - 165 g.L™. It
was noted that CNC vyield obtained present similar range as reported in the literature
(approximately 10g/100g of HBKP) (Yang et al., 2023; Yarbrough et al., 2017). Filson et
al., (2009) reported higher yields using recycled pulp (20 - 35 g/100g). Therefore, the low
CNC vyield was already expected. The CNC yield (HBKP basis) does not follow the same
pattern as CNC yield (CSR basis) (Figure 13). By enhancing the severity of the enzymatic
hydrolysis (higher enzyme loading and reaction time), a higher depolymerization and
fragmentation of the cellulose fiber occur due to the characteristics of enzyme preparation

(total saccharification), and sugar is produced as a consequence of higher fragmentation.
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Fig. 13. CNC yield on CSR basis and HBKP basis for each enzyme hydrolysis treatment.

The CNC isolation by the commercial cocktail Cellic CTec2 seems to occur in two
patterns:

1) Sugar is produced at a slower rate than CNC is isolated, and hence the fibers
fragmentation leads to a higher amount of CNC isolated.
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2) Sugar is produced at a higher rate than CNC is isolated, and hence the fibers
fragmentation leads to a higher sugar concentration.

Even though there is an initial increase of the CNC yield (CSR basis) with the
increase of enzyme loading, the CNC yield does not further increase with higher enzyme
loadings or longer reaction time, appearing to be constant with severe enzyme hydrolysis
conditions. Thus, it is likely that the CNC precursor fragments isolated during the reaction
are degraded to monomeric sugars even though it presents high crystallinity. Zhu et al.
(2011) employed a low loading of commercial cocktail of cellulases for complete
saccharification for hydrolysis of HBKP and reported that enzyme preparation could not only
cause size reduction of long fibers, but also of short fibers and small particles. It is known
that 10 — 20% of cellulose is highly recalcitrant and difficult to hydrolyze even with high
enzyme loading and long reaction time (Arantes et al., 2014; Arantes and Saddler, 2011,
Park et al., 2007).

The comparison of the yields shows that optimizing the CNC yield based only on the
centrifugation operation could lead to a misinterpretation of the best condition to obtain
higher CNC yield. Based on these results, it can be suggested that the most attractive
enzymatic hydrolysis conditions to isolate CNC are the reactions conducted for a shorter
reaction time (30 h). The conditions HE-10-30 and HE-20-30 with CNC yield (HBKP basis)
of 8.69/100g and 8.7g/100g, respectively, presented greater CNC yields and produce high
total sugar concentrations (87g.L™ and 145 g.L™, respectively) and while same enzyme
loadings at 72h of reaction that produced CNC yield (HBKP basis) in the range of 4 — 5
0/100g and total sugar concentration of 110 - 156 g.L ™.

6.5  Observations regarding the CNC recovery — opportunities for cost reduction

The separation based on density difference assumes that particles of different weights
will stay in an equilibrium position according to the g-force applied (Bonaccorso et al., 2013)
as illustrated on Figure 14a. Because the CNC suspension contains a range of particles’ size
and morphologies, multiple centrifugation steps are necessary to recover CNC from CSR.
During the recovery of the CNC suspensions, it was observed that there is a maximum
absorbance peak at wavelength of 600 nm shown on Figure 14c. Subsequently, the
absorbance decreases, and the following fractions of CNC suspension recovered turn to be

extremely diluted, contributing to the dilution of the final suspension (solids content < 0.5%),
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which contains the volume of all each step gathered. Figure 14b and 14d show CNC
suspension samples recovered after each centrifugation step for two enzymatic hydrolysis
conditions, EH-10-30 and EH-20-72, with cellulose conversion of 28% and 63%,
respectively, used for absorbance analysis. It can also be observed the turbid appearance
from condition EH-20-72, pointing to a high CNC initial concentration than for the condition
EH-10-30. This suggests that larger particles may carry nano-size particles during the
centrifugation, which point that this operation might not be as selective for the solid’s
consistency employed. From the absorbance profile shown on figure 14c, it can be observed
that a reduction of centrifugation steps from #6 steps to #4 steps could recover a considerable
amount of the CNC without diluting the final suspension too much. Reducing the number of
centrifugation steps as proposed would generate a reduction of about 30% in water volume
usage when compared to the total CNC recovery until no turbidity is present (centrifugation

step#6 or more).
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Fig. 14. (a) lllustration of g-force effect in recovery particles with of different size and morphologies; (b)
Iustration of CNC suspensions recovered by centrifugation for enzyme hydrolysis condition EH-10-30; (c)
Absorbance profile (600 nm) for CNC suspensions recovered after each centrifugation step; (d) Illustration of
CNC suspensions recovered by centrifugation for enzyme hydrolysis condition EH-10-30
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6.6 Conclusion

The yield of CNC isolated via enzyme-assisted treatment was investigated and
optimized, exploring different degrees of cellulose conversion using the enzymatic cocktail
Cellic CTec2. According to our results, the CNC vyield is dependent on the mode of action
of the enzyme cocktail. For a full saccharification enzymatic cocktail such as Cellic CTec2,
depolymerization pattern seems to occur in two main steps: one step in which the
fragmentation predominates and a second step in which the production of sugars is
prominent. This depolymerization pattern was the reason for CNC yield to be low (4.4 - 8.7
0/100g of HBKP), whereas high titers of sugars were obtained (total sugars concentration in
the range of 61 - 165 g.L™Y).

Although the CNC vyield was not significatively improved with the optimization
study, alternatives to reduce the operational expenses (OPEX) and capital expenditure
(CAPEX) were demonstrated. The use of tap water as a diluent for CNC suspensions did not
affect the CNC yield when CNC was isolated by centrifugation. Hence, the substitution of
osmose reverse water by tap water could be an economical choice to reduce the OPEX. Once
high purity water is not needed, so it is not a water purification system, hence the projected
CAPEX may be reduced as well. Moreover, the use of ambient temperature and low-speed
centrifugation are options that may reduce the OPEX as well as the reduction of the number

of centrifugation steps to recover enzymatic-CNC.
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CHAPTER 7 FEASIBILITY ANALYSIS OF THE CO-PRODUCTION OF
CNC, CNF, AND CELLULOSIC SUGARS FROM BLEACHED KRAFT PULP
USING AN ENZYMATIC-MECHANICAL APPROACH

7.1 Introduction

Mechanical ultrafibrillation by disc ultra-refiner is a promising alternative to produce
CNF with high yield with high potential to achieve large-scale production of CNF (Hu et al.,
2015; Wang and Zhu, 2016). However, the setbacks for ultra-refining are the high-energy
demand and long refining period (personal communication PDC; Amini et al 2020). An
alternative to reduce the energy consumption during the CNF isolation is the use of
enzymatic pre-treatment, which promotes the amorphogenesis of the fibrillar structure of
cellulose and hence facilitates the isolation of CNF in a less energy-intensive manner (Berto
et al., 2021; Xiuyu Liu et al., 2019; Zhou et al., 2019; Zhu et al., 2011). Most studies that
focus on the enzyme-mediated ultra-refining process employ monocomponent cocktails of
endoglucanases or endoxylanases at varied enzyme loadings (0.5 - 3% g/g cellulose). Energy
savings can be achieved up to 60% with low or none sugar production (Xiuyu Liu et al.,
2019; Wang et al., 2015).

Here, we investigate the feasibility of isolating CNF from CSR recovered after an
enzymatic pretreatment, exploring different degrees of cellulose conversion by using an
enzyme cocktail that targets complete saccharification of lignocellulosic fibers (Cellic
CTec2). We explore a process model that integrates the production of CNF, CNC, and sugars
at high titers. Thus, we investigated similar enzyme loadings reported to the literature for
single-component enzyme cocktails although we expect higher degree of cellulose
conversion and carbohydrates depolymerization due to the characteristics of the enzyme
cocktail employed. The commercial cocktail Cellic CTec 2 is a complex cellulolytic
preparation able to cause dramatic changes in the fiber promoting complete
depolymerization of the ultrastructure of polysaccharides into monomeric sugars. The
macroscopic changes of the fibers promoted by high carbohydrate saccharification cocktails
are generally connected to the diversity of families of carbohydrate active enzymes
(CAZymes) and their activity. The disruption of less-crystalline regions is a typical effect of
endoglucanases, which promotes drastic fiber fragmentation by the cutting effect (Payne et

al., 2015). The collapse of the cellulose’s crystalline regions is a typical effect of
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cellobiohydrolases, which forms cellobiose. Moreover, accessory enzymes can act directly
or indirectly in the cellulose depolymerization, forming oxidized compounds and making
new sites of cellulose available for depolymerization (Dimarogona et al., 2012; Horn et al.,
2012). A rich B-glycosidases activity confers cellobiose breakdown into glucose, which
prevents cellobiose accumulation and cellobiohydrolases’ inhibition (Payne et al., 2015).
The enzymatic depolymerization of the fiber’s most superficial xylan is an effect of
endoxylanases, that, together with xylosidases, promote the exposure of fibers and making
new sites of cellulose available for depolymerization (Glass et al., 2013).

The objective of this chapter is to establish the mass balance for an integrated process
to produce CNC, CNF, and sugars in high concentration from bleached Kraft pulp and
investigate the impact of the severity of enzymatic hydrolysis on the ultra-refining for CNF
production.

7.2 The effect of different degrees of cellulose conversion on CSR

The CSR obtained from each enzymatic hydrolysis condition was studied in terms of
chemical composition to explore the different degrees of cellulose conversion and wet-SSA,
which refers to the specific surface area (SSA) value obtained by an algorithm approximation
based on the hydrodynamic particle diameter. CSR materials were obtained with yields
varying from 80 % to 28% (HBKP basis) after being treated by the commercial cocktail
Cellic CTec2 using with different combination of enzyme loadings (5, 10, 20, and 30 mg.g
1) and reaction time (30h and 72h). These enzymatic treatments promoted cellulose
conversion ranging from 18% to 79% and xylan conversion ranging from 25% to 88%. Due
to carbohydrates depolymerization, the enzymatic treatments also affected surface area and
hence particle size. Figure 15 correlates the polysaccharides conversion and yield with the
wet-SSA for each enzymatic treatment. The typical CNF wet-SSA value is equal or greater
than 200 m?/kg (Berto and Arantes, 2019). The wet-SSA ranged from 323.9 m?.kg™ to 557.2
m?kg? and an exponential trend was obtained between wet-SSA and carbohydrates
conversion (cellulose and xylan) (Figure 15a). The increase of the wet-SSA with extend of
cellulose conversion was expected due to the highly active cellulases (cellobiohydrolases
and endoglucanases) present in the enzyme preparation, which promotes a reduction of the
fiber length by “fiber cutting”/fragmentation and a reduction of fiber width by “peeling off”
of the fiber layers, leading to an increase of the surface area as consequence of a reduction
of the particle size (Arantes et al., 2014; Park et al., 2007; Zhu et al., 2011). The increase of
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wet-SSA with the xylan removal was expected because it further exposes the fibers by
removing portions of xylan that covers the cellulose, which can favor nanocellulose isolation
(Long et al., 2017; Penttild et al., 2013). Figure 15b shows a polynomial trend between wet-
SSA and CSR vyield. The trend reveals a useful relationship that correlates the overall
depolymerization of polysaccharides represented by the reduction of CSR yield and the fiber
size reduction described by the increase of the wet-SSA. Berto and Arantes (2019) reported
a wet-SSA value of 130 m2.kg™? (red triangle) for HBKP without treatment using same
measurement technique employed here, which can be considered as a reference. A
comparison of the reference wet-SSA with the data obtained here shows a gain on surface
area ranging from 2.5x to 4.3x when the cellulose conversion varied from 18% to 79%.

Complementary to the wet-SSA results, optical microscopic images were taken of
CSR to evaluate the morphologies of the remained fibers after enzymatic treatment (Figure
16). The CSR with lower cellulose conversion presented shortened fibers that became further
fragmented in the axial direction with the increase of cellulose conversion, producing fines.
The optical images show both “fiber cutting”/fragmentation as well as “peeling” effect,
especially for conditions with cellulose conversion greater than 50%. At enzyme loadings of
5, 10, and 20 mg.g™* (cellulose conversion up to 50%), shorter fibers were clearly visible at
100 um scale for all reaction times. By increasing reaction time to 72h, the amount shortened
fibers further reduced to fines, indicating a predominance of “peeling” effect. The increase
of shorter fibers and fine particles with the increase of enzyme loading corroborates with the
results obtained for wet-SSA. By increasing the enzyme loading 2x, 4x, and 6x, it leads to a
progressive increase in the wet-SSA by 37%, 42%, and 56%, respectively, whereas
increasing the reaction time for same each enzyme loading improves the wet-SSA by 20%,
4%, 7%, and 10%, respectively.

The wet-SSA results and macroscopic images fiber resultant after each enzymatic
treatment agree with results presented by Arantes et al. (2014), who studied the mode of
action of Cellic CTec2 for various cellulose-rich pulps prepared by different pretreatments.
These authors observed that a rapid shortening of fibers occurs prominently due to
fragmentation at the initial stages of enzyme hydrolysis for reaction time up to 6h (cellulose
conversion up to 20%). They identified that the “peeling” effect occurs during the entire
course of reaction and becomes prominent after the fragmentation effect reaches a “plateau”
of macroscopic changes of the fibers. Figure 15¢ also shows a “plateau” of wet-SSA values

observed for cellulose conversion between 30 — 50%. The plateau is illustrated by CSR
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obtained from conditions EH-20-30 and EH-10-72 shown on Figure 16. Although the CSR
materials present similar wet-SSA values and similar morphologies, the cellulose conversion
differs (cellulose conversion of 38% and 50%, respectively), which provides evidence of a
transition of phases for the macroscopic changes of the fibers. Fiber agglomerations were
observed for all conditions investigated. These agglomerations may cause an apparent
increase particle width when measured with light diffraction techniques (Arantes et al., 2014;
Park et al., 2007).
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7.3 The effect of different degrees of cellulose conversion on CNF isolation

The CSR suspensions were prepared with tap water to a consistency of 1.5%(w/v)
solids. Initially, the prepared suspensions tended to precipitate. The samples prepared for the
optic micrographs were never dried. These images clearly show the tendency to agglomerate
as reported for other nanocelluloses obtained from enzymatic treatments even though the
CSR suspensions had high wet-SSA (Figure 16).

The CSR suspensions required a varied number of ultra-refining cycles, summing up
10 to 20 cycles. The end of ultra-refine process was set by a qualitative aspect of CNF
suspensions know as gelation, referred as “gel-like” aspect. The gelation is an indicator of
CNF isolation due to the nanocellulose ability of forming thick gels even at low solids
concentrations. The formation of gels is explained by the defibrillation process and
individualization of the fibers into fibrils, which promotes higher surface area and increase
fibril-fibril and fibril-water interactions (Berto and Arantes, 2019; Hu et al., 2015; Malucelli
et al., 2018; Paakko et al., 2007b). Table 14 shows a summary of parameters monitored
during ultra-refining, such as number of ultra-refining cycles, ultra-refining time, and
cumulative energy consumption. Figure 17 shows the cumulative energy consumption
throughout the ultra-refining cycles. It was observed that the cumulative energy consumption
for most suspensions occurred at a rate superior to a proportionality line (1 kWh per cycle),
except for the conditions EH-10-30 (cellulose conversion of 28%) and EH-30-30 (cellulose
conversion of 56%). It is known in the literature that bench-models of the
Supermasscolloider ultra-refiner present idle power of 1 kW, which represents the energy
consumption necessary to move the disc (Hu et al., 2015; Xiuyu Liu et al., 2019; Wang and
Zhu, 2016).

Table 14. Characteristics of CSR suspensions prepared with tap water and parameters monitored during the
ultra-refining.

) Cellulose CSR CSR Cveles Time  Cumulative
Enzymatic  conversion wet-SSA suspension y energy
treatment (g/100g . ) ) .

HBKP) (m2.kg™) (% solids) # (min) (kwh.kg™)
EH-5-30 18 323.9 1.5 10 47 16
EH-10-30 28+3 445.1 1.7 15 50 15
EH-20-30 50+3 461.5 1.6 15 65 21
EH-30-30 56 + 3 506.8 1.4 20 75 23
EH-5-72 22+2 389.9 1.5 10 42 14
EH-10-72 38+4 461.1 1.8 10 55 16
EH-20-72 63+3 493.2 1.7 10 50 16

EH-30-72 79 557.2 1.1 15 68 33
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Fig. 17. Energy consumption during ultra-refining of each CSR suspensions (1.5% solids, 1L sample) until the
suspensions achieved the “gel-like” aspect.

An analysis of the cumulative energy consumption versus cellulose conversion
revealed a quadratic trend for energy demand (Figure 18a). The trend suggests that an
increase of cellulose conversion produced by the enzymatic treatment with Cellic CTec2
produces cause an increasing energy demand during the ultra-refining. The trend also shows
that CSR with cellulose conversion in the range of 20 - 40 % leads to similar energy
consumption to isolate CNF. However, by isolating CNF from CSR with cellulose
conversions equal or higher than 50%, it would demand higher energy inputs to achieve the
desired “gel-like” aspect. The conditions EH-20-30, EH-30-30, and EH-30-72 with cellulose
conversion of 50%, 56%, and 79%, respectively, required higher number of cycles (15, 20,
and 15 cycles, respectively) as well as higher cumulative energy (21 kWh/kg, 23 kwWh/kg,
and 33 kWh/kg, respectively). A probable explanation for this is that, at cellulose conversion
of 50% or higher, the CSR materials already present high wet-SSA, and, possibly, high
crystallinity index (CI) due to the preferential depolymerization of the less crystalline regions
of cellulose promoted by the enzymatic treatment. A CSR material with these characteristics
would require higher amounts of energy input to defibrillate the remaining fibers due to
higher cellulose recalcitrance represented by the high crystallinity. Bondancia et al. (2022)
studied the enzymatic hydrolysis of HBKP using the cocktail Cellic CTec2 and showed an
increase of CI with the course of reaction, suggesting that a Cl of 70% is obtained within
20h when cellulose conversion reaches 50%. Qing et al (2013) report that CNF prevenient
from extensive enzymatic treatment are CNC-alike, in another words, highly crystalline.
This explanation is supported by analyzing the correlation between wet-SSA measured for

each CSR suspension before the ultra-refining steps and the cumulative energy consumption
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to isolate CNF (Figure 18b). The trend obtained between wet-SSA and energy input agrees
with previous trend resulting in similar quadratic pattern. This trend points that a higher
energy input is necessary to achieve the “gel-like” aspect for CSR suspensions that present
higher starting wet-SSA value. The CSR material with the highest cellulose conversion (79%
cellulose conversion) and highest wet-SSA (557.2 m?.kg™) was also the suspension that

required higher energy input.
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To evaluate the particle size of CNF isolated using the “gel-like” aspect as a reference
for the ultra-refining, two CNF suspensions were analyzed by AFM (EH-10-30 and EH-20-
72 with cellulose conversion of 28% and 63%, respectively). AFM topographic images as

well as diameter distribution are shown on Figure 19. The diameter measurements taken
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from the topographic images confirmed that the isolated CNFs presented high uniformity
and similar polydispersity. The two samples analyzed presented high frequency of diameters
in the range of 5 - 15 nm and few particles with diameter up to 60 nm. CNF isolated from
the CSR with lower cellulose conversion (EH-10-30) had 90% of diameter size up to 20 nm
with maximum diameter size of 57 nm and from the CSR with higher cellulose conversion
(EH-20-72) had 89% at diameter size up to 20 nm with maximum diameter size of 45 nm.
These results indicate that the “gel-like” aspect is a good indicator to isolate CNFs from CSR
materials with different degrees of cellulose conversion. The CNF length was not evaluated.
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Fig. 19. AFM topographies and diameter distribution of CNF obtained from suspensions isolated by ultra-
refining after (a) cellulose conversion of 28% (EH-10-30) and (b) cellulose conversion of 63% (EH-20-72).

Scale bar shows 2 pm.

The shear viscosity of the CNF suspensions was investigated along the ultra-refining

cycles to study how the gelation behavior occurs during the ultra-refining process preceded
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by enzymatic treatment. Table 15 shows a summary of the characteristics of the CNF
suspensions for each enzymatic treatment (chemical composition and initial wet-SSA), shear
viscosity measurements before and after the ultra-refining process (apparent viscosity and
torque), and the cumulative energy necessary to achieve the “gel-like” aspect. The shear
viscosity of the CNF suspensions varied between 3.4 — 9.7 cP, represented by the cellulose
conversion of 28% (EH-10-30) and 18% (EH-5-30) respectively. The shear viscosity
measurements showed that the ultra-refining steps promoted an averaged viscosity gain of 4
times the initial viscosity for the CNF suspensions, with exception for the condition with
lower cellulose conversion that presented a viscosity gain 7 times higher than the initial
viscosity. Although the shear viscosity increased after the ultra-refining steps, most of the
CNF suspensions with enzymatic treatment had a viscosity measurement similar to the shear
viscosity of HBKP without treatment prior to ultra-grading (3 cP). The CNFs suspensions
with enzymatic treatment had viscosity about 5 times lower than BKP after ultra-refining
(27 cP).

Table 15. Characteristics of CNF suspension for each enzymatic treatment, shear viscosity measurement before
and after the ultra-refining process, and the cumulative energy necessary to achieve the “gel-like” aspect.

) Cellulose Xylan t Initial Final T Cumulative
Enzymatic  conversion conversion \gg A Viscosity  Viscosity orque Energy
treatment

SQE%% S’Bl&%% (m? k) (cP) (cP) %) (KWhkg?)
BKP 0 0 130* 3* 27* - 30*
EH-5-30 18 25 324 1.3 9.7 64.5 16
EH-10-30 28+3 3414 445 1.1 34 22.9 15
EH-20-30 50+ 3 52 +5 462 1.4 4.7 31.2 21
EH-30-30 56 + 3 65+ 3 507 1.2 4.4 29.2 23
EH-5-72 22+2 30+3 390 1.2 5.9 39.7 14
EH-10-72 38+4 45+5 461 1.6 7.3 48.4 16
EH-20-72 63+3 67 +3 493 1.2 4.6 30.9 16
EH-30-72 79 88 557 1.4¢ 5.3 35.2 33

Viscosity data and torque were collected for spindle rotation at 200 rpm (shear rate 264 s).

*Values obtained from Berto and Arantes (2019) and Berto, Mattos, Rojas, and Arantes (2021) for HBKP ultra-
grading without treatment.

¢Value refers to viscosity measurement after one ultra-refining cycle.

By monitoring the shear viscosity gain over the ultra-refining cycles, it was observed
that the viscosity gain was not linear neither in relation to the number of cycles, nor in
relation to the energy input. The viscosity gain increased more expressively along the cycles
especially for materials with lower cellulose conversion. Figure 20 shows that CNF obtained
from the hydrolysis conditions EH-5-30 and EH-10-72 presented the highest viscosity gain

with the lowest energy input. On the other hand, the materials resulting from high cellulose
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conversion (hydrolysis conditions EH-30-30 and EH-30-72) presented the smallest viscosity
gain with the highest energy demands to achieve the “gel-like” aspect. These results point to
the fact that particle-particle interactions and entanglement seems to be occurring easily for
the conditions with low cellulose conversion (conditions EH-5-30 and EH-10-72 with
cellulose conversion of 18% and 22%, respectively). Conversely, materials with higher
polysaccharide depolymerization, containing a more fragmented structure, would require
greater energy input to achieve a similar viscous aspect or the complete loss of the property
(Henriquez-Gallegos et al., 2021). Because the viscosity gain is an incremental process,
visual observation of the suspensions indicated the gelation started approximately at a shear
viscosity of 4 cP for most conditions, which can be useful to define quantitatively the “gel-

like” aspect (data not shown).

EH-5-30 EH-10-30 EH-20-30 EH-30-30
—e—EH-5-72 EH-10-72 —8—EH-20-72 —e—EH-30-72
10

Shear viscosity (cP)

0 5 10 15 20 25 30 35
Cumulative energy comsumption (khW/kg)

Fig. 20. Shear viscosity versus the cumulative energy during ultra-refining of each CNF suspension. Straight
line at shear viscosity of 4 cP refers to beginning of gel-like consistency.

An energy consumption range of 25 — 30 kWh.kg? is typically reported for CNF
isolation from Kraft pulp without pre-treatment (Berto and Arantes, 2019; Hu et al., 2015;
Malucelli et al., 2018; Wang and Zhu, 2016). Berto and Arantes (2018) employed the same
Supermasscolloider model and suspension volume and obtained CNF diameters in the range
of 2 — 64 nm (mean diameter 21 nm) with a cumulative energy consumption of 20 kwh.kg
1 although their wet-SSA was approximately 200 m?.kg™*. By employing 25 kwWh.kg™, they
obtain CNF with mean diameter 9.4 nm and wet-SSA values 263 m2.kg?* and, with 30
kWh.kg, a mean diameter 8.6 nm and wet-SSA values 450 m?.kg™. Considering an average

energy consumption of 25 kWh.kg? as a reference for ultra-refining HBKP without
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treatment, Table 16 highlights the potential for reduction of energy expenditure when
employing each enzymatic treatment prior to the ultra-refining. The results for energy
savings were obtained by comparing the energy consumption required to obtain a viscosity
of 4 cP (beginning of gelation) for each condition with the reference.

Table 16. Potential of energy savings during ultra-refining process for the isolation of CNF (shear viscosity 4
cP) based on the highest cumulative energy.

Enzymatic Cellulose Shear ~ Cumulative Energy Energy
treatment conversion Viscosity energy savings savingsR
(9/100g HBKP) (cP) (KWh.kg) (%) (%)
EH-5-30 18 4 e = o0
EH-10-30 28+3 3 15 35 20
EH-20-30 50+3 5 21 9 16
EH-30-30 56 +3 4 23 0 8
EH-5-72 2242 3 6 74 26
EH-10-72 38+4 5 8 65 68
EH-20-72 63+3 4 8 65 63
EH-30-72 79 4 20 13 20

*Data for shear viscosity was collected using the spindle rotation at 200 rpm (shear rate 264 s-1).
RReference of energy consumption of 25 kWh.kg™* for CNF isolation from HBKP without treatment.

The cumulative energy necessary to isolate CNF for conditions with high cellulose
conversion were as high as the reference without treatment. However, for conditions with
low cellulose conversion the potential of energy reduction is up to 80% compared to the
reference. This potential reduction is much higher compared to data available in the
literature. The Cellic CTec2 cocktail pretreatment used here also achieved superior energy
savings when compared to the reported values for enzymatic treatment with monocomponent
endoglucanases. Wang et al. (2015) obtained a reduction of energy consumption by 30%
using a monocomponent endoglucanases (GH5) employing enzyme loads of 1 mg.g™* and 10
mg.gt using a 48h-reaction and up to 40 passes in the microfluidizer. Liu et al. (2019)
reported a reduction in energy expenditure of ultra-refiner by 55% and 39% using high loads
of endoglucanases (100 mg.g™* 30 mg.g™2, respectively, in 2 h of reaction). (Berto et al., 2021)
studied mild endoglucanase treatments (0.5 — 25 EGU.g?) of HBKP and reaction times of
1h - 3h followed by ultra-refining and isolated CNF with wet-SSA of approximately 200
m2.kg L. These authors obtained a reduction in the energy demand up to 50% (10 kWh.kg™
with enzyme loading of 25 EGU.gY) without producing significative amounts of sugar.
Conversely, the enzymatic treatments with Cellic CTec2 preparation produce total sugars
concentration (glucose and xylose) in the range of 61 - 165 g.L* (as data shown on Chapter
6), value much higher than any other work proposing a treatment with endoglucanase

monocomponent.
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It is noteworthy to mention that most studies using endoglucanase monocomponent
employ short reaction times (few hours) while studies that investigate rich enzyme cocktails
typically employ longer reaction times, such as > 70h (Bondancia et al., 2022, 2017; Pereira
and Arantes, 2020; Song et al., 2014). For our study, we explored reaction times desired for
production of cellulose sugars, exemplified by treatment at 30h. Figure 21 shows that the
pattern for energy savings is different for enzyme treatments at 30 h and 72h of reaction.
Thus, there is a strong indication that the enzyme treatments for CNF isolation that promotes
lower cellulose conversion 18% (such as condition EH-5-30, enzyme loading of 5 mg.g*
and 30h of reaction) would isolate CNF with lower energy consumption maintaining the
“gel-like” aspect typically desired.

* 30h = 72h Poly. (30h) Poly. (72h)
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Fig. 21. Potential of energy savings according to the enzyme treatment prior to the ultra-refining.

7.4  Overall mass balance for the co-production of CNC, CNF, and sugars at high
concentration

Two pioneer works that demonstrated the integration of CNF and sugars production
reported that after extensive enzymatic hydrolysis the CSR already has a CNF aspect and
can be isolated using ultrasonication. Zhu et al. (2011) reported to obtain CNF from CSR
with 48h of reaction (CSR yield 60%) and (Song et al., 2014) reported to obtain CNF
simultaneously with glucose yield of 57.5% - 75.6% (72h of reaction). They demonstrate
that CNF can be isolated by ultrasonicating the CSR, however the CNF yield is not discussed.

Later, Cebreiros et al. (2021) employed a similar strategy using enzyme cocktail for
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complete saccharification (Cellic CTec3, HTec3, and swollenin) to produce CNF and sugars,
isolating CNF from CSR by ultrasonication. They conducted enzymatic hydrolysis of HBKP
using solids consistency up to 8%(w/w) for up to 24h obtaining cellulose conversion in the
range of 6.3% to 46.3% (glucose up to 45 g.L %), xylan conversion in the range of 25.8% to
84.6% (xylose up to 13 g.L %), and CNF yield in the range of 61% to 97%.

In this chapter, we investigate the ultra-refining process instead of ultrasonicating
due to the potential to operate in a continuous-feed and process high amount of raw material.
We studied the simultaneous production of CNC, CNF and high concentration sugars by
extracting CNC and CNF from the cellulosic solid residue (CSR). Figure 22 shows the mass
balance according to the yield obtained for CNC, CNF and total sugars on HBKP basis for
each enzymatic treatment. All conditions investigated resulted in the recovery of the starting
material in product equal to 95% or over. The cumulative mass balance for each condition
was 99.4%, 98.7%, 107.0%, 96.6%, 94.8%, 100.4%, 102.1%, and 98.8%. Sugar stream
concentration varied from 61 - 145 g.L ! at 30h and 84 - 165 g.L* at 72h. The EH-5-30
condition presented recovered sugars, CNC, and CNF vyields of 191 g.kg? (sugas
concentration of 61 g.L %), 59 gkg?, and 744 g.kg' on bleached Kraft pulp basis,
respectively, which was the only condition to produce total sugars concentration under 80
g.LL. The results showed that the higher the enzymatic hydrolysis severity (combination of
enzyme loading and reaction time), the higher is the yield of sugars nevertheless the recovery
of CNC and CNF in pulp basis is reduced.

M Total sugars (kg/ton)  m CNC (kg/ton) CNF (kg/ton)
225
338
490 326
611 569
: I 647 I
")?P Q"bg Q?)() 0?)0 ‘)i\q/ 0'/\’1, Q’/\q’ 0',01
& Ny v > NS > v 2
> & X X &« X & X

Fig. 22. Mass balance according to the yield obtained for CNC, CNF and total sugars on HBKP basis for each
enzymatic treatment. Light blue refers to total sugar concentration < 80 g.L* and dark blue refers to total sugar
concentration > 80 g.L .
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Considering the market price of CNC, CNF, and raw sugars, a projected revenue was
plotted for each treatment condition to reveal the economic trade-offs of increasing the sugar
production (Figure 23). The price used for CNC was $7.2/kg (De Assis et al., 2017a), CMNF
was $2.5/kg (De Assis et al., 2017b) and for sugasr was USD 0.25/kg according to raw sugar
price (USDA 2018/2019). Figure 23 shows that the conditions with high enzyme loading (20
mg.g* or greater) that produce greater titers of sugars have a projected revenue value closer
to the price of bleached pulps (Table 12). Conversely, a greater projected revenue seems to
depend on the CNF yield.

M Sugars (USD/ton) B CNC (USD/ton) CNF (USD/ton)
2286 2158 2109
1776 1737
1292 |
1183
1529
1860 1225 1617 ris 932
814
846 562
P o > &> S i A i
QX N v > & N v >
& & X & < & X X

Fig. 23. Projected revenue ($dollar) for each treatment according to the market price for CNC, CNF, and raw
sugar.

A rough estimation of the ratio of income/expenditure, using the projected revenue
over raw material price (considering the price of HBKP at 500 US$/ton, the lowest according
to Table 12), shows that it could vary from 1.864 to 4.572 times. This suggests that the choice
of massic ratio proportion of co-products would need to justify the high price of bleached
Kraft pulp as a raw material. Especially, considering that raw material is the primary
operational expense followed by electricity, accounting for 60% and 15% of the total

manufacturing cost according to De Assis et al., (2017D).

7.5 Conclusion

The enzymatic treatment with Cellic CTec2 provided a platform to integrate the CNF
production, after the recovery of cellulosic sugars and CNC suspensions. The co-production
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of CNF by ultra-refining the remaining CSR is technically feasible and allowed the full
valorization of HBKP. The isolation of CNF was successfully conducted with tap water,
which suggests a potential to reduce operational costs.

The mass balance of CNC, CNF, and cellulosic sugars was evaluated for eight
enzymatic conditions with different proportions of co-products obtained due to different
degrees of cellulose conversion. The cumulative energy measurement from ultra-refining
each CSR suspension revealed the potential to save energy input up to 80%, depending on
the enzymatic treatment conditions. This reduction in energy consumption was far superior
to those found in the literature. However, the properties of the CNF suspensions need to be
further investigated if viscosity is desired. That is because the enzymatic-CNF had a lower
viscosity than CNF suspensions without pretreatment.

The analysis of mass balance combined with cumulative energy measurements
during ultra-refining showed that the reaction condition EH-5-30 produced the lowest glucan
conversion (18 g/100g HBKP) and isolated CNF with the smallest energy input (5 kWh.kg
1. However, the same reaction condition produced the lowest sugars titer (61 g.L™). Hence,
the trade-off of producing high titers of sugars is the reduction of CNF yield and increase of
energy input.

The ratio of income/expenditure calculated using the projected revenue over raw
material price showed that there will be a revenue variation of about 1.9 to 4.6 times the
value of HBKP by varying the massic proportions of CNC, CNF, and sugars recovered,
which seems to be especially dependent on the CNF yield. Within the pulp and paper
industry, the production of nanocelluloses is, in fact, more interesting than the production of
cellulosic sugars when taking into consideration their traditional products. Thus, the reaction
conditions that recover a higher yield of CNF could be more economically adequate.
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CHAPTER 8 A NEW PROCESS FOR THE CO-PRODUCTION OF SODIUM
ACETATE, NANOCELLULOSES, AND CELLULOSIC SUGARS FROM
SUGARCANE BAGASSE AND STRAW

8.1 Introduction

Several processes have been developed aiming to obtain cellulosic sugars, followed
by fermentation and production of bioethanol as a sole product. The Deacetylation and
Mechanical Refining (DMR) process is currently the most promising method to produce
bioethanol with great economic feasibility (MPSP US$2.24 - 2.54/gal of ethanol or
US$2.49/gallon of gasoline equivalent according to Davis et al. (2021), Davis et al. (2018),
and Chen et al. (2016). We are proposing here a modified DMR approach that focusses on
producing high lignin-containing nanocelluloses (LCNC and LCNF) together with sodium
acetate and cellulosic sugars. The goal of our process is to employ mild alkaline conditions
as pretreatment to allow sodium acetate recovery and prevent significant xylan
depolymerization and lignin solubilization. The expectation is to promote the valorization of
sugarcane bagasse (SCB) and sugarcane straw (SCS) by minimizing the loss of biomass
fractions in streams that may impose i) difficulties in separating and recovering the biomass
components as value-added products, ii) difficulties with the chemical recovery.
Additionally, the production of nanocelluloses associated with the DMR process has not
been investigated yet.

In order to evaluate the feasibility of the proposed process to obtain sodium acetate,
cellulosic sugars, and lignin-containing nanocelluloses, the mass balance and
characterization of SCB and SCS main fractions is discussed in the present chapter (Chapter
8), while the properties of the lignin-containing nanocelluloses is addressed in the Chapter
9.

8.2  Preparation of SCB and SCS and ash removal

The preparation of lignocellulosic materials generally includes particle size reduction
and decreasing the content of inorganics, which respectively reduces mass transfer resistance
during chemical and enzymatic reactions and avoids accumulation of inorganics in the
recovered fractions, leading to unwanted side reactions. The reduction of feedstock inorganic

content also reduces equipment corrosion.
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To homogenize the particle size and ash content, SCB and SCS were subjected to air
drying, milling, and sieving, which is referred as biomass preparation. The mass and ash
content balances are shown on Table 17. The particle size of the air dried SCB was much
smaller than the SCS. Therefore, the SCB was screened using a 100-mesh screen while a 30-
mesh screen was used for SCB. It can be seen that only 49% of the SCS was retained on the
30-mesh screen with an ash content of 6% compared to 20% in the original SCS. This means
that about 85% of the ash was removed by sieving, and thus sieving is important for SCS,
albeit at an overall mass loss of 51%. Conversely, the reduction in ash content for SCB was
insignificant at the small amount of rejected material of 5.4%, calling into question whether
to apply sieving in practice for SCB, also because it was received with a low ash content
(3%). The difference of inorganics contect from two feedstocks is explained due to the
common handling procedure in the field. Sugarcane bagasse (SCB) typically has a reduced
inorganic content due to extensive mechanical and hot water treatments during sugarcane
juice extraction (with efficiencies up to 98%) (Negrdo et al. 2021). On the other hand,
sugarcane straw (SCS) is collected during harvest without further treatment, hence it could
be returned to the field due to its high inorganic content with fertilizing properties (Negréo
et al. 2021).

Table 17. Mass balance and ash composition of SCB and SCS before and after biomass preparation.

Sieve Retained Rejected Ash composition (%)
M'HEd mesh size (o lO_Og (9/10.09 as after rejected
biomass (opening) starting starting received sievin ortion
pening material) material) g P
SCB 100-mesh g 6405  54:05 3+1 3009 185%07
(150 pm)
30-mesh
SCS (595 um) 49+3 51+3 205 6+1 24 £5

8.3 Effects of deacetylation on pulp yield and the removal of main components

The effects of dilute alkaline pretreatment conditions (NaOH loading on biomass (40-
80 mg.g?), temperature (50 and 80°C), solid to liquid ratio (1:4, 1:6, and 1:8)) were studied
to determine the deacetylated pulp yield, referred as DEAC SCB yield and DEAC SCB yield.
The deacetylation reactions produced solids solubilization even at the lowest NaOH loading
on biomass and temperature. Figure 24 shows a linear correlation between NaOH loading on
biomass and solid solubilization. The yield of DEAC SCB was in the range of 84.4 — 97.1%
(SCB basis) and 82 — 94.2% (SCB basis) at 50°C and 80°C, respectively, and the yield of
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DEAC SCS was in the range of 74.5 — 90% (SCS basis) and 66 — 82% (SCS basis) at 50°C
and 80°C, respectively.

(@) (b)
100 100
90 § R 90
80 I 80 .
. )i
g 70 5 70 1 T
= 60 2 o 1
S S:L1:4-50°C Y =-0.1579x +97.229 g
]
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o0 S:L1:6-50°C Y=-0.1525x +98.117 -
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Fig. 24. (a) DEAC SCB and (b) DEAC SCS yield in relationship to the NaOH loading on biomass for different
temperatures (50°C and 80°C) and solid to liquid ratios (1:4, 1:6, and 1:8).

The difference in solid solubilization obtained for SCB and SCS can be attributed to
two factors - previous pretreatment that SCB underwent, while SCS was just removed from
the field as such, and differences in cell wall recalcitrance. The difference in recalcitrance is
evidenced by the fact that the two materials respond differently to the alkaline pretreatment
conditions. Figure 24a shows that the slope of the yield loss is relatively unchanged when
the temperature is increased from 50 °C to 80°C and the increase of NaOH loading on SCB
from 0 to 80 mg.g* results in similar DEAC SCB with up to 18 g/100g yield loss. The two-
factor ANOVA indicated that NaOH loading on SCB (p = 0.012) was statistically significant
whereas temperature was not significant (p = 0.17) at the interval of confidence of 95%. The
effect of solid to liquid ratio on the DEAC pulp yield was investigated with SCB, by keeping
the temperature constant at 50°C (Figure 24a). A two-factor ANOVA indicated that the solid
to liquid ratio (p = 0.00027) and NaOH loading on SCB (p = 3.4.10°) parameters
significantly affects the DEAC SCB as well as their interaction (p = 0.019) at the interval of
confidence of 95% although the yield loss is very small for the range tested. This result
suggests that the kneading technique employed was suitable to guarantee caustic

impregnation and good mass transfer at the small-scale level of 12g 0.d. biomass. However,
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when the scale of the reaction was increased about 4.2 times (up to 50g o.d. biomass), the
yield loss of DEAC SCB was slightly smaller than that at the 12 g level (Table 18).
Consequently, the liquors recovered after at the larger scale alkaline treatment for SCB show
having a higher pH than those obtained at the smaller scale because less caustic was
consumed in the deacetylation reactions as is evidenced by the higher acetyl group content
for the larger scale samples (Table 18). These results suggest a mass transfer challenge for
SCB when increasing the dry matter content of the suspension, which may reduce the
efficacy of the alkaline reaction for SCB (Inalbon et al., 2013).

Figure 24b shows that the slope of the DEAC SCS yield is significantly larger than
that of the DEAC SCB, while the yield loss with water alone (0 mg.g™ NaOH charge) is
much larger at both 50 and 80°C. Statistical analysis indicated that NaOH loading on SCS
(p = 0.016) and temperature (p = 0.012) were statistically significant at the interval of
confidence of 95%, but an interaction between these parameters was not significant (p =
0.78). The yield of DEAC SCS at the larger scale remained similar that obtained at the
smaller scale (Table 19).

The effect of the deacetylation reaction was investigated in terms of the removal of
the main components of lignocellulosic material, with the objective to recover sodium
acetate and achieve low solubilization of lignin. The data are summarized in Tables 18 and
19 for untreated, extractives-free, and SCB and SCS after the selected alkaline pretreatments
at 50°C for 1.5h and solid to liquid ratio of 1:4. The chemical composition of SCB and SCS
(milled and sieved) shows that SCS has a higher content of soluble components, referred to
as extractives. The extractives content for SCS was 17.1 + 0.6 g/100g SCS, which was
superior to the SCB extractives content of 5.0 = 0.3 g/100g SCB for water-ethanol extraction
(Table 18 and 19). The extractives content overestimates the content of non-soluble lignin
and sugars (i.e., glucan) in the whole biomass composition (Carvalho et al. 2015).

The percentile removal of components from SCB and SCS according to the different
pretreatment conditions (NaOH loading on biomass and temperature) with solid to liquid
ratio of 1:4 is shown on Figure 25. As expected for alkaline reactions, the components
removed in major proportions were acetyl groups and lignin. The acetyl groups are removed
as sodium acetate in a saponification reaction and lignin is solubilized by the cleavage of
ester and ether links (Chen et al. 2014). A mild alkaline treatment (NaOH loading on biomass
of 40 mg.g™t) with temperature up to 80°C removed about 70 — 80% of the acetyl groups for
both SCB and SCS.
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Fig. 25. Percentile removal of main components (lignin, glucan, xylan, and acetyl) with deacetylation
treatment according to NaOH loading on biomass (0, 40, 60, and 80 mg.g™) at different temperatures (50°C
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Interestingly, the range of acetyl removal of 70 — 80% is obtained at a DEAC pulp
yield that coincides with the threshold of solids solubilization that increases SCB and SCS
nanopores. According to Lima et al. 2018), a solubilization of 10% and 20% for SCB and
SCS, respectively, would be enough to produce larger nanopores and increase accessibility
to the carbohydrates. A removal of 100% in the acetyl groups is obtained by increasing the
NaOH loading on biomass to 60 mg.g™ regardless of the pretreatment temperature 50°C or
80°C (Figure 26 and 27).

Moreover, figure 25 shows that the DEAC pulp yield is governed by the
solubilization of lignin. Lignin is removed in the range of 19 — 34.8% and 23.5 — 49.3%
based on SCB at 50°C and 80°C, respectively, and 25 — 44% and 26 — 56% based on SCS at
50°C and 80°C, respectively. The removal of lignin increases linearly by increasing the
NaOH loading on biomass at pretreatment temperature of 50°C, and it increases
exponentially when the temperature is set at 80°C for both SCB (Figure 26) and SCS (Figure
27). These ranges of acetyl and lignin removal are similar to those obtained using corn stover
treated by DMR, that is a removal of about 30% of lignin and 80% of acetyl groups (Chen
et al. 2014).

The conditions tested for deacetylation reaction did not cause a great loss of
carbohydrates although xylan was more affected than glucan for both SCB and SCS. Xylan
and lignin are linked by the lignin-carbohydrate complex (LCC) and hence the solubilization
of lignin and hydrolysis of ferulate ester link that causes the co-removal of xylan, which
stands as the xylan easy to extract (Buranov and Mazza, 2008b; Carvalho et al., 2016;
Murciano Martinez et al., 2016; Tarasov et al., 2018). The results show that the removal of
xylan increased linearly by increasing the NaOH loading on biomass for both SCB (Figure
26) and SCS (Figure 27). For SCB, the removal of xylan was similar at 50°C and 80°C even
with NaOH loading on SCB up to 80 mg.g™ (maximum removal up to 11%). However, the
removal of SCS xylan increased with a combined effect of NaOH loading on SCS and
temperature, being more expressive at 80°C (up to 38%) than at 50°C (up to 18%). The
removal of glucan from SCB was small (up to 5%) whereas the removal of SCS glucan was
more expressive at 80°C (up to 29%) then at 50°C (up to 12%) (Figure 26 and Figure 27).
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The removal of lignin is required in order to facilitate subsequent enzymatic
hydrolysis, since lignin presents a physical barrier for the enzymes to reach the cellulose
polymers (Siqueira et al. 2013; Siqueira et al. 2017). However, the opening-up of the
lignocellulosic matrix by the deacetylation as shown by Inalbon et al. (2013) allows one to
choose milder conditions with less lignin solubilization, and thus to achieve good enzymatic
hydrolysis with minimum biomass solubilization. Milder alkaline conditions (40-60 mg.g™*
NaOH loading on biomass and a lower temperature of 50 °C) were chosen to preserve the
carbohydrates and enhance their recovery as nanocelluloses.

8.4  Macroscopic changes of SCB and SCS fibers and fines

The mild deacetylation conditions employed produced pretreated materials with a
considerably higher lignin content, which may impose a recalcitrance to enzymatic
treatments and sugars production. In the DMR process, deacetylation is followed by refining,
which improves carbohydrate accessibility and reduces the particle size, hence reducing the
enzyme loading necessary to produce sugars (Chen et al., 2015). Hence, the expectation was
that PFI refining would improve the cell wall breakdown. Thus, fibers and fines were
monitored with a MorFi fiber analyzer to evaluate the macroscopic changes of deacetylated
SCB and SCS after refining. Table 20 summarizes the monitored parameters obtained in
terms of fiber and fines and Figure 28 highlights the trends of morphology change for
untreated, deacetylated, and deacetylated plus refined SCB and SCS.

The main effect observed with deacetylation and PFI refining was the increase in
fines area, which represents an increase in the surface area, and reduction of fiber width for
SCB, which represents a reduction of the particle size (Figure 28). Both surface area and
particle size are important to improve carbohydrate accessibility and enhance enzymatic
hydrolysis (Leu and Zhu, 2013). After PFI refining, the fiber concentration reached its
maximum for SCB and SCS treated at NaOH loading on biomass of 40 mg.g™ (DEAC SCB4
and DEAC SCS4) and an even higher fiber concentration was obtained for SCB treated at
NaOH loading on biomass of 60 mg.g™* (DEAC SCB6). This result corroborates with the
literature that a higher removal of lignin favors the liberation of fibers by removing the
physical barrier of lignin. With the refining step, a dramatic increase in the fines area was
obtained for all the pretreated materials, being 1,245 pum?, 1,440 um?, and 1,362 um?
respectively for refined DEAC SCB4, DEAC SCB6, and DEAC SCS4 (Table 20 and Figure
28).
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Figure 28 also shows that the fiber length-weighted in length was 415 um, 443 um,
and 402 um, respectively for refined DEAC SCB4, DEAC SCB6, and DEAC SCS4, which
Is in accordance with De Assis et al. (2018) who subjected hydrothermally-treated sugarcane
bagasse to PFI refining at 2,000 — 4,000 rev and 6,000 — 8,000 rev and obtained fiber length-
weighted in length of 475 and 300 um, respectively, using same measurement technique.

The parameters fines area, average fines length, fiber concentration, and number of
fibers did not present a linear behavior along the serial pretreatments employed until
obtaining nanocelluloses. This could be explained due to the reading limitation from the
equipment (size range) and the preparation of samples being based on their concentration
(50 mg.L™?). According to the manufactures’ manual, Morfi’s limit of detection for fibers’
length and width is 200-2000 um and 5-75 pum, respectively, and the limit of detection for
fines’ length and width is 1-200 um and < 5 pum, respectively. Hence, the subsequent
treatments altered the particle distribution. That is, more fibers and fines entered the Morfi’s
limit of detection causing a change in the particle distribution. The PFI refining
significatively modified the particle size distribution by producing shorter fibers and fines
and the ultra-refining modified the particle size distribution by producing particles smaller
than fines.

The fibers and fines analysis were evaluated prior to and along the isolation of LCNF
by ultra-refining (Table 20). The materials referred to LCNF cycle#0 refers to the remainder
solids recovered after enzymatic treatment that have also been fractionated by low
centrifugation to recover LCNC. This explains why the fine area values reduced when it
would be expected to increase. It is noteworthy to mention that the enzymatic treatment does
promotes morphology changes due to the carbohydrates depolymerization into smaller fibers
are fines, which is one of the effects that facilities the fibrillation and saves energy during
mechanical treatments (X. Liu et al. 2019). This effect can be referred to as biorefining.

By proceeding with 10 cycles of ultra-refining, the number of fibers and fiber
concentration reduced even further, while the percentage of fines content increased up to
100% at cycle #10 for all the pretreated materials. The LCNFs at cycle #10 had the smallest
fiber length-weighted in length recorded, which was 344, 348 um, and 356 pum, respectively
for SCB4 LCNF, SCB6 LCNF, and SCS4 LCNF. Interestingly, the fiber length-weighted in
length became the smallest when fines content was approximately 90% for all materials.
Fines content have been defined as the fraction of fibril bundles smaller than 200 um
measured by MorFi, which stands as a good online operational correlation to the production

of a mixture of cellulose micro- and nano-fibrils (CMNF).
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8.5  Enzymatic digestibility of unrefined and refined DEAC SCB and DEAC SCS

The digestibility of unrefined and refined DEAC SCB and DEAC SCS was compared
using enzymatic microassays conducted at 2% solids consistency. High-solids enzymatic
hydrolysis was conducted at 15% solids consistency to evaluate the sugars concentration at
high-dry matter using only the refined deacetylated materials. Figure 29a shows the
carbohydrate conversion in terms of glucan, xylan, and arabinan and Figure 29b shows the
sugars titer obtained by enzymatically treating unrefined and refined DEAC SCB4, DEAC
SCB6, and DEAC SCS4. The results suggest that the enzymatic digestibility was facilitated
by an increased removal of lignin, which corroborates with the literature (Siqueira et al.
2013; Siqueira et al. 2017). When the alkaline charge was increased, causing lignin removal
to increase from 19% to 27%, the total carbohydrate conversion improved from 28 g/100g
DEAC SCB4 to 43 g/100g DEAC SCB6. This improvement means an increase of 54% in
carbohydrate conversion, and total sugar titer increased from 4.78 g.L* to 7.4 g.L? for
unrefined pretreated materials DEAC SCB4 and DEAC SCBG6, respectively. The
improvement in the digestibility for unrefined DEAC SCB6 (27% of lignin removed) was
especially led by an increased xylan depolymerization, which changed the pattern of
carbohydrate conversion comparatively to unrefined DEAC SCB4 (Figure 29a). Glucose
conversion improved by 44% (from 30.5 to 44 g/100g DEAC SCB6) and xylan conversion
improved by 75% (from 25.2 to 44 g/100g DEAC SCB6). Contrarily to expected, further
improvement in the digestibility was not observed for refined deacetylated sugarcane
bagasse (DEAC SCB4 and SCB6) although the particle size analysis suggests an increase in
the fiber concentration and fines area for refined comparatively to unrefined DEAC SCB4
and 6 (Table 20). The digestibility of refined DEAC SCB remained similar to that of the
unrefined DEAC SCB for both alkaline charges tested. Total carbohydrate conversion had
only a small increase of 6% and 5% for refined pretreated materials DEAC SCB4 and DEAC
SCB6, respectively. On the other hand, the DEAC SCS4, which had a similar amount of
lignin removed (25%) compared to DEAC SCB6, showed a higher enzymatic digestibility
when refined. The total carbohydrate conversion improved from 28.9 and 34.9 g/100g DEAC
SCS, which means an increase of 21% in carbohydrate conversion. When DEAC SCS4 was
refined, the glucan and xylan conversions were 41.4 g/100g and 26.4 g/100 DEAC SCS,
respectively, and the total sugar titer increased from 4.64 g.L* to 5.5 g.L™%. These results

suggest that the pretreated solids of sugarcane bagasse (DEAC SCB4 and SCB6) remained
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more recalcitrant than DEAC SCS4 even when a similar level of lignin removal was
obtained.

The relationship between lignin removal and cellulose digestibility (Siqueira et al.
2013; Siqueira et al. 2017) as well as cellulose digestibility and methods and severity of
refining (Chen et al., 2013; X. Chen et al., 2015; De Assis et al., 2018) have been previously
reported in the literature. They show that the digestibility of deacetylated materials could be
improved by removing a greater amount of lignin (40 to 60%) or by employing a more
intensive refining step. However, a technoeconomic assessment would be required to define
whether these operational changes would be economically beneficial, considering the
biorefinery goal of co-producing cellulose nanomaterials. Higher enzyme loadings and
different proportions of CTec3:HTec3 were tested, however it did not result into
significatively higher enzymatic conversion or or improvement in the production of glucose
in terms of g of glucose per g of enzyme (Data not shown).

Figure 30a shows that high-solids enzymatic hydrolysis produced total sugars
concentration of 40 + 3 g.L 1, 43 + 5 g.L %, and 31.3 + 0.5 g.L for DEAC SCB4, DEAC
SCB6, and DEAC SCS4, respectively. From that, glucose concentration was 24 + 1 g.L ™2, 27
+49.L % and 21.6 + 0.4 g.L! and xylose concentration was 13 + 2 g.L?, 14.2 + 0.7 g.L %,
and 7.58 + 0.06 g.L* DEAC SCB4, DEAC SCB6, and DEAC SCS4, respectively.
Additionally, the acetic acid was obtained in the concentrations of 4.0 + 0.3 g.L %, 3.31 +
0.09 g.L?! and 2.8 + 0.2 g.L? for DEAC SCB4, DEAC SCB6, and DEAC SCS4,
respectively, which is below the threshold for fermentation inhibition for baker yeasts. The
acetic acid concentration is resultant from ther lower removal of acetyl groups (50 — 83 %
and 50% removal for SCB and SCS, respectively) when upscaling the deacetylation
reactions.

Figure 30b shows that the glucose concentration did not increase as expected for
DEAC SCB6 and DEAC SCS4 using 15% solids consistency whereas, for DEAC SCB4,
glucose concentration increased proportionally with the solids content, following the
proportion obtained with the microassays at 2% solids consistency. This difference can be
attributed to the method of incubation and the recalcitrance of the materials rather than
relative to the performance of the enzymatic cocktail.

The deacetylated materials remained highly recalcitrant even after refining. Thus, the
sugar concentrations obtained were lower than the typical sugar concentration required to

make cellulosic ethanol industrially feasible (100 g/L). However, the sugar stream recovered
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after enzymatic hydrolysis liquor is still valuable stream and it could be directed to other
applications, such as sugars supply for in-house production of enzymes, mixed with sucrose
in case of a co-located biorefinery, or used as food syrup. Other upgrading options for sugar
streams have been thoroughly reviewed by Rosales-Calderon and Arantes (2019).
Alternative conditions to recover sugars at higher concentrations would require
NaOH loading to be set at 60 or 80 mg.g™* on SCB at 80°C and NaOH loading of 40 mg.g™*
on SCS at 80°C. That is because the deacetylated SCB was shown to be more recalcitrant
than deacetylated SCS. Another option that could be considered is to employ a higher

refining intensity during the PFI refining steps.

8.6 Isolation of LCNC and LCNF

In order to investigate the feasibility of isolating LCNC and LCNF from the
pretreated solids, the cellulose solid residue (CSR) recovered after enzymatic treatment was
submitted to centrifugation to isolate LCNC and the remainder solids was ultra-refined to
isolate LCNF. The energy consumption for mechanical fibrillation was evaluated as well as

the morphology and the chemical composition of the recovered nanocelluloses.

8.6.1 Energy consumption to isolate LCNF by ultra-refining

The intensive-energy consumption for CNF isolation via mechanical fibrillation is a
hurdle for industrialization and commercialization of this bionanomaterial. However,
enzyme pretreatments are an alternative to lower the energy requirement due to their
mechanism of carbohydrate depolymerization, also referred as biorefining (Henriquez-
Gallegos et al., 2021; Nagl et al., 2021). Thus, the cumulative energy consumption of ultra-
refining was monitored as an important parameter for the viability of isolating LCNF. The
isolation of CNF from northern bleached softwood kraft (NBSK) pulp and LCNF from
unbleached softwood kraft (UBK) pulp were used as a reference for fibrillation in terms of
energy required to achieve a typical fines content (90% fines).

Figure 31 shows the relationship between the cumulative energy consumption during
ultra-refining and the gain of fines content for each suspension up to cycle #10. The reference
materials had very low fines content prior to ultra-refining, being 26% and 27.9% for NBSK
pulp and UBK pulp, respectively. The literature shows similar relationship between fines

content and energy input with the evolution of fibrillation for the reference materials
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(Copenhaver et al., 2021; Diop et al., 2017; He et al., 2018). Conversely, the enzymatic solid
residue (or cellulosic solid residue - CSR) suspensions had a significantly higher fines
content prior to ultra-refining, being 87.4%, 83.6%, 87.9% for DEAC SCB4 PFI-EH, DEAC
SCB6 PFI-EH, and DEAC SCS4 PFI-EH, respectively. Although the gain of fines content
with energy input is higher for UBK and NBSK pulps, the CSR suspensions prepared from
pretreated SCB and SCS clearly required less energy to reach a fines content of 90%. Using
the quadratic curves, it was estimated that an energy consumption of 11.2 kW, 8.4 kw, 1.2
kW, 6.1 kW, 0.9 kW respectively for NBSK pulp, UBK pulp, DEAC SCB4 PFI-EH, DEAC
SCB6 PFI-EH, and DEAC SCS4 PFI-EH would be necessary to reach 90% fines when ultra-
refining each suspension. This result represents a reduction in energy consumption of 89%,
45%, and 92% when ultra-refining DEAC SCB4 PFI-EH, DEAC SCB6 PFI-EH, and DEAC
SCS4 PFI-EH compared to the energy required to isolate CNF (at 90% fines) from NBSK
pulp and 86%, 27%, and 90% compared to the energy required to isolate LCNF (at 90%
fines) from UBK pulp. These results suggest that the enzymatic solid residue has potential
as a source to obtain nanocelluloses and provide excellent savings of energy consumption

using the ultra-refining method, since savings greater than 50-60% are generally not found.

v =-0.4234x2 +10.657x + 23.796 NBSK

100 : : R? = 0.9983
90 - - UBK
<7 y=-0.3494x7 + 10.584x + 25.7
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NBSK: Northern bleached softwood kraft pulp; UBK: unbleached softwood kraft pulp, DEAC SCB4 PFI-EH:
enzymatic hydrolysis residue from refined DEAC SCB4: enzymatic hydrolysis residue from refined DEAC
SCB4; DEAC SCB6 PFI-EH: enzymatic hydrolysis residue from refined DEAC SCB6; DEAC SCS4 PFI-EH:
enzymatic hydrolysis residue from refined DEAC SCS4.

Fig. 31. Cumulative energy consumption for ultra-refining different suspensions (1.5%(w/v) solids, 1.5L
sample) and their percentual of fines at cycle# 0, 5, 8, and 10.
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The literature often refers to the impact of different biomass sources and prior
pretreatments on the mechanical fibrillation, with emphasis on the energy consumption and
its impact on the final morphology of the nanocelluloses (He et al., 2018; Spence et al.,
2011). Monitoring the energy consumption was important not only to investigate the energy
required to achieve a reference particle size (set as 90% fines) but to observe how two
parameters - initial fines content and the chemical composition of the material - interferes in
the evolution of the fibrillation of each suspension and its energy consumption during ultra-
griding. Figure 31 also highlights that a pulp with higher lignin content requires a smaller
energy input to liberate its fibrils. This can be verified by comparing the refining behavior
of the NBSK and UBK pulps in Figure 31 which shows that UBK always requires a lower
energy input to achieve same fine content as NBSK. A similar behavior is seen for DEAC
SCB4 PFI-EH with higher lignin content (DEAC SCB4 PFI-EH) compared to DEAC SCB6
PFI-EH with a lower lignin content. This behavior corroborates with the literature, that
describes that lignin facilitates the fibrillation of cellulose due to the formation of
mechanoradicals (Hon, 1979; Solala et al., 2012).

8.6.2 Chemical composition of LCNC and LCNF

The cellulose solid residue (CSR) obtained from pretreated SCB and SCS still
contained significant amounts of lignin and xylan after the enzymatic treatment. The
chemical composition of LCNC and LCNF was determined to investigate the
nanocellluloses’ composition. Table 21 and Table 22 shows the main lignocellulose
components of LCNC and LCNF, respectively, in terms of the contents of lignin, cellulose,
and hemicelluloses (xylan, arabinan, and acetyl groups). The nanocelluloses’ chemical
composition was used to calculate the composition ratio of lignin to glucan (L/G) and xylan
to glucan (X/G) shown in Table 23.

The chemical composition of SCB4 LCNC, SCB6 LCNC, and SCS4 LCNC
indicated that lignin was the major component with a content in the range of 39.2 —
43.5¢9/100g of LCNC (Table 21) and a composition ratio of lignin to glucan (L/G) ranging
between 1.59 — 2.42 (Table 23). Hence, they can be referred to as high lignin-containing
cellulose nanocrystals (LCNC). On the other hand, the chemical composition of SCB4
LCNF, SCB6 LCNF, and SCS4 LCNF showed a lower content of lignin in the range of 26.1
— 31.19/100g of LCNF (Table 21). Hence, they can be referred to as lignin-containing
cellulose nanofibrils (LCNF).
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In the LCNF samples glucan was the major component with a content in the range of
39.3-41.9 ¢g/100g of LCNF, thus leading to a much lower L/G ratio in the range 0.65 — 0.74.
The xylan to glucan (X/L) ratio in the LCNF samples is 0.52 — 0.61 (Table 23).

It was interesting to note that the centrifugation step led to fractionation of the CSR
of each pretreated material in terms of chemical composition. Thus, the LCNCs isolated from
serial pretreatments including deacetylation with NaOH loading on biomass of 40 mg.g™
(SCB4 LCNC and SCS4 LCNC) had higher lignin content when isolated by centrifugation
whereas SCB6 LCNC had a comparatively lower lignin content. For this material, a major
fraction of lignin remained in the CSR after the centrifugation and later constituted SCB6
LCNF, which ended up being the highest lignin containing LCNF.

Imani et al. (2019) fractionated TEMPO-LCNF by centrifugation to study the
influence of particle size and lignin content on film properties. They suggested that low
molecular weight lignin bonds to fibrils more strongly and high molecular weight lignin
tends to collapse more and hence interact less with fibrils. This may be an explanation of
how the lignocellulose fractions were distributed during centrifugation and recovery of
cellulosic residues. Moreover, Xuran Liu et al. (2019) studied the co-production of lignin
and LCNF, using alkaline treatment. They combined alkaline pretreatment (NaOH loading
of 1 - 7%(w/w) on biomass) with ball milling and isolated LCNF by homogenization. They
observed that only a trace amount of cellulose was isolated with lignin and up to 39% of
xylan was isolated together with lignin. Tricin was the only substance observed to precipitate
in the aqueous medium. They recovered lignin by centrifugation 13,000xg and observed that
the chemistry of the lignin obtained was native-like with minimal condensation even for

higher alkali loadings.

8.6.3 Particle size of LCNC and LCNF

Centrifugation is a selective fractionation option to isolate nanocelluloses according
to particle size by adjusting the rotation speed (Bonaccorso et al., 2013; Imani et al., 2019;
Toivonen et al., 2018). The results presented in Chapter 6 showed that a rotation of 750xg
can successfully isolate enzymatic-CNC with diameter under 100 nm and high uniformity.
Thus, a similar procedure was used to recover LCNC from CSR. Scanning Electron
Microscopy (SEM) images were evaluated to investigate the distribution of diameters from
LCNC recovered by low-speed centrifugation (Figure 32) and the final diameter of LCNF
isolated after 10 cycles of ultra-refining (Figure 33).
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Fig. 32. SEM images and distribution of diameters obtained from (a) DEAC SCB4 LCNC, (b) DEAC SCB6

LCNC, and (c) DEAC SCS4 LCNC. Scale bar shows 200 nm.
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Figure 32 shows the SEM images and diameter distribution obtained from DEAC
SCB4 LCNC, DEAC SCB6 LCNC, and DEAC SCS4 LCNC. The measurements of the
particle or fibril’s width correlate with the nanocellulose’s diameter (Mattos et al., 2019).
The analysis of the distribution of diameters shows that a mean diameter under 100nm was
obtained for all three LCNC samples with values of 74 nm, 43nm, and 50 nm respectively
for DEAC SCB4 LCNC, DEAC SCB6 LCNC, and DEAC SCS4 LCNC. However, a few
particles in the range of 100 — 131 nm were also collected for DEAC SCB4 LCNC and
DEAC SCB6 LCNC. This may indicate that the optimized condition of centrifugation was
not sufficiently selective to isolate LCNC under 100 nm due to the myriad of particles from
different lignocellulose fractions (lignin, hemicellulose, and cellulose). Indeed, Imani et al.
(2019) employed a higher rotation speed to isolate different grades of uniform nanoparticles
from LCNF suspensions, considering that a higher centrifuge force is necessary to fractionate
a smaller distribution of sizes. Additionally, the morphology observed for most of the
particles was spherical. Ribbon-like morphologies were not observed. Since lignin particles
are also found to be spherical, it was not possible to correlate morphology with composition
(Jiang et al., 2020; Xuran Liu et al., 2019; Marotti and Arantes, 2022; Nair et al., 2018; Wei
et al., 2018), thereby constituting a limitation of the technique.

Figure 33 shows the distribution of diameters obtained for the three LCNF samples
ultra-refined for ten cycles, when all samples had fines content over 90%. All three samples
had a range of diameters smaller than 100 nm, which indicates a successful isolation of
LCNFs. The mean diameter obtained for DEAC SCB4 LCNF, DEAC SCB6 LCNF, and
DEAC SCS4 LCNF was 38 nm, 41nm, and 29 nm, respectively, which can be considered
highly uniform even when different materials (SCB and SCS) were processed. This may be
an interesting advantage of using the proposed sequential pretreatment to isolate LCNF with
similar diameter from different feedstock sources.

Regarding the LCNF and lignin morphologies, because the LCNF contains a
considerable portion of lignin, it was possible to identify the spherical from fibril-like
particles. Appendix C shows a SEM image obtained from DEAC SCS4 LCNF and diameter
distribution obtained from measurements taken from the spherical particles. The globular
particles are likely to be lignin, although it had a diameter larger than expected within the
range of 212 — 396 nm (APPENDIX C).
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8.7 Mass balance

In order to evaluate the technical feasibility of isolating the bionanomaterials (LCNC
and LCNF) together with sugars and sodium acetate, a mass balance of the final products
from deacetylated, refined, and enzymatically hydrolyzed materials was made. The
distribution between the co-products based on the deacetylated material is shown in Figure
34, and the overall mass balance is shown in Figure 35.

Figure 34 shows that the multistep process generates a similar portfolio of products
for the three pretreated materials. It was observed that the condition DEAC SCB6 produced
slightly higher amount of LCNC and sugars than DEAC SCB4 and DEAC SCS4. Whether
or not the increase in alkali loading on biomass for DEAC SCB6 compared DEAC SCB4 is
justified needs to be evaluated based on a technoeconomic analysis and evaluation of the
LCNC properties. Because almost 100% of mass was recovered for the three conditions

tested, the process fulfills the requirement of full valorization of the biomass into products.

Sodium acetate (g/100g) M Sugars anhydro (g/100g) ™ LCNC (g/100g) ™ LCNF (g/100g)

100
0
80
70
60
50
40
30
20
10

Recovered products
(g/100g of pretreated material)

—5.9

1.9 / 1.58 1.52

DEAC SCB4 DEAC SCB6 DEAC SCS4

Fig. 34. Mass balance according to the yield obtained for sodium acetate, LCNC, LCNF, and total sugars
based on deacetylated material.

Figure 35 shows the mass balance analysis based in the starting materials (SCB and
SCS) and highlights a great mass loss of SCS due to the necessity of reducing the high
inorganics content. This amount of material rejected also needs to be evaluated together with
a technoeconomic analysis and investigation of the properties of DEAC SCS4 LCNC and
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DEAC SCS4 LCNF. It is anticipated that a biorefinery using this process for SCS would

need to be two times bigger than the one processing SCB.

Sodium acetate (g/100g) m Sugars anhydro (g/100g) m LCNC (g/100g)
m LCNF (g/100g) Reject (g/100g)

100
90
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0

5.4

51

Recovered products
(g/100g starting material)

SCB SCB SCS

Fig. 35. Mass balance according to the yield obtained for sodium acetate, LCNC, LCNF, and total sugars based
on starting material.

8.8 Conclusion

A multistep process was investigated to fractionate SCB and SCS and promote their
integral valorization, with emphasis in isolating lignin containing nanocelluloses (LCNC and
LCNF).

The method consisted of applying mild deacetylation, PFI refining, high-solids
enzymatic hydrolysis followed by low-speed centrifugation of the CSR to recover LCNC,
and ultra-refining the remaining CSR for the isolation of LCNF. The full valorization of the
lignified biomasses was achieved because the pretreatment conditions were chosen to
minimize the loss of biomass main fractions, hence streams could be upgraded into products.
Thus, about 50 — 80% of acetyl groups were removed from SCB and SCS and recovered in
the deacetylation liquor as sodium acetate. During the deacetylation step, there was limited
lignin solubilization (up to 27% and 25% from SCB and SCS, respectively) and reduced
sugar loss (xylan removal up to 4.6% and 11% from SCB and SCS, respectively, minimal
glucan removal from SCB and up to 8% from SCS). The choice of deacetylation conditions
was unconventional due to not targeting greater lignin solubilization that would favor sugar
production (lignin removal of about 40 — 60%). However, the deacetylation conditions could



157

be adjusted according to the biomass type to further improve the selectivity of the
fractionation to produce nanocelluloses or higher amount of sugar, if desired. This
versatilitiy of process conditions is important for a biorefinery, especially in the sugarcane
industry sector to handle market changes. Additionally, this multi-step process has a
competitive advantage of requiring low energy input to isolate LCNF compared to isolating
LCNF and CNF from unbleached and bleached pulp, respectively. The remaining CSR after
enzymatic hydrolysis had high fines (about 83.6 - 87.9%) that require ultra-refining steps
only to uniformize the LCNF (mean diameter obtained in the range of 29 — 41 nm).

The multistep process stands as an approach for efficient utilisation of lignocellulosic
materials and conversion into bioproducts rather than biofuels. The overall mass balance
indicated that sodium acetate yielded 2 — 3 g/100g SCB and 1 g/100g SCB as a recoverable
product. The sugars yielded 21 — 22 g/100g SCB and 8 g/100g SCS. The sugars stream
recovered after high-solids enzymatic hydrolysis had total carbohydrates concentration of 40
— 43 g.L? and 31.3 g.L! obtained from SCB and SCS, respectively, and acetic acid
concentration up to 4.0 g.L ™t and 2.8 g.L* for SCB and SCS, respectively, which facilitates
fermentation of the sugar stream if desired. The LCNF yielded 57 — 53 g/100g SCB and 29
0/100g SCS and LCNC yielded 4 — 6 g/100g SCB and 2 g/100g SCS.

It is worth mentioning that there is not a standard for lignin containing nanocelluloses
up to date and the lignin content required to classify a lignin containing nanocelluloses as
high lignin containing has not been stabilished in the literature. Thus, we suggested the use
of the L/G ratio as a reference. The recovered LCNCs and LCNFs had high lignin content of
up to 43% and 31%, respectively. The LCNCs had the L/G ratio up to 2.4, which indicates a
had higher lignin content than glucan content in its chemical composition (up to 2.4 times
more). Thus, the recovered LCNCs were classified as high lignin-containing cellulose
nanocrystals. The LCNFs had the L/G ratio up to 0.7 and were classified as lignin-containing

cellulose nanofibrils.
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CHAPTER 9 CHARACTERIZATION OF LCNC AND LCNF PRODUCED
FROM SUGARCANE BAGASSE AND SUGARCANE STRAW

9.1 Introduction

The surface chemistry of nanocelluloses directly influences various properties and
determines the compatibility with other polymers when producing nanocomposites. In
Chapter 8, it was observed that sequential pretreatment steps can be tailored to selectively
remove the desired fractions from the biomass feedstock. As a result, it was possible to obtain
LCNC and LCNF using the enzymatic hydrolysis residue instead of converting cellulose to
sugars at a greater yield. Moreover, a considerable amount of of lignin and residual fractions
of xylan was retained in the nanocelluloses. According to Xuran Liu et al. (2019) who
investigated similar mild alkaline pretreatment, the resultant lignin is native-like, and it may
be connected to fractions of xylan. Lignin-containing nanocellulose combines the strength
and biocompatibility of cellulose with the rigidity and hydrophobic nature of lignin, which
may result in a versatile material with improved hydrophobicity and higher thermostability.
Additionally, the considerable amount of xylan may confer an improved stability in agqueous
solution. We hypothesize that native relationships between xylan and cellulose, and xylan
and lignin may enhance the potential of LCNC and LCNF to have different properties due
to the presence of various groups that may impart an amphiphilic type of surface interaction.

9.2  Zeta potential

Colloidal stability is determined by the presence of surface charges in a liquid
medium. A stable suspension has enough surface charges leading to repulsive forces between
the particles so that they do not coalesce. A larger overall intensity of the charged layer
around a nanocellulose particle will prevent it to precipitate. The reference value is 25 mV
(Prathapan et al., 2016).

Figure 36a shows that all three LCNC suspensions may be considered stable. The
zeta potential value for DEAC SCB4 LCNC, DEAC SCB6 LCNC, and DEAC SCS4 LCNC
was -34+5 mV, -39+7 mV, and -30£2 mV, respectively. This result can be considered an
improvement comparatively to other enzymatic-CNCs, which generally tend to aggregate
due to the preservation of the hydroxyl groups after the enzymes’ action (Arantes et al.

2020). Figure 36b shows that the zeta potential changed only slightly with increasing ultra-
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refining cycles. The zeta potential value for DEAC SCB4 LCNF, DEAC SCB6 LCNF, and
DEAC SCS4 LCNF was -28.1+0.3 mV, -38+2 mV, and -24+2 mV, respectively. This result
may suggest that the extent of fibrillation is not contributing to a significant increase in the
overall intensity of the charges.
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Fig. 36. Zeta potential estimated for nanocelluloses suspensions in deionized water at 0.03% solids constituted
of (a) SCB4 LCNC, SCB6 LCNC, and SCS4 LCNC (b) SCB4 LCNF, SCB6 LCNF, and SCS4 LCNF during
ultra-refining cycles #5, 10, and 20.

Interestingly, the zeta potential results seem to be connected to the pretreament
condition. Both LCNC and LCNF obtained from the deacetylation condition of 60 mg.g™
NaOH loading on biomass (DEAC SCB6) had the higher zeta potential, whereas LCNC and
LCNC obtained by the deacetylation conditions of 40 mg.g? NaOH loading on biomass
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(DEAC SCB4 and SCS4) had lower values. The suggested explanation for this behavior
seems to go beyond solely the nanocelluloses’ chemical composition (Table 23) and may be
associated with the interactions between the remaining fractions of xylan and lignin and the
nanocelluloses as well as its interaction in aqueous medium. That is because the xylan to
glucan (X/G) ratio ranged between 0.61 — 0.69 and 0.52 — 0.61 for LCNCs and LCNFs,
respectively, and the lignin to glucan (L/G) ration ranged between 1.59 — 2.42 and 0.65 —
0.74 for LCNCs and LCNFs, respectively. A possible explanation would be that the
displacement of lignin fractions from the surface seem to be affecting the zeta potential

results.
9.3  Water contact angle

The water contact angle indicates the surface wettability of CNF films. The film
wettability can provide important information regarding its hydrophobicity, which can be
evaluated by the initial contact angle (Figure 37) and the water adsorption over time (Figure
38).

Figure 37 shows that the initial contact angle varied between the samples of LCNCs,
with higher value observed for DEAC SCS4 LCNC (CA of 81+13°) (Figure 37). On the
other hand, the initial contact angle was somehow similar between the different samples of
LCNF, being around 101+5°, 102+7°, 94+6° for DEAC SCB4 LCNF, DEAC SCB6 LCNF,
and DEAC SCS4 LCNF, respectively.
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SCB4 SCB6 SCs4 SCB4 SCBé6 SCs4
LCNC LCNC LCNC LCNF LCNF LCNF

Initial Contact Angle (°)

Fig. 37. Initial contact angle estimated for a drop of deionized water placed on the surface of SCB4 LCNC,
SCB6 LCNC, SCS4 LCNC, SCB4 LCNF, SCB6 LCNF, and SCS4 LCNF.
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Figure 38a shows that the LCNCs had a good barrier against water and had water
drop adsorption after 300s, 512s, and 810s for DEAC SCB4 LCNC, DEAC SCB6 LCNC,
and DEAC SCS4 LCNC, respectively. Conversely, the wettability of the three LCNF
samples differed greatly (Figure 38b). The water drop was adsorbed within 14s, 210s, and
660s for DEAC SCB4 LCNF, DEAC SCB6 LCNF, and DEAC SCS4 LCNF, respectively.
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Fig. 38. Dynamic contact angle evaluated by water adsorption kinetics and measured until the water drop
disappearance for (a) SCB4 LCNC, SCB6 LCNC, and SCS4 LCNC (b) SCB4 LCNF, SCB6 LCNF, and SCS4
LCNF.
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These results seem to point to a correlation between the nanocelluloses’ content of
lignin and the wettability. That is, the DEAC SCS4 LCNF had the highest lignin content
between the three samples analyzed and it exhibited the highest initial contact angles.
Similarly, the DEAC SCS4 LCNC, which had the highest lignin content, also had the longest
time for water adsorption. Moreover, the LCNCs analyzed here had higher hydrophobicity
and lower wettability than a LCNC with similar lignin composition reported in literature
(48.6% Klason lignin, CA average 10s of 68.7°) (Wei et al., 2018).

9.4  Thermogravimetric Analysis (TGA)

The thermostability of the nanocellulose films was evaluated by thermogravimetric
analysis (TGA) under a nitrogen atmosphere up to 700°C. A higher stability is generally
attributed to the presence of a higher lignin content due to the various aromatic groups and
chemical bonds that usually decompose at a higher temperature range than carbohydrates
(xylan and cellulose). The thermal degradation stages and mass loss data are shown on Table
24. It was observed that the LCNFs had higher initial temperature of degradation (Tonset)
and higher temperature of maximum degradation (Tmax) than LCNCs samples. Since the
LCNCs had a higher lignin content and higher lignin to glucan (L/G) ratio, a parameter other
than chemical composition seems to be playing a role. On the other hand, when comparing
LCNF samples obtained from different sources, it was observed that the Tmax for SCB4
LCNF, SCB6 LCNF, and SCS4 LCNF were slightly superior to UBK LCNF, indicating that
these materials are stable at higher temperatures although they initiate the degradation

earlier.

Table 24. Thermal degradation stages and mass loss for LCNC and LCNF from different sources.

Nanocellulose Tonset Tmax T (°C_) at T (OQ) at Residue
(°C) (°C) 10% weight loss  50% weight loss (%)

SCB4 LCNC 2171 292 +2 206 £ 17 306 £5 25+1
SCB6 LCNC 220 +£10 288 +5 197 £ 27 3037 4+0.1
SCS4 LCNC 2411 293+3 229+19 322+6 17 +10
SCB4 LCNF 280.2+0.7 336.84+0.03 246 £ 2 325.33+0.01 147+05
SCB6 LCNF 284 4 334+3 240 £ 23 327+5 17+4
SCS4 LCNF 284+ 1 335.4+04 2559+0.3 326.8+0.2 1331
UBK LCNF 297 £2 3301 264 £ 13 332+2 15+7
NBSK CNF 289 +2 318+2 263+9 323.2+0.7 14+8

Tonset: initial temperature of degradation; Tmax: temperature of maximum degradation; Residue: residual
weight at 700°C.
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95 Conclusion

The properties of lignin-containing nanocelluloses, LCNC and LCNF, were studied
based on the surface chemistry of the particles in suspension or as films.

The zeta potential results indicate that the LCNC and LCNF suspensions were stable,
which may prevent common aggregation problems of enzyme-CNC and -CNF.

The contact angle results showed promising hydrophobicity. LCNCs stood out for
their low wettability, varying 300s to 810s, although the initial contact agle varied from 46°
to 81°. On the other hand, LCNFs films had high initial contact angle, varying 96° to 102°,
but the wettability varied according to the sample source (14s to 660s). Overall, the LCNC
and LCNF obtained from SCB DEAC4 had the highest wettability, and LCNC and LCNF
obtained from SCB DEAC6 had the lowest initial contact angle. Lignin containing
nanocelluloses obtained from SCS DEAC4 seems to be the most promising sample, with the
highest initial contact angle (81° and 101° for LCNC and LCNF, respectively) and lower
wettability (660s and 810s for LCNC and LCNF, respectively), showing a promising
potential to be used in applications that require hydrophobicity such as compatibilization
with commercial polymers to formulate nanocomposites.

The LCNCs and LCNFs also exhibited good thermostability. However, the increase
in thermalstability was not proportional to the lignin content as expected. In terms of
temperature of maximum degradation (Tmax ), LCNCs had Tmax of 288 — 293 °C and LCNFs
had of Tmax 334 — 337 °C.

Although the LCNC and LCNF isolated in the multistep process from SCB and SCS
presented remarkable characteristics, the correlation between chemical composition and
properties was not obvious. Further studies are necessary to investigate how the remaining
biomass main fractions as well as the types of bonds may affect the hydrophobicity and

thermostability properties and even enhance it.
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CHAPTER 10 FINAL REMARKS

We investigated the co-production of cellulosic sugars and cellulose nanomaterials
produced from three different feedstocks (one non-lignified and wood-derived, and two
being lignified and non-wood-derived). A combined enzymatic-mechanical approach served
as a platform to integrate the nanocelluloses isolation (CNC and CNF, or LCNC and LCNF)
and production of cellulose sugars. This approach was thoroughly investigated using
efficient saccharification enzyme cocktails (Cellic CTec2 and Cellic CTec3/HTec3) that
defined the carbohydrates conversion and yield of each co-product. Ultimately, the mass
balance of each condition investigated was used to demonstrate the valorization of the
starting raw material. Ultimately, we have developed an approach for biorefineries based on
cellulosic ethanol to shift to bionanoproducts.

Chapter 5 established a perspective that the pulp and paper industry could be the
primary supplier of nanocelluloses in the future, given its cellulose-rich pulp production,
availability of subproducts, and refining expertise with CNF trials and use of enzymes.
Conversely, sugarcane biorefineries were identified as having enormous potential for
nanocellulose production from agricultural subproducts. The enzyme cost equation analysis
was introduced as a valuable tool, suggesting a breakeven point for viable nanocellulose
integration. This chapter stabilished the mass ratio of 50:50 as an important parameter for
the integration of nanocelluloses.

Chapter 6 delved into optimizing the yield of cellulose nanocrystals (CNC) through
enzyme-assisted treatments with Cellic CTec2, exploring different degress of cellulose
conversion. Despite challenges in improving CNC vyield, that remained low, the study
discussed the mode of action of a complete saccharification enzyme cocktail to understand
the CNC isolation. It also presented alternatives to reduce operational and capital expenses,
such as using tap water and ambient temperature during CNC isolation by centrifugation.
These findings contribute to understanding the technical feasibility of CNC production,
emphasizing cost-effective approaches.

Chapter 7 extended the investigation of Chapter 2 with the co-production of
cellulose nanofibrils (CNF) from cellulosic solid residue (CSR). We have demonstrated that
the co-production of CNF by ultra-refining the remaining CSR is technically feasible and
allowed the full valorization of HBKP with a potential cost reduction by using tap water.

The mass balance and cumulative energy measurements suggested the energy-saving



166

potential of up to 80%, with an emphasis on the trade-off between CNF yield, energy input,
and sugars titer. The analysis of a preliminary projected revenue based on the mass balance
obtained, using a simplified ratio of income/expenditure, suggested that higher CNF yields
could be more economically viable than higher cellulosic sugars yield when starting from
wood-pulp such as hardwood bleached kraft pulp (HBKP). This adds a question of the use
of mass ratio of 50:50 there is a focus on nanocelluloses production, and the starting raw
material has a price, which may be the case for pulp and paper industry.

Chapter 8 introduced a multistep process for the integral valorization of sugarcane
bagasse (SCB) and straw (SCS) to isolate lignin-containing nanocelluloses (LCNC and
LCNF), cellulosic sugars, and sodium acetate. The method, involving deacetylation,
enzymatic hydrolysis, and ultra-refining, achieved full valorization of the materials by
minimizing biomass fraction loss during the pretreatment steps. The process required a low
energy input to isolate nanocelluloses, which may present a competitive advantage over other
methods. Additionally, we suggested use of the L/G ratio as a reference for high lignin-
containing nanocelluloses contributes as an alterinative to classify to lignin-containing
nanocelluloses.

Chapter 9 focused on studying the properties of LCNC and LCNF, emphasizing
properties such as suspension stability, hydrophobicity, and thermostability. The promising
results of LCNC and LCNF both as suspension and films, especially for the nanocelluloses
obtained from SCS DEACA4, suggest a potential for applications in which hydrophobicity is
needed. We also highlighted the need for further investigations into how biomass main
fractions (chemical composition) and bond types influence these three properties that are

essential to produce nanocomposites.
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Analysis of Variance (ANOVA) table for Plackett-Burman with CNC yield response in
relationship to factors A, B, C, D, E, F, G, and H.

SS MS

Source Df (Adj) (Adj)) F-value p-value
Model 8 357.841 44.730 3.75 0.152
Linear 8 357.841 44.730 3.75 0.152
A 1 53.388 53.388 4.48 0.125
B 1 24.028 24.028 2.02 0.251
C 1 12.916 12.916 1.08 0.374
D 1 14.062 14.062 1.18 0.357
E 1 80.348 80.348 6.74 0.081
F 1 17.002 17.002 1.43 0.318
G 1 2.282 2.282 0.19 0.691
H 1 153.814 153.814 12.90 0.037

Error 3 35.770 11.923

Total 11 393.611

df: degree of freedom; SS (Adj.): Sum of Squares adjusted; MS (Adj.): Mean Squares adjusted
Regression Model Summary

S R? R?(ad)) R?(pred)
3.45303 90.91% 66.68% 0.00%

S, R?, R?(adj), R?(pred) are indicators of the fitting quality and model prediction.

Effect-coded Coeficients

Term Effects Coef EP de t-value p-value VIF
Coef
Constant 8.924 0.997 8.95 0.003
A 4.219 2.109 0.997 2.12 0.125 1.00
B -2.830 -1.415 0.997 -1.42 0.251 1.00
C 2.075 1.037 0.997 1.04 0.374 1.00
D 2.165 1.083 0.997 1.09 0.357 1.00
E -5.175 -2.588 0.997 -2.60 0.081 1.00
F 2.381 1.190 0.997 1.19 0.318 1.00
G -0.872 -0.436 0.997 -0.44 0.691 1.00
H -7.160 -3.580 0.997 -3.59 0.037 1.00

Regression equation with effect-non-coded coefficients

CNCyield = 8.924+2109A-1415B+1.037C+1.083D-2.588E+1.190 F-0.436 G
—-3.580H
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Pareto chart for Plackett-Burman with CNC yield response in relationship to factors A, B,

C,D, E, F, G, and H, using a = 0.1.

Factorial Regression: Uniformity versus A; B; C; D; E; F; G; H

Source df ( :; ) ( AI\\/CIE) F-value p-value

Model 8 0.195908 0.024489 4.40 0.198

Linear 8 0.195908 0.024489 4.40 0.198

A 1 0.000961 0.000961 0.17 0.718
B 1 0.004900 0.004900 0.88 0.447
C 1 0.017161 0.017161 3.09 0.221
D 1 0.029929 0.029929 5.38 0.146
E 1 0.028056 0.028056 5.05 0.154
F 1 0.017161 0.017161 3.09 0.221
G 1 0.006806 0.006806 1.22 0.384
H 1 0.047961 0.047961 8.63 0.099

Error 2 0.011121 0.005560

Total 10 0.207029

df: degree of freedom; SS (Adj.): Sum of Squares adjusted; MS (Adj.): Mean Squares adjusted

Regression Model Summary

S R?Z  R%aj) R?(pred)

0.0745676 94.63% 73.14% *

S, R?, R?(adj), R?(pred) are indicators of the fitting quality and model prediction.
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Effect-coded Coeficients

Term Effect Coef EP de Coef t-value p-value VIF

Constant 0.2477 0.0249 9.96 0.010

A 0.0207 0.0103 0.0249 0.42 0718 121
B -0.0467 -0.0233 0.0249 -0.94 0447 121
C 0.0873 0.0437 0.0249 1.76 0221 121
D 0.1153 0.0577 0.0249 2.32 0.146 121
E -0.1117 -0.0558 0.0249 -2.25 0154 121
F 0.0873 0.0437 0.0249 1.76 0221 121
G -0.0550 -0.0275 0.0249 -1.11 0384 121
H -0.1460 -0.0730 0.0249 -2.94 0.099 121

Regression equation with effect-non-coded coefficients
Uniformity = 0.2477 + 0.0103 A —0.0233 B + 0.0437 C + 0.0577 D — 0.0558 E
+0.0437 F-0.0275 G- 0.0730 H
Atypical observations

Obs.  Uniformity Adj Resd Std Resd

1 0.1790 0.1790 0.0000 * X
9 0.2170 0.2170 0.0000 * X
X Atypical X

Grafico de Pareto dos Efeitos Padronizados
(a resposta é Uniformity; a = 0,1)
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Pareto chart for Plackett-Burman with Uniformity response in relationship to factors A, B,
C,D,E, F, G,and H, using a.=0.1.
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APPENDIX B. FULL FACTORIAL DESIGN OF EXPERIMENT

Table B. 1. Matrix produced by Minitab to conduct the Full factorial design of experiments
for two variables cellulose conversion (A) and rotation (B) to obtain the response CNC yield.

) FACTOR RESPONSE
Experiment# .
SEH (A) Rot (B) CNC Yield (Nano)
1 0.28 500 9.8
2 0.68 500 17.0
3 0.28 1,000 9.9
4 0.68 1,000 20.0
S 0.28 500 10.9
6 0.68 500 19.0
7 0.28 1,000 10.1
8 0.68 1,000 17.1
9 0.28 500 10.4
10 0.68 500 18.0
11 0.28 1,000 13.0
12 0.68 1,000 16.5
13 0.50 750 10.2
14 0.50 750 9.8
15 0.50 750 10.9
16 0.50 750 10.2
17 0.50 750 14.9
18 0.50 750 12.7
19 0.50 750 11.8
20 0.50 750 15.8
21 0.50 750 14.7
22 0.79 750 19.8
23 0.18 750 5.0
24 0.50 1,103 11.4
25 0.50 398 14.9

SEH: Severity of Enzymatic Hydrolysis in terms cellulose conversion (g/g pulp)
Rot: Rotation speed (398 — 1103 xq)
Nano: CNC yield (g/100 CSR)
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ANOVA Table for Full factorial design
Regression for Surface response: Nano; SEH; Rot

SS MS
Source Df . - F-value -value
(Adj.) (Adj.) P
Model 5 285.463 57.093 15.83 0.000
Blocks 1 10.896 10.896 3.02 0.098
Linear 2 266.041 133.020 36.88 0.000
SEH 1 265.327 265.327 73.55 0.000
Rot 1 0.710 0.710 0.20 0.662
Interaction of 2 20.411 14.705 4.08 0.034
2 factors
SEH * SEH 1 10.653 10.653 2.95 0.102
Rot*Rot 1 17.353 17.353 4.81 0.041
Error 19 68.539 3.607
Curvature 3 10.706 3.569 0.99 0.424
Pure error 16 57.833 3.615 * *
Total 24 354.002
df: degree of freedom; SS (Adj.): Sum of Squares adjusted; MS (Adj.): Mean Squares adjusted
Regression Model Summary
S RZ  R2(aj) R*(pred)
1.89930 80.64% 75.54% 60.75%
S, R?, R*(adj), R?(pred) are indicators of the fitting quality and model prediction.
Effect-coded Coeficients
Term Coef EP de Coef t-value p-value VIF
Constant 11.043 0.867 12.73 0.000
Blocks
1 0.975 0.561 1.74 0.098 1.17
SEH 6.108 0.712 8.58 0.000 1.01
Rot -0.297 0.670 -0.44 0.662 1.00
SEH * SHE 2.36 1.37 1.72 0.102 1.13
Rot*Rot 2.75 1.25 2.19 0.041 1.07

Equacéo de Regressdo em Unidades Né&o codificadas

Nano = 20.39-4.5SEH -0.0341 Rot + 25.3 SEH * SEH
+0.000022 Rot*Rot
Regression Model Summary

S RZ  R%aj) R*(pred)
1.89930 80.64% 75.54% 60.75%

S, R?, R?(adj), R?(pred) are indicators of the fitting quality and model prediction.
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Pareto chart for Response surface with CNC yield response in relationship to factors SHE

(A) and Rot (B) and their 2 factor interactions, using a.= 0.1.
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