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ABSTRACT

Bio-ethanol can be produced from lignocellulosic biomass in a biorefinery as part of a
three step process, a chemical or mechanical pretreatment, enzymatic hydrolysis of the cell wall,
and fermentation of these sugars to ethanol. One of the byproducts of this process is lignin, a
complex biopolymer composed of a heterogeneous aromatic structure. Lignin is often burned to
provide energy for the biorefinery. Incorporating lignin into higher-value products is crucial to
the viability of the biorefinery process and the full utilization of the renewable carbon contained
in biomass. Challenges to the inclusion of lignin in value-added products include recalcitrance of
the cell wall to deconstruction and lignin extraction, heterogeneity of the lignin chemical
structure, polydisperse molecular weight distributions, and low reactivity. In this thesis we
address these challenges by using feedstock selection, selection of pretreatment and lignin
extraction process conditions, lignin fractional precipitation, and direct chemical modification of
lignin. Chapter 1 provides an overall introduction and background of previous work. Chapter 2
uses a diverse panel of corn stover genotypes subjected to dilute acid pretreatment using a
variety of process conditions. The response of the biomass to pretreatment was characterized
with special attention given to glucose hydrolysis yields and p-coumarate (pCA) content.
Chapter 3 uses a single corn stover source pretreated using a variety of dilute acid conditions
followed by two different lignin extraction methods. The influence of pretreatment and lignin
extraction conditions on lignin properties was characterized with focus on lignin pCA content.
This study found that lignin-formaldehyde resins using lignin from optimized process conditions
achieved lap shear strengths higher than conventional phenol-formaldehyde resins. Chapter 4
addresses lignin polydispersity and heterogeneity using the fractional precipitation of lignin from
formic acid liquors to obtain differing molecular weight lignin fractions while allowing for
successful enzymatic hydrolysis of cellulose. Chapter 5 uses fractional precipitation of corn
stover alkali liquors along with modification using propylene carbonate to obtain a panel of
multi-component biopolymer fractions for manufacture of biopolymer-PLA composite materials.
These materials were fully characterized finding materials made with modified biopolymers
exhibited better lignin dispersion, and improved thermal and mechanical properties.
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CHAPTER ONE

INTRODUCTION AND BACKGROUND

General Introduction

Global fossil fuel usage and CO2 emissions continue to rise due largely to increased
electrical demand in developing countries [1], however, concerns of climate change are causing
some countries to transition from a traditionally fossil fuel based economy to one based on
renewable, sustainable, and low emission technologies. Many nations have entered pacts such as
the 2015 Paris Agreement with pledges to limit global warming to less than 2 °C, reach net zero
CO2 emissions by 2050, and negative emissions by 2070 [1]. One proposed method to help reach
these goals is through the adoption of a bioeconomy. A bioeconomy reduces emissions and
reduces reliance on fossil fuels by the implementation of lignocellulosic biomass to make
biofuels, biomaterials, and other bio based products such as platform chemicals and fertilizers
[2]. Lignocellulosic biomass is an abundant and renewable resource with a varying composition
based on feedstock source ranging from 25-55% cellulose, 10-40% hemicellulose, 5-25% lignin,
and lesser amounts of pectin, proteins, and waxes [3]. In order for the most efficient utilization of
this resource, all of these components must be used for the generation of bio-based products.

The most commonly suggested application for lignocellulosic biomass is within a
biorefinery, which can make a variety of products from biomass, one such process uses the
polysaccharide fractions of the biomass for the production of ethanol. This process generally
starts with a chemical, mechanical, or biological pretreatment to improve access to the
polysaccharides within the lignocellulosic cell wall. This pretreatment is then followed by

enzymatic hydrolysis of cellulose into monomeric sugars, fermentation, and finally recovery of



2
ethanol for implementation in biofuels (Fig. 1). A downside of the biorefinery process is
underutilization of the lignin fraction. Lignin is a structural polymer present in most plants that
are composed of a complex aromatic structure that shows promise for use in fuels, materials, and
platform chemicals. Despite many potential uses, both the pulp and paper industry and the
biorefinery industry typically burn lignin as a fuel source [4]. Implementing lignin into value-
added applications creates an opportunity for an increase in viability of the biorefinery process

and generation of additional value to the bioeconomy.
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Figure 1: Basic Biorefinery Process

Despite the vast array of studies which have been conducted addressing challenges with
lignin valorization, numerous difficulties with incorporating lignin into value-added products
still exist. These challenges include recalcitrance of the biomass cell wall to deconstruction and
lignin extraction, differences in lignin structure due to the feedstock and pretreatment method
used, heterogeneous lignin chemical structure, and low lignin reactivity [4-6]. Four important
methods for improving the properties of lignin and tailoring its chemical structure for a chosen

application will be reviewed in this chapter. These methods include biomass feedstock selection,



3
selection of pretreatment and lignin extraction methods and processing conditions, lignin
fractional precipitation, and direct chemical modification of lignin (Fig. 2). Feedstock selection
influences the properties of recovered lignin through many means. The most drastic being
differences in lignin chemical composition due to the type of biomass used (hardwood,
softwood, graminaceous), however lignin structure can also be influenced by plant genetics, time
of harvest, and plant anatomical fraction. The pretreatment process influences properties of
recovered lignin based on the specific pretreatment method used as well as process conditions
such as time, temperature, chemical loading, and milling size. Lignin fractionation splits bulk
lignin into portions with differing characteristics exploiting properties such as molar mass
(ultrafiltration) and solubility due to polarity and capacity for hydrogen bonding arising from
different lignin functional groups (acidification, solvent systems). Lignin chemical modification
can selectively tailor lignin properties by reaction with a wide variety of reagents. These
reactions can modify lignin polarity, degree of crosslinking, reactivity, and surface properties.
The application of these methods by selectively tailoring lignin structure for its utilization in
phenol formaldehyde resins and PLA composite materials is the focus of the bulk of the work in
this thesis. This section presents a general review of previous work exploring how lignin
physical and chemical properties can be changed to influence the performance of value-added
applications. Specific background for each of the studies in this thesis are presented at the

beginning of their respective chapter.
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Figure 2: Strategies for the Upgrading of Lignin Properties for Value-Added Applications

Feedstock Selection

The main constituents of the lignin polymer backbone vary with the type of biomass they
are derived from. Grass lignins contain disproportionate amounts of p-hydroxyphenyl (H)
subunits and p-coumarate (pCA) end chains, in contrast softwoods contain mostly guaiacyl (G)
subunits, and hardwoods primarily syringyl (S) subunits [7]. This leads to different linkages
between subunits of different feedstocks, for example hardwood lignins contain a higher
proportion of B-O-4 linkages than grass or softwood lignins [7]. These differences in the
chemical structure of lignins from different backgrounds can be exploited by selecting feedstocks
which contain lignins with a favorable structure for reactivity or compatibility with other
chemical components of lignin based chemicals, resins, or materials. Previous studies
investigated how different feedstocks respond to pretreatment, and how the resulting lignin
structures affect their performance in a variety of value-added applications. Studies
demonstrating how different feedstocks respond to pretreatment includes a study on steam
explosion pretreatment using both softwoods and hardwoods, this study found differences in

lignin molecular weight, functional groups, and $-O-4 content between the two feedstocks [8].
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Similar results were found with organosolv pretreatment finding differences in lignin recovery
yields and B-O-4 content between different wood feedstocks [9], differing lignin extraction
yields and subunit ratios in miscanthus and typha grass [10], and differing lignin monomer
composition and glass transition temperature in hardwood, softwood, and graminaceous
feedstocks [11]. Work with formic acid extraction also found differences in thermal properties
and recovery yields of lignins from a wide variety of feedstocks [12]. A study using a panel of
Arabidopsis genotypes subjected to maleic acid treatment found differences in degree of biomass
deconstruction due to differing lignin chemical structures [13].

Lignins from different feedstocks also affect the performance of lignin based chemicals,
resins, and materials. The following studies demonstrate how variance in lignin subunits and
intermolecular linkages due to different feedstock source result in unique mechanical and
thermal properties of lignin-based products. A distinct difference in the mechanical and thermal
properties of epoxy resins due to different monomer composition of two lignins derived from
different wood feedstocks has been reported [14]. Phenol formaldehyde resins were also found to
exhibit different properties based on lignin feedstock. This was attributed to different lignin
molecular weight and subunit prevalence[15]. Studies on feedstock and properties of lignin
based carbon fibers have found varying mechanical properties based on degree of lignin
uniformity [16], and a relationship between mechanical properties, electroconductivity, and -O-
4 content of lignin from different feedstocks [7]. Differences in yields and composition of
platform chemical pyrolysis produced from lignins of varying backgrounds has also been
demonstrated [17]. The work presented in this thesis builds on these studies to further our

knowledge of how different biomass sources respond differently to pretreatment and how the
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chemical differences in the resulting biomass affect the performance of lignin based products.
Chapter 2 characterizes a diverse panel of corn stover genotypes subjected to dilute acid
pretreatment with special focus given to their pCA content for enhanced reactivity in phenol

formaldehyde resins

Pretreatment and Lignin Extraction Methods and Conditions

The primary function of biorefinery pretreatment is to improve access to cellulose by
deconstruction of the cell wall, primarily targeting the removal of lignin and hemicellulose. The
literature contains a wealth of different chemical, mechanical, and biological methods targeting
deconstruction of the cell wall (Fig. 3). Recent work studying biomass pretreatment has moved
away from only targeting cellulose accessibility for improvement of enzymatic saccharification

to additionally targeting full utilization of the lignin fraction [18].
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Figure 3: Pretreatment Methods for Biomass Deconstruction
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Many studies have been conducted studying the effects of different pretreatment methods
and different process conditions and the resulting lignin properties. The following review shows
how the selection of different chemical pretreatment methods can influence properties of
recovered lignins. One study used a wide variety of different pretreatments including dilute acid,
alkaline, organosolv, and steam explosion pretreatments and found differences in the resulting
molecular weight, glass transition temperature, and phenolic hydroxyl content of the recovered
lignins [19]. Another study compared the results of steam explosion pretreatment to those of an
acid hydrolysis pretreatment. Lignins from these pretreatments had different hydroxyl contents,
molecular weights, and thermal stabilities [20]. This trend of differing lignin molecular weight
and hydroxyl content is also represented with a study using organosolv and ammonia
pretreatments [21]. A study using co-solvent-enhanced lignocellulosic fractionation (CELF)
pretreatment and Cu-catalyzed alkaline hydrogen peroxide pretreatment (Cu-AHP) found varied
polysaccharide content, molar mass, B-aryl ether content, and aromatic monomer yield following
thioacidolysis [22]. This is not an exhaustive review, other studies comparing lignin properties
after different pretreatments include organosolv, aquasolve, liquid hot water, and soda
pretreatments of rye straw [23], dilute acid, alkaline, ethanol, and liquid hot water pretreatment
of sugarcane bagasse [24], dilute acid, alkali, sulfite, mechanical milling, and deep eutectic
solvent pretreatment of softwoods and grasses [25], and dilute acid, autohydrolysis, organosolv,
and 2-naphthol pretreatment of oil palm fronds [26].

In addition to obtaining lignins with specific properties using different chemical
pretreatment methods, lignin properties can be tailored by careful selection of pretreatment

process conditions such as pretreatment time, temperature, and chemical loading. This
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phenomenon is demonstrated in the following studies. A study on the organosolv pulping of
larch sawdust varies pretreatment temperature and sulfuric acid loading finding direct
relationships between lignin -ether bonds, phenolic hydroxyl content, aliphatic hydroxyl
content, and molecular weight with pretreatment severity[27]. A similar study varying the time
and temperature of ionic liquid pretreatment finds differences in lignin molecular weight,
interunit linkages, and lignin degradation products based on pretreatment severity[28]. The trend
of pretreatment severity impacting lignin molecular weight, cleavage of interunit bonds, and
degradation products is reinforced in a study varying temperature of alkali pretreatment[29].
Other studies on the effect of pretreatment conditions on lignin structure have been conducted
using a variety of pretreatments including liquid hot water[30], dilute acid[31], y-valerolacetone
(GVL)[32], steam explosion[33], sulfolane[34], deep eutectic solvents (DES)[35], and others.

Some studies go beyond characterizing lignin properties to explore relationships between
pretreatment method, pretreatment conditions, and the performance of lignin value-added
products, demonstrating how the selection of pretreatment method and conditions can be used to
recover lignins with tailored chemical structures for specific products. A study with PF resins
was conducted using both an acidic and basic organosolv pretreatment. This study found that
lignin purity, molecular weight, and chemical structure affected the mechanical properties of the
resins[36]. Another study using phenol-formaldehyde (PF) resins investigates the effects of
pretreatment severity on lignin properties by employing organosolv pretreatments with different
temperatures and times. They found that PF resin behavior was related to the degree of lignin
structure condensation[37]. An additional study using organosolv pretreatment at two different

temperatures presents a correlation between lignin hydroxyl content, monomer composition, and
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thermal stability due to pretreatment severity, and the subsequent spinability and mechanical
properties of carbon fibers[38]. A study using the CELF pretreatment method with different
severities found relationships between lignin molecular weight, hydroxyl content, and the
subsequent mechanical properties of lignin based polyurethanes[39].

Certain pretreatment methods will leave the recovered lignin fraction with high amounts
of residual contaminates such as polysaccharides, inorganics, or extractives. An additional lignin
extraction/purification step can be used to separate lignin from other polymers, remove
impurities, and tailor the chemical structure of lignin for a target value-added application. Work
using additional purification of lignin after pretreatment is more scarce than work with
traditional pretreatment, however some studies exist which implement a lignin purification
process and analyze the resulting changes in lignin properties with focus on their implementation
into value-added products. For example, one study uses lignin from an ethanol pretreatment
process and subjects it to two different purification processes; a cyclohexane-ethanol process and
an alkaline extraction. The authors concluded that the two lignins differ in their suitability for PF
resins due to changes in glass transition and molecular weight [40]. A study using organosolv
pretreated poplar uses two different lignin purification processes, pyradine-acetic acid-water and
dioxane-water. The purifications resulted in lignins with differing monomer content, molecular
weight, f-O-4 content, and thermal stability[41]. Studies which examine the effects of different
process conditions on extracted lignin properties also exist. A study using hardwood lignins
purified with both alkaline and acid hydrolyses using different purification times, temperatures,
and acid/base loadings found that the different extraction processes and conditions led to

polysaccharide removal and changed lignin molecular weight[42].
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The studies in this thesis provide additional insight into how a lignin’s processing history
including pretreatment method, pretreatment conditions, and lignin extraction/purification
method changes the properties of recovered lignin, and how these properties affect properties of
lignin-based products. Chapters 2 and 3 use dilute acid as a pretreatment method. Dilute acid
pretreatment contributes to the deconstruction of the cell wall by removing xylan and
redistributing lignin, disrupting the polymer network. Dilute acid is one of the preferred methods
for the biorefinery process due to its low chemical costs and ability for high sugar hydrolysis
yields. Dilute acid pretreatment severity can be described by its combined severity factor (CSF)
given by the equation below. Where t corresponds to reaction time, T corresponds to reaction

temperature, and pH is given as initial reaction pH.

T-100

log1o(CSF) = logy, [teTJS] — pH

The studies in this thesis use corn stover subjected to a variety of dilute acid pretreatment
process conditions with varied severities changing time, temperature, and acid loading to
characterize how biomass and lignin properties respond to diverse pretreatment conditions with a
special focus on pCA and phenolic hydroxyl content for the optimization of lignin properties for
incorporation in PF resins. Chapter 3 discusses the effect of additional lignin
extraction/purification after pretreatment using both a formic acid and NaOH extraction method
with characterization of purified lignin properties and properties of lignin-formaldehyde resins

and adhesives.
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Lignin Fractionation

Another technique that can be used to selectively modify lignin properties for a target

application is lignin fractionation. These processes separate recovered lignin into multiple

fractions of different molecular weights, often with different chemical properties, importantly an

increase in homogeneity of the individual lignin fractions compared to the original bulk lignin.

Chemical methods which may be used to achieve lignin molecular weight fractionation include

fractional precipitation of lignin containing alkali liquors using acidification, and lignin

fractionation using a single solvent or multiple solvent system (Fig. 4).
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Figure 4: Chemical Processes for the Fractionation of Lignin

Fractional lignin precipitation by pH adjustment (acidification) is one of most prevalent

fractionation methods reported in the literature. The ensuing literature demonstrates how
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different reagents can be used for lignin fractionation by acidification, and how acidification can
be used to recover monodisperse lignins with specific molecular weights and chemical
components. One common mineral acids used is HCI. An example of its use is seen in a study
using lignin containing alkaline liquor from corn stalk. In this study the authors used HCI to
adjust the pH of the liquor to pH 5, pH 4, pH 3, and pH 2, obtaining three insoluble fractions.
Recovered lignin fractions exhibited reduced molecular weight as recovery pH decreased with all
fractions displaying much lower polydispersity than unfractionated lignin and a difference in
particle size between fractions[43]. Other studies using hydrochloric acid have found changing
elemental composition, ash content, and glass transition temperature of lignin fractions recovered
from soft and hardwood kraft liquors[44], and differences in lignin subunit ratios, intermolecular
linkages, and antioxidant capability in black liquor of a commercial lignin[45]. Another
commonly used acid is sulfuric acid. A study with liquor from soda pulping of Miscanthus used
H2SO4 to adjust liquor pH obtaining 9 lignin fractions between pH 12.64 and pH 0.72 finding
increasing lignin yields with decreasing recovery pH. The authors also found increasing lignin
purity as liquor pH decreased[46]. Using H2SOa differing lignin hydroxyl content,
polydispersity, and particle size in different fractions of alkali liquor of steam exploded
sugarcane bagasse has been reported[47] along with a relationship between lignin recovery
yields and silica content in lignin fractions from soda liquor of wheat straw[48]. Other reagents
to adjust the pH of black liquor recovering fractionated lignins have been employed, including
the use of H3PO4[49] and CO2[50].

Solvent systems using either single or multiple solvents can also be used for the

separation of lignin into molecular weight fractions, exploiting differences in lignin solubility
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parameters. Lignin solubility in different solvents is a function of its polarity, strength of
dispersion forces, and capacity for hydrogen bonding based on molar mass and functional groups
such as phenolic hydroxyls. The subsequently presented literature demonstrates how changing
solvent properties can be used to recover lignins with specific characteristics. The most common
single solvent system is ethanol-water with its solvent polarity and hydrogen bonding capacity
changing with each dilution by the addition of water. A study using Kraft lignin dissolved lignin
in ethanol of differing concentrations from 0-100% recovering the insoluble portion. This study
found that lignin molecular weight reaches a maximum at 80% ethanol and decreases with both
increasing and decreasing ethanol concentration with another uptick in molecular weight at 50%
ethanol. They also found lower polydispersity at high ethanol concentrations and more phenolic
hydroxyls at low ethanol concentrations[51]. Another often employed single solvent system for
lignin fractionation is acetone-water. One study using this system uses organosolv extracted
switchgrass and pine lignins dissolved in 30-60% acetone. Lignin fractions were found to have
lower molecular weight and polydispersity at lower acetone concentrations. Differences in
functional group distribution were also found with lignins recovered at lower acetone
concentrations containing more phenolic, and less aliphatic hydroxyl groups[52]. Many other
single solvent system can be employed including acetic acid[53], methanol[54], THF[55],
glycerol-ethanol[56], ionic liquids[57], and y-valerolacetone[58].

Multiple solvents can also be used for the fractional separation of lignin, exploiting
differences in solubility with a sequence of solvents of increasing solvent power. An example of
how a solvent sequence for this procedure can be selected is shown in a study using industrial

Kraft lignin. The authors in this study screen a wide panel of solvents for their ability to dissolve
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lignin, with predictions of their success based on Hansen solubility parameter. The results of this
study are then used to design a solvent sequence of increasing lignin dissolution ability. The final
sequence was composed of ethyl acetate, ethanol, methanol, and acetone, and resulted in lignin
fractions of increasing molecular weight and decreasing solubility with each subsequent
solvent[59]. Another study applies this knowledge to design a solvent sequence composed of
ether, ethyl acetate, methanol, acetone, and dioxane-water to fractionate organosolv bamboo
lignin and goes a step further characterizing chemical structure of recovered lignin fractions.
They found with each subsequent solvent extraction, recovered lignins were more polydisperse,
with a higher molecular weight, lower sugar content, more -B’ bonds, and less phenolic
hydroxyl groups[60]. Many other studies using different solvent sequences also exist[61-63].

The fractionation methods reviewed in this chapter show how these types of processes
can be used to transform a low purity, heterogeneous, and low reactivity lignin into lignin
fractions with increased homogeneity, purity, and a functional group configuration suited for
specific lignin-based products. This thesis joins these previous studies using fractional
precipitation methods to obtain lignins with tailored molecular weights, purities, and chemical
structure. Chapter 4 uses a fractional precipitation process using sequential dilution of lignin
containing formic acid liquors with characterization of the recovered lignin fractions and
discussion of their suitability for PF resins and other value-added products. Chapter five uses
acidification of black liquor from alkali treated corn stover to obtain a polysaccharide heavy
fraction and two lignin fractions. These recovered biopolymers are then evaluated for use in PLA
composite materials with thermal and mechanical characterization of extruded biopolymer-PLA

composites.
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Lignin Chemical Modification

The final strategy for the enhancement of lignin properties for value-added applications
which is reviewed in this chapter is the direct chemical modification of lignin. Lignin’s complex
and heterogeneous structure, polar functional groups, and crosslinking between the lignin
polymeric backbone obstructs the inclusion of lignin into many products. If a lignin’s source and
processing history result in unfeasible properties for the target application, chemical modification
can be used to change the nature of the lignin structure. Many chemical modification processes
are suggested and evaluated in the literature[64, 65]. Studies evaluating chemically modified
lignin for inclusion into value-added products are numerous including Kraft lignin demethylation
for lignin-polyethylenimine wood adhesives[66], esterification of Kraft lignin for the formation
of lignin-polybutadiene thermoplastics[67], phenolation of sulfuric acid lignin for the
manufacture of surfactants[68], amination of soda pulping lignin for PVVC-lignin-wood flour
composites[69], aminated lignin for polyurethane foams[70], amination of alkaline lignin for
epoxy resins[71], nitrated alkaline lignin for polyurethanes[72], sulfonated Kraft lignin for use as
a cement additive[73], lignin-PMMA grafting for electrospinning of nanofiber composites[74],
and many others. This chapter will focus on reviewing studies on lignin chemical modification
for the products employed in this thesis, namely lignin-formaldehyde wood adhesives and lignin-
PLA composites.

Phenolation, demethylation, and methylolation are the three most commonly studied
modification procedures to increase lignin reactivity with formaldehyde. Phenolation reacts
lignin with phenol under acidic conditions resulting in a reduction of molecular weight and the

conversion of lignin aliphatic hydroxyl groups to phenolic hydroxyls[75]. This increase in
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phenolic hydroxyl groups increases lignin reactivity with formaldehyde resulting in lower
formaldehyde emissions[76], and improved mechanical properties[77] of wood products made
with phenolated lignin-formaldehyde resin adhesives. Demethylation removes the methyl unit of
the methoxy groups of S and G lignin subunits resulting in increased phenolic hydroxyl groups
available for reaction with formaldehyde[78]. A study using iodocyclohexane to demethylate
alkaline lignin from wheat straw found that an increase in available lignin hydroxyl groups in the
modified lignin led to decreases in gelation time, decreased free formaldehyde, and increased
bonding strength compared to resins made with unmodified lignin[78]. In a lignin methylolation
process lignin is reacted with formaldehyde prior to resin formation adding methylol groups to
free positions on lignin aromatic rings and lignin side chains resulting in increased hydroxyl
groups available for reaction with formaldehyde during resin formulation[79]. A study using
methylolated organosolv lignin for the production of lignin-formaldehyde adhesive based
particleboard found a decrease in gelation time and an increase in shear and bonding strengths of
particleboards made with modified lignins[80]. Many other lignin modification methods have
been employed prior to lignin-formaldehyde resin production including maleation[81], treatment
in deep eutectic solvents[82], and glyoxalation[83].

Due to the low compatibility of lignin with PLA many studies use chemical modification
of lignin prior to incorporation into lignin-PLA composite materials. One of the most commonly
employed modification methods for PLA composites is acetylation. Acetylation replaces lignin
hydroxyl groups with acetyl groups changing the polarity of the lignin molecule resulting in
increased compatibility of modified lignin with PLA and decreased lignin hydrogen bonding

leading to less agglomeration[84]. Previous work with acetylated Kraft and organosolv lignin has
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found acetylation increases the thermal stability of the modified lignins and improves the
mechanical properties of PLA composites at high levels of lignin incorporation when compared
to materials made with non-acetylated lignin[85, 86]. This strategy of reducing lignin hydrogen
bonding and changing its polarity by the modification of hydroxyl groups is used with
esterification of lignin with many different chemicals. One study using soft and hardwood lignins
esterified with fatty acids found an increase in PLA material ductility due to lignin
modification[87]. Another study found an increase in ductility with pine lignin esterified with
butyric, isobutyric, and crotonic anhydrides, forming PLA composites with higher elongation at
break and tensile modulus when compared to composites made with unmodified lignin[88].
While the esterification of lignin with acetate and other esters is most common many other lignin
modification methods have been developed to increase the interfacial interactions between lignin
and PLA including alkylation[89], silanization[90, 91], and urea modification[92].

Chapter 5 of this thesis modifies lignin by the application of an oxyalkylation
modification using propylene carbonate. This modification increases compatibility between
lignin and PLA by converting lignin phenolic hydroxyl groups to aliphatic chains with terminal
hydroxyls. This increases compatibility with PLA through multiple mechanisms. The
oxyalkylation of lignin reduces its polarity, reduces hydrogen bonding between phenolic
hydroxyls, and causes steric hindrance, reducing the ability of lignin to agglomerate with itself

increasing interfacial interaction strength with PLA.
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IMPACT OF DILUTE ACID PRETREATMENT CONDITIONS ON p-COUMARATE

REMOVAL IN DIVERSE MAIZE LINES

Abstract

Prior work has identified that lignins recovered from dilute acid-pretreated corn stover
exhibit superior performance in phenol—formaldehyde resins used in wood adhesive applications
when compared to diverse process-modified lignins derived from other sources. This improved
performance is hypothesized to be due to the higher content of unsubstituted phenolic groups
specifically p-coumarate lignin esters. In this work, a diverse set of corn stover samples are
employed that exhibit diversity in p-coumarate content and total lignin content to explore the
relationship between dilute acid pretreatment conditions, p-coumarate ester hydrolysis, xylan
solubilization, and the resulting glucose enzymatic hydrolysis yields. The goal of this study is to
identify pretreatment conditions that preserve a significant fraction of the p-coumarate esters
while simultaneously achieving high enzymatic hydrolysis yields. Kinetic parameters for p-
coumarate ester hydrolysis were quantified and pretreatment-biomass combinations were
identified that result in glucose hydrolysis yields of more than 90% while retaining nearly 50 mg
p-coumarate/g lignin.

Introduction

Technologies for the creation of cellulosic biofuels from herbaceous feedstocks which
implement a pretreatment and enzymatic hydrolysis have begun to be commercialized in the last
few years [93]. However, there are still technological and economic challenges that limit
widespread adoption of these biomass conversion routes. One approach to improving the process
economics of the lignocellulose to biofuels processes is through diversification of the product
portfolio obtained from these methods to include renewable, bio-based chemicals. This approach
is widely recognized as an opportunity both to improve the economics of these processes and to
buffer against market fluctuations. In particular, there is an opportunity for technologies that can

be integrated with conversion processes which employ a biomass pretreatment/fractionation
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strategy, and allow for the utilization of all or a fraction of the process-modified lignins for
purposes other than as a solid fuel for process heat and power.

Lignin represents one of the few renewable sources of aromatic chemicals, and lignin
valorization has been a subject of increasing recent research to enable the use of lignin as a
feedstock for bio-based products [4]. Lignins may make up more than 20% of the mass entering
a biorefinery, the extraction of additional value from these biorefinery-derived lignins has great
potential to improve the economic competitiveness of these facilities. Commercialization of co-
products from wood lignins derived from Kraft pulping has long proved challenging. However a
lignin’s origin (i.e., hardwood, softwood, or grass) and processing history (i.e., alkaline pulping,
organosolv pulping, sulfite pulping, dilute acid pretreatment, etc.) has an enormous impact on the
structure, properties, and suitability of the lignin for a particular application. Dilute acid
pretreatment has been studied for many decades at both the pilot [94] and demonstration scale
[95], although use of the water-insoluble lignin remaining after enzymatic hydrolysis following
dilute acid pretreatment has been limited to use as fuel in a boiler.

Phenol formaldehyde (PF) resins are commonly used as adhesives in engineered wood
products including plywood, laminated veneer lumber, and oriented strand board. These resins
represent a market of more than $3.5 billion and 34% of the total adhesive market [96]. Lignins
derived from biorefining or chemical pulping processes can serve as a potential bio-based
feedstock alternative to the petroleum-derived phenol used in the synthesis of these resins.
However, common challenges to the utilization of lignins in this application include low
reactivity towards formaldehyde, high molecular weight, and high polydispersity [97]. The low

reactivity of lignin towards formaldehyde when compared to phenol is mainly due to the lack of
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reactive sites resulting from the para position of aromatic rings being bound in intramolecular
linkages, while the ortho positions are often occupied by either methoxyl groups or B-5 linkages
[64]. Due to the low reactivity of lignin with formaldehyde, resins made with non-modified
lignin have historically exhibited much longer gelation times than traditional PF resins, and were
only able to achieve the production of resins with acceptable mechanical properties using partial
phenol replacement with <60% of phenol replaced with lignin [98, 99]. To address these
challenges, many studies have functionalized lignin using approaches that include methylolation
[100], phenolation [101], and demethylation [78] to increase lignin reactivity and to yield
mechanical properties comparable to conventional PF resin adhesives. As motivation for this
work, it was recently demonstrated that a purified subset of dilute acid-pretreated corn stover
lignin derived from the enzymatic hydrolysis residue (i.e., the “lignin cake”) from a
demonstration-scale biorefinery could be used as a 100% phenol replacement in phenol
formaldehyde (PF) adhesives for plywood manufacturing with performance comparable to a
commercial phenol resorcinol formaldehyde adhesive [102]. This is notable in that these results
could not be achieved using other process lignins including softwood and hardwood lignins
derived from Kraft pulping, corn stover lignins derived from organosolv pulping, and wheat
straw lignin derived from soda pulping [103]. It has been hypothesized that the high quantified
content of unsubstituted phenolic groups in the corn stover lignins, most importantly p-
coumarate (pCA), are responsible for this lignin’s high level of incorporation into the PF resin
polymer matrix.

A significant number of promising bioenergy feedstocks are graminaceous monocots or

grasses, including agricultural residues such as corn stover, wheat straw, rice straw, and sugar
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cane bagasse. One distinguishing feature of the graminaceous monocot lignins is the
considerable incorporation of the p-hydroxycinnamic acids including ferulate and pCA [104,
105]. It is known that pCA is acylated to the lignin polymer at the y-carbon of the side chain
region primarily in syringyl moieties and to a lesser degree on arabinosy! side chains of
arabinoxylan [106]. The pCA content of grasses is known to exhibit substantial diversity with
respect to genotype, anatomical fraction, and maturity [107, 108] with the content in some
fractions in maize reaching more than 150 mg pCA / g Klason lignin [106] or ~13% of the total
aromatic content of the biomass. The prior processing history of the biomass (i.e., pretreatment)
as well as any lignin recovery and purification steps will also impact the pCA content of the
lignin as the ester bond is labile to acid- or base-catalyzed hydrolysis. Therefore, if the
hypothesis that pCA content is the most important contributor to lignin suitability in PF resins is
correct, then the feedstock genotype, together with growth conditions, harvest time, and lignin
processing history are all of critical importance for lignin suitability as a raw material for these
applications.

In this study we seek to further understand the fate of pCA in corn stover lignins during
dilute acid pretreatment with the goal of identifying how both the feedstock and the processing
conditions could be optimally coupled to extract the most value from the lignin co-product.
Specifically, we investigate the impact of plant genotype in diverse maize lines of differing
initial lignin and pCA contents and dilute acid pretreatment conditions (pretreatment time and
initial acid loading) on the response of the biomass to pretreatment (composition and enzymatic
hydrolysis yields) with the goal of identifying the balance between high hydrolysis yields and

low pCA solubilization (i.e., higher quality lignin for co-products). Finally, we performed the
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acid-catalyzed hydrolysis of a model pCA ester under conditions comparable to dilute acid

pretreatment and estimated kinetic parameters for ester hydrolysis.

Methods

Biomass Feedstock

A panel of inbred maize lines were used as a biomass source and represent a subset of a
wider diversity panel grown in Arlington, Wisconsin as reported in our previous work [107].
These include lines B7, F431, NC368, B14A, NK807, and 5220 and were selected based on
extremes in the contents of lignin and pCA. Complete compositional data for these materials are

provided in Supplemental Table S1.

Pretreatment Conditions

Pretreatments were conducted at 10% solid loadings, (g corn stover/g liquid solution) in
dilute H2SO4 solution using 75-mL round bottom ChemGlass pressure vessels immersed in a
temperature-controlled silicone oil bath heated by a hot plate. Dilute acid solutions varied in pH
between 2.36 and 3.66 and treatment time varied between 45 and 360 minutes at 180 °C with a
stir rate of 260 rpm to investigate treatment conditions with ranging severity factors. Treated
biomass was separated from reaction liquor via vacuum filtration, washed with 500 mL of water,
and air dried for 4 days at room temperature. Biomass yields after pretreatment were determined

gravimetrically.

Composition Analysis

Klason lignin and sugar content of biomass was determined using the NREL laboratory

analytical procedure (LAP, TP-510-42618) using a Bio-Rad Aminex HPX-87H column with a
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mobile phase of 5 mM H2S04 at 0.6 mL/min with a 65 °C column temperature for a 25 minute
duration for sugar separation, quantification was conducted using an RID detector [109].
Remaining moisture content of biomass was determined gravimetrically after drying the biomass
for 4 hours at 105 °C. Ash content was determined gravimetrically after heating the biomass at

620 °C for 4 hours according to the NREL LAP (TP-510-42622 ) [109].

Esterified p-Coumarate Content

Alkali-hydrolyzable p-coumarate content was determined via alkaline saponification.
Biomass was placed in 40-mL Teflon-lined stainless-steel synthesis reactors (Shenzen Langce
Ltd., Huizhou, China) with 12.5 mL of 3 M NaOH at 2% solid loading (0.25 g biomass). These
reactors were heated to 180 °C for 2 hours with a stir rate of 280 rpm. After cooling, alkaline
liquor was adjusted to below pH 2 using 150 pL H2SO4 and centrifuged at 13,400 rpm (10,4009)
for 10 minutes to remove the precipitate. Cinnamic acids were quantified using an Agilent
Poroshell 120 C18 column using a gradient of two solvents, 1% acetic acid in water (solvent A),
and 1% acetic acid in 50/50% v/v methanol and water (solvent B). A 32 minute gradient was
used reducing from 100% solvent A to 30% solvent A and 70% solvent B over 2 minute
increments with at a flow rate of 0.4 mL/min and a column temperature of 40 °C. Acids were

quantified using a DAD detector at 280 nm.

Enzymatic Hydrolysis

Enzymatic hydrolysis was conducted using CTec2 (Novozymes A/S, Bagsverd,
Denmark) at an enzyme loading of 15 mg protein/ g glucan with a 10% (wt/liquid vol) solid
biomass loading. The hydrolysis was conducted in a 0.05 M citrate buffer along with a 0.04

mg/mL tetracycline solution to inhibit bacterial growth. Samples were placed in 15-mL
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centrifuge tubes and subjected to orbital shaking in an incubator at 50 °C for 24 hours. Sugar
yields were quantified using an Aminex HPX-87H column (Bio-Rad, Hercules, CA) with

detection by refraction index detector (RID).

Methyl Trans p-Coumarate Hydrolysis

A solution of 0.8 mg/mL methyl trans p-coumarate was suspended in dilute sulfuric acid
of pH 2.86 and pH 3.36 within 40-mL Teflon-lined stainless-steel synthesis reactors. These
reactors were heated to 180 °C for times varying between 3 and 17 hours with a stir rate of 280
rpm in a silicon oil bath. Decrease in reactant in the resulting reaction mixture was analyzed via
HPLC using an Agilent Poroshell 120 C18 column. A 90 minute gradient from 100% solvent A
to 70% solvent B and 30% solvent A with 6 minute increments was used with a flow rate of 0.4
mL/min and a column temperature of 40 °C. Methyl trans p-coumarate was quantified using a

DAD detector at 280 nm.

Y Reactive site for
incorporation
into PF resin

T
OH

* Phenol

A

Fig. 1: Potential sites within lignins for incorporation into phenol-formaldehyde resins.
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Results and Discussion

Biomass and Pretreatment

The content of pCA within lignins has been proposed to be a key feature impacting the
utility of dilute acid-pretreated corn stover lignins in phenol-formaldehyde resin applications
[103]. Critically, pCA should be substantially more reactive than other monomers within the
lignin backbone as it has two ortho sites available to react with formaldehyde (Fig. 1A) relative
to the three positions available in phenol (two ortho and one para). This can be contrasted with
polymeric lignin, which for a chain ending in a free phenolic group will only have one or zero
available ortho sites for guaiacyl or syringyl monomers, respectively (Fig. 1B); meanwhile lignin
monomers within the interior of the lignin polymer will have zero sites that are ortho or para to a
phenolic group (Fig.1C). Furthermore, ester-linked pCA is susceptible to acid- (and base-)
catalyzed hydrolysis during pretreatments. As such, the impact of pretreatment conditions on the
fate of pCA is an important, and yet largely unexplored topic for both understanding the mass
flows within a biorefinery as well as the potential for increasing co-product value. If pCA
content is important for lignin value in co-products applications, then the choice of conditions for
pretreatments can be considered as a balance between (1) economic constraints, (2) conditions

that optimize yields, and (3) conditions that preserve pCA content in the lignin.
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Fig. 2: Diversity of pCA and lignin in corn stover samples.

In addition to being impacted by processing, both Klason lignin content and pCA content
are known to contribute to cell wall recalcitrance in corn stover. As an example, our prior work
demonstrated with an expanded maize diversity panel that both initial pCA content and initial
Klason lignin content exhibited a statistically significant inverse correlation to glucose
hydrolysis yields (p < 0.05) in untreated biomass subjected to enzymatic hydrolysis only [110].
In this study, in order to develop a better understanding of how both lignin content and pCA
content impact the response of the biomass to dilute acid pretreatment and enzymatic
hydrolysis,and the response of the lignin-associated pCA to dilute acid pretreatment, we screened
a diverse set of corn stover samples to a range of pretreatment severities. The six corn stover
genotypes (Fig. 2) were selected based on their diversity in pCA content, which ranged from
63.8-107.2 mg pCA/g lignin, and Klason lignin content (12.9-19.3% by mass). The selected
genotypes fall into two general categories of high-lignin, low-pCA (B14A, NK807, 5220) and
low-lignin, high-pCA (B7, NC368, F431). The complete composition profiles of all six

genotypes are available in Supplemental Table S1. Critically, as shown in Figure 2, pCA can
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comprise more than 10% of the aromatic content of lignins in graminaceous monocots such as
maize. For an integrated biorefinery processing produced corn stover, this represents an
enormous reservoir of potentially recoverable, utilizable aromatics. For example in an integrated
biorefinery processing 2000 tonnes/day of corn stover, the data in Figure 2 represents between

23 and 34 tonnes/day of pCA passing through the biorefinery.

Table 1: Dilute acid pretreatment conditions and the calculated value for the combined severity
factor (CSF)

Time (hr) Initial pH Temperature CSF
0.75 3.36 180 °C 0.65
1.5 3.36 180 °C 0.95
3 3.36 180 °C 1.25
3 2.86 180 °C 1.75
6 3.66 180 °C 1.25
6 3.16 180 °C 1.75

The six maize genotypes were subjected to dilute acid pretreatment over a range of
severities according to the conditions in Table 1. Additionally, the values for the combined
severity factor (CSF) are presented using the equation for CSF (based on initial pH) and
parameters developed by Chum et al. [111]. Conditions for pretreatment were selected based on
the CSF range identified by Schell et al. [94] as achieving glucose hydrolysis yields >70% for
dilute acid-pretreated corn stover. While the CSF values were within a comparable range, the
pretreatment times were much longer (up to 6 hr rather than <10 min) and the initial pH values
were much higher (i.e., lower acid loadings were utilized). The reasons these milder range of
conditions were chosen are so that (1) these milder acid loadings would allow the reaction to take
place in reactors without use of expensive, corrosion-resistance alloys, substantially lowering

capital costs, (2) improve the selectivity of xylan hydrolysis to xylose dehydration to furfural,
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and (3) potentially decrease the hydrolysis of esterified pCA while simultaneously achieving
pretreatment performance targets. It should be noted that not all biomass-pretreatment

combinations were employed in this study.

Impact of Pretreatment on Cell Wall Composition and Enzymatic Hydrolysis Yields

The impact of pretreatment conditions on the solubilization of key cell wall components was
assessed with a focus on xylan and pCA. Complete compositional profiles for all biomass-
pretreatment combinations are provided in Supplemental Table S1. Xylans are a major
structural component of the plant cell walls of angiosperms and are involved in non-covalent
cross-links between cellulose microfibrils [110]. Hemicelluloses inhibit the ability of cellulase
enzymes to access cellulose within the cell wall structure and reduce the effectiveness of enzyme
hydrolysis and, consequently, the overall potential biofuel yield. Hemicellulose removal is
typically a target of biomass deconstruction processes either during pretreatment by hydrolysis
and/or solubilization or during enzymatic hydrolysis by xylanolytic enzymes. During dilute acid
pretreatments, acid catalyzes the hydrolysis of the glycosidic bonds with xylans resulting in their
removal from the cell wall in the form of its constituent oligomers and monomers, while lignin is
melted and redistributed within cell wall [112, 113]. These two outcomes of dilute acid
pretreatment allow the cellulase enzyme cocktail access to the cellulose, resulting in higher total
glucose hydrolysis yields. The amount of xylan removed and solubilized during dilute acid
pretreatments is commonly used to evaluate the effectiveness of different dilute acid
pretreatment conditions and how we expect these conditions to influence the maximum

obtainable hydrolysis yield from pretreated corn stover [94, 114].
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Figure 3: Impact of pretreatment conditions on cell wall xylan content for (A) distinct maize
genotypes, (B) all samples for as a function of time, and (C) the initial pH for the 3-hr
pretreatment time. ** represents p < 0.001.

The primary contributors to the effectiveness of a dilute acid pretreatment are
temperature, time, and acid catalyst concentration. As all the experiments were performed
at180°C, the time and initial pH are the only two factors that will be contributing to differences
in responses in this work. The results for changes to xylan content are presented in Figure 3 and
show several notable trends. Specifically, when all samples are pooled, the xylan solubilization
can be shown to be a strong, significant function of time, with longer pretreatment times
resulting in significantly higher levels of xylan solubilization (Fig. 3B). For the 3-hr pretreatment
times, where the most data points were collected, even the minor differences in the initial pH
have a significant (p < 0.001) impact on the xylan solubilization during pretreatment (Fig. 3C).

In prior work, pCA solubilization during acidic treatments has been studied primarily to
understand its role as an inhibitor of either cellulases during enzymatic hydrolysis when present
in hydrolysate liquors [115, 116] or intact in the cell wall [117, 118], as well as during microbial
fermentation [119-121], or used as a standard analytical tool for the analysis of pCA-

polysaccharide esters [106]. However, a detailed information on the kinetics or hydrolysis of
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pCA-lignin esters during chemical pretreatments is scarce in the literature. As one example, it is
known that hydrolysis using 0.1 M trifluoroacetic acid at 100°C for 1 hour is capable of
hydrolyzing glycosidic bonds within arabinoxylan while preserving the ester bond of pCA
acylated to arabinosyl subunits [106]. One prior study showed that pCA was the most abundant
aromatic monomer in liquors derived from dilute acid pretreatment of corn stover and the
quantified content was equivalent to 16.7 mg pCA/g original Klason lignin [119]. The
pretreatment conditions in this study were 190°C, an estimated initial pH of 0.7, and a residence
time of <10 minutes. Other work in sugarcane bagasse has shown that pretreatment under acidic
conditions resulted in less pCA in the hydrolysate when compared to steam pretreatment and
pretreatment in the presence of SOz due to the further degradation of pCA and other aromatic
acids during pretreatment [122].

In the present work, dilute acid pretreatment is shown to result in extensive hydrolysis of
pCA (Fig. 4). The results for pCA removal correspond with those for xylan removal and show
that both time and initial pH are key parameters in its removal from the cell wall. Under the most
severe pretreatment conditions (6-hr pretreatment time), a 6.5-fold reduction in pCA content was
observed. As with the xylan solubilization, pretreatment time was found to correlate to reduction
in pCA content (Fig. 4B). For every genotype subjected to 3-hr pretreatments, the initial pH had

a statistically significant impact on the pCA removal (Fig. 4C).
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Enzymatic hydrolysis of cellulose to glucose provides an assessment of the relative
recalcitrance of the cell wall and, additionally, is a key step determining the economic feasibility
of ethanol production from lignocellulosic biomass. Enzymatic hydrolysis is considered to be
one of the largest contributions to the operating cost in a biorefinery with enzymes estimated to

contribute up to $1 per gallon of ethanol produced [123]. It can be observed that, with the
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exception of the B7, the low-lignin biomass (F431, NC368) generally exhibited higher
hydrolysis yields than the high-lignin biomass (B14A, NK807, 5220). As lignin is not removed
during batch dilute acid pretreatments, but only melted and redistributed, this could be expected
as redeposited lignin can prevent hydrolytic enzymes from accessing glycosidic bonds within
cellulose. Comparable to the impacts of dilute acid pretreatment on xylan and pCA removal,
longer dilute acid pretreatment times result in greater hydrolysis yields due to increases
hemicellulose removal during pretreatment. However, unlike the other results following three-
hour pretreatment whereby differences in the initial pH resulted in differences in xylan (Fig. 3B)
and pCA solubilization (Fig. 4B), a significant difference in hydrolysis yields between differing

pH pretreatments was not observed (Fig. 5C).
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Figure 6: Correlations between (A) glucose hydrolysis yields and xylan solubilization, (B)
glucose hydrolysis yields and pCA content, and (C) xylan solubilization and pCA content.
Biomass-pretreatment combinations resulting in high hydrolysis yields and high pCA content are
highlighted with a “%”,

Correlation of Data

Select trends within the data set are next plotted in order to highlight key relationships

between pretreatment outcomes (Fig. 6). The first key observation is that xylan solubilization is
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generally correlated to glucose hydrolysis yields across all pretreatment conditions and
genotypes (Fig. 6A). Xylan removal (or alternatively xylose generation) has been used as a
proxy for the extent of pretreatment and has been shown to exhibit correlations to the enzymatic
hydrolysis yields during dilute acid pretreatments [124], with one study showing strong linear
correlations between xylan removal and enzymatic hydrolysis yields in corn stover subjected to
dilute acid pretreatment in both batch and flowthrough reactor configurations [114]. Other work
in a continuous pilot-scale reactor showed that rather than a exhibiting a continuous linear
increase in hydrolysis yields with xylan removal that the glucose hydrolysis yields in dilute acid-
pretreated corn stover reached a maximum at xylan solubilization levels of >60% [94]. Our data
show that for each of the six genotypes, xylan solubilization above 50% did not result substantial
improvements in glucose hydrolysis yields (Fig. 6A). As shown previously, the high-lignin
biomass generally exhibited lower yields than the low-lignin biomass.

The glucose hydrolysis yields are plotted against the pCA content for all biomass-
pretreatment combinations to highlight the balance between achieving high hydrolysis yields
versus hydrolyzing pCA during the pretreatment (Fig. 6B). These results show a sigmoidal
relationship between these two variables and it can be observed that at least two biomass-
pretreatment combinations (highlighted in Fig. 6B with a “%”) are capable of achieving
hydrolysis yields >90% while retaining more than 50 mg pCA/g original Klason lignin. It is
notable that both genotypes (NC368 and F431) are from the low-lignin, high-pCA category
suggesting that the two objectives of high sugar yields and high pCA retention can be achieved

simultaneously by selection of appropriate feedstock-pretreatment combinations. The conditions
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used for pretreatment (3 hr, pHo = 3.36, 180°C) at the higher initial pH was shown to result in in
less pCA removal (Fig. 4C) while not having a significant impact on hydrolysis yields (Fig. 5C).
The next within-dataset correlation exhibiting notable trends is the relationship between

the pCA solubilization and the xylan solubilization (Fig. 6C). For this, a strong linear correlation
can be observed for all biomass samples except for samples with pCA solubilization greater than
~65%. This indicates that under the conditions tested the rate of hydrolysis of an acid-catalyzed
pCA-lignin ester linkage is of the same order of magnitude as the hydrolysis of a glycosidic bond
within xylan. In the next section, these kinetics for pCA ester hydrolysis are explored in more

detail.

Ester Hydrolysis Kinetics

In order to further understand the kinetics of pCA ester hydrolysis, a kinetic study was
next performed using trans-pCA methyl ester as a model compound with the results compared to
those from corn stover. The hydrolysis of phenolic esters has been studied since at least 1937
when Hammett developed a relationship relating the rate of reaction of substituted aromatic
compounds to the structure of their unique substitution [125]. Kinetic models based on modified
versions of the Hammett equation have been developed to explain the hydrolysis of various
esters catalyzed by both dilute and concentrated acid [126, 127]. In addition to these models
these kinetic principles have been used to explore the mechanism behind acid-catalyzed ester
hydrolysis. Shi et. al. suggest that an ester bond is hydrolyzed by acid according to a two-step
mechanism; an alkyl-oxygen protonation which creates an acylium ion followed by a

trimolecular hydrolysis [44].
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In the present work, the pCA methyl ester was hydrolyzed under conditions comparable
to those used for our dilute acid pretreatments of corn stover at times ranging from 2 to 17 hours,
initial pH values of 3.36 and 2.86, and a temperature of 180°C. The goal of this set of
experiments was to gain insight into the kinetics of the acid-catalyzed hydrolysis of the pCA-
lignin ester bond responsible for the removal of pCA during dilute acid pretreatment. Results are
plotted as a dimensionless conversion such that all biomass samples with varying pCA contents
could be plotted for comparison (Fig. 7A). Exponential functions were fit to the curves with the
assumption that ester hydrolysis kinetics could be approximated by a first-order reaction with
respect to pCA concentration with rate constants estimated to be 0.081 h! (pHo = 3.36) and
0.183 h' (pHo = 2.86). This is consistent with increasing acid catalyst concentration increasing
the rate constant as a contributor to activation energy or alternatively as a concentration
dependence in an elementary rate law. These results can be compared to the pCA hydrolysis
kinetics pooled from all the biomass-pretreatment conditions screened in this work with pHo

ranging from 2.86 to 3.66 (Fig. 7A). Assuming first-order kinetics for this reaction, the estimated
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rate constant for xylan hydrolysis and removal from the corn stover is 0.29 h™. Although this is
the same order of magnitude as the rate constant for model compound ester hydrolysis, it is still
significantly higher. Potential reasons for this discrepancy could be either differing mechanisms
for the hydrolysis of a pCA-lignin ester versus a pCA-methyl ester. A second possibility is that
the presence of biomass during the reaction results in generation of additional acid through
autohydrolysis of acetyl groups within the hemicellulose and further decreases the pH during the
pretreatment. However, it has been shown that pH decreases in liquid hot water and dilute acid
pretreatments do not generally proceed below pH 3.0 [128].

The results of the pCA ester hydrolysis kinetics can be compared to those of the xylan in
corn stover (Fig. 7B). For this, data were selected from all samples and conditions that used a
pHo >3.16 as the lower pH condition resulted in substantially higher xylan hydrolysis (Fig. 3C).
An exponential curve is fit to the data under the assumption that xylan solubilization can be
approximated by first-order reaction kinetics yielding a rate constant of 0.187 h™* which is of the
same order of magnitude as the pCA hydrolysis (Fig. 7A). This finding of comparable rate
constants for pCA and xylan hydrolysis is supported by our previous observation of a linear
correlation between xylan and pCA removal during pretreatment (Fig. 6C). Xylan removal from
the cell wall involves multiple step including hydrolysis of cellulose-associated insoluble xylan
to yield water-soluble oligomeric xylan. Unless this xylan is further hydrolyzed to monomeric
xylose, these xylooligomers may be able to absorb back onto the cellulose. More complex
models for xylan hydrolysis within biomass have been developed that include two pools of xylan
(“slow-reacting” and “fast-reacting”) that first hydrolyze to oligomers followed by hydrolysis of

oligomers to monomers with each of these reactions exhibiting differing rate constants that are
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elementary with respect to xylan and acid concentration [94]. Using the expressions developed
by Schell et al. [94] for the hydrolysis of xylan during dilute acid pretreatment of corn stover,
values for the rate constants for “slow-reacting” xylan (presumably the rate-limiting step) are
calculated to be 0.48 h't for a pH of 2.86 and 0.152 h™! for a pH 3.36, which bounds our

estimated rate constant of 0.127 ht.

Conclusions

A panel of six diverse maize genotypes exhibiting a range of pCA and lignin contents
was used to study the relationship between dilute acid pretreatment conditions and the biomass
response to pretreatment with the goals understanding pCA ester hydrolysis kinetics during
pretreatment. For this, a range of pretreatment conditions utilizing mild dilute acid (initial pH
>2.86) were employed over times ranging from 45 min to 6 h at 180 °C. Strong correlations
between xylan solubilization and pCA solubilization were identified. Using a model pCA-ester,
kinetic parameters for acid-catalyzed ester hydrolysis were estimated and were of the same order

of magnitude as those for xylan hydrolysis under comparable conditions.
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Supplementary Data

Supplemental Table 51: Composition of Biomass ERROR (+/-)

L Combined Klason | p CA [mg/g | Glucose . L Combined Klason | pCA (mg/g | Glucose
1::": In;:al 1:::;,' Severity Maize Glucan | Xylan | Acetate | Lignin | original |Hydrolysis 1:'::: "::al T;zﬂr:}p. Severity Maize Glucan | Xylan | Acetate | Lignin | original | Hydrolysis
Factor | Genotype | (%) | (%) (%) (%) lignin) | Yield (g/g) Factor | Genotype | (%) (%) (%) (%) lignin) | Yield (g/g)

5220 319 |22.0]| 34 17.8 63.8 0.289 5220 06 |12 03 0.1 25 0.004

Bl4A 355 |246| 36 16.8 80.6 0.300 Bl4A 02 | 06 01 0.7 33 0.008

" B7 324 |1216| 35 134 107.1 0.330 " B7 22 | 01 01 0.3 0.9 0.009

Untreated Untreated Biomass

F431 363 | 238 4.0 16.0 107.0 0.253 F431 0.8 2.1 0.4 0.3 1.1 0.004

NC368 31.7 | 23.2 4.0 12.9 104.1 0.313 NC368 2.4 1.5 0.2 1.2 2.8 0.012

NK807 35.1 |215]| 38 19.2 79.1 0.335 NK807 0.7 | 0.8 0.1 0.5 3.8 0.010
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EFFECT OF DILUTE ACID PRETREATMENT AND LIGNIN EXTRACTION CONDITIONS
OF LIGNIN PROPERTIES AND SUITABILITY AS A PHENOL REPLACEMENT IN

PHENOL-FORMALDEHYDE WOOD ADHESIVES

Abstract

Corn stover was subjected dilute acid pretreatment to assess the impact of pretreatment
conditions on lignin extractability, properties, and utility as a phenol replacement in wood
phenol-formaldehyde (PF) adhesives. It was identified that both formic acid and NaOH could
extract and recover 60% to 70% of the lignin remaining after pretreatment and enzymatic
hydrolysis under the mildest pretreatment conditions while simultaneously achieving reasonable
enzymatic hydrolysis yields (>60%). The availability of reaction sites for incorporation of lignins
into the PF polymer matrix (i.e., unsubstituted phenolic hydroxyl groups) was shown to be
strongly impacted by the pretreatment time and the recovery. Finally, a 100% lignin-based wood
adhesive formulated using formic acid-extracted lignin was demonstrated to have a dry sheer
strength exceeding that of a conventional PF adhesive. These findings suggest that both
pretreatment and lignin extraction conditions can be tailored to yield lignins with properties
targeted for this co-product application.

Introduction

Lignocellulosic biomass represents a significant renewable resource that can serve as a
potential feedstock for the production of fuels, chemicals, and materials. One approach to
renewable fuels is through a chemical pretreatment of biomass followed by enzymatic hydrolysis
of the polysaccharides to yield fermentable sugars that can be biologically or chemically
upgraded to fuels and chemicals [129]. While the structural polysaccharide content of
lignocellulose can be targeted for depolymerization, conversion, and high yields, the utilization
of the lignin fraction is both necessary to improve overall process economics[130] and
challenging for applications other than direct combustion due to lignin heterogeneity and its

modification during processing. Three general approaches can be applied for integrating lignin
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recovery and utilization into lignocellulose biorefining processes. These include utilizing a
pretreatment that solubilizes a fraction of the lignin (e.g., alkali or organosolv) that can be
recovered and utilized,[130] utilizing a “lignin first” pretreatment that integrates pretreatment
with lignin solubilization and depolymerization,[131] and the approach that will be applied in the
present work: extracting and recovering lignin from the water-insoluble “lignin cake” that
remains after pretreatment and enzymatic hydrolysis using a lignin-solubilizing solvent [132].

Phenol formaldehyde (PF) resins are commonly used as adhesives in engineered wood
products including plywood, laminated veneer lumber, and oriented strand board. These resins
represent a market of more than $3.5 billion and 34% of the total adhesive market [96]. Lignins
derived from biorefining or chemical pulping processes can serve as a potential bio-based
alternative to the petroleum-derived phenol used in the synthesis of these resins. However,
common challenges to the utilization of lignins in this application include low reactivity towards
formaldehyde, high molecular weight, and high polydispersity [97]. Formaldehyde can react with
phenol at sites para and ortho to the hydroxyl group [133]. Low reactivity of lignin with
formaldehyde relative to phenol is mainly due to the lack of reactive sites resulting from the para
position of aromatic rings being bound in intramolecular linkages, while the ortho positions are
often occupied by either methoxyl groups or B-5 linkages [64]. Due to the low reactivity of lignin
with formaldehyde, resins made with non-modified lignin have historically exhibited much
longer gelation times than traditional PF resins and were only able to produce resins with
acceptable mechanical properties using partial phenol replacement with <60% of the phenol
replaced by lignin [98, 99]. To address these challenges, many studies have functionalized lignin

using approaches that include methylolation,[100] phenolation,[101] and demethylation[78] to
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increase lignin reactivity and to yield mechanical properties comparable to conventional PF resin
adhesives. However, these lignin functionalization steps add additional cost to the lignin-
formaldehyde resin production process.

Formulation and production of PF resins with phenol fully replaced by plant-derived
lignin without the need for further functionalization reactions can result in a product more
attractive for industrial use. Recent work demonstrated that a lignin-formaldehyde wood
adhesive with mechanical properties similar to commercial PF resins can be formulated with
100% replacement of phenol using a NaOH extracted lignin from dilute acid pretreated corn
stover [102, 134]. Grass lignins are known to exhibit high phenolic hydroxyl contents namely in
the form of p-coumarate (pCA) esters [135]. We suggest that the success of this study in fully
replacing phenol with lignin in PF resins is due to the use of a grass lignin (corn stover) opposed
to hardwood derived lignins used in the previously mentioned studies [98, 99]. It has been
hypothesized that high pCA content is especially important for successful replacement of phenol
with lignin in PF resin, and we have shown that dilute acid pretreatment of corn stover can result
in high levels of pCA being retained by the biomass while also allowing for high glucose
hydrolysis yields [132]. This previous work focused on understanding the relationship between
pCA, lignin content, and dilute acid pretreatment conditions specifically understanding the
susceptibility of the pCA ester bond in lignin to hydrolysis during dilute acid pretreatment. We
found that pCA solubilization and xylan solubilization during pretreatment are directly correlated
with each other and with glucose hydrolysis yields following pretreatment. We also
demonstrated using a pCA-ester model compound that acid catalyzed ester hydrolysis proceeds

according to kinetic parameters of the same order of magnitude as xylan hydrolysis [132]. In this
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study, we build on these results by using a single corn stover biomass source to (1) understand
the relationship between pretreatment severity and lignin extractability, (2) understand the
susceptibility of the pCA bond to hydrolysis during extraction using two approaches to extract
lignin from the lignin cake, (3) determine if pCA content is the primary contributor to the “H”
lignin signal in 3P NMR, (4) scale-up pretreatment and lignin extraction and demonstrate
successful 100% replacement of phenol with corn stover lignin, and (5) characterize resin and
adhesive properties and optimize resin formulation for corn stover lignin.

The reactivity of lignin towards formaldehyde and the resulting resin properties are
dependent on the feedstock used,[136] the method of biomass pretreatment,[36] and the
conditions used for lignin extraction/purification [137]. Relevant to the present study is how pCA
content varies between different feedstock sources, genotypes, plant tissue, and plant
development stage. Prior work in our laboratory has focused on understanding both the
distribution and fate of pCA during the biorefining of graminaceous feedstocks [107, 138, 139].
Importantly, we’ve identified up to 5-fold differences in the abundance of pCA in lignin across
diverse bioenergy-relevant grasses and even nearly 3-fold differences within a single plant [140].
If the hypothesis that pCA content is the most important contributor to lignin suitability in PF
resins is correct, then the implications are that the feedstock genotype, together with growth
conditions, harvest time, and lignin processing history are all of importance for lignin suitability
as a raw material for these applications. Critically, this understanding presents the opportunity to
optimize feedstock selection based on lignin suitability for co-products in addition to properties

such as cell wall recalcitrance or agronomic suitability.
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Besides the impacts of pretreatment on lignin, any additional purification, extraction, or
recovery steps are important parts of a lignin’s processing history which can affect the
subsequent lignin properties. While not studied as extensively as pretreatment, some studies have
been conducted investigating lignin properties after additional purification processes. Previous
work demonstrated that when compared to kraft lignin, lignin extracted from sugarcane bagasse
using an acetosolv process displayed lower molecular mass, higher thermal stability, higher
phenolic and total hydroxyl contents, and more p-hydroxyphenyl units [141]. Other work
compared lignin extraction by organic acids to extraction via organic alcohols and showed higher
lignin recovery yields using mixtures of formic and acetic acid versus acetic acid alone and
versus ethanol and methanol. They also find little difference in the molecular weights of lignins
extracted using the different solvent systems, and find higher content of p-hydroxyphenyl units
in lignin extracted with organic acid versus organic alcohol [142]. These results illustrate the
importance of feedstock, pretreatment method, and lignin extraction conditions on the suitability
of a certain lignin for incorporation into PF resins based on the lignin’s properties. Higher p-
hydroxyphenyl content within lignin allows for more open reactive sites in the ortho position of
the aromatic ring and thus increased reactivity with formaldehyde allowing for more complete
phenol replacement in PF resins [143, 144]. The molecular weight distribution of a specific
lignin has also been shown to have an impact on lignin reactivity towards formaldehyde, with
lower molecular weight lignins demonstrated to be more reactive towards formaldehyde [145,
146]. One study suggests that this effect of increasing lignin reactivity as molecular weight
decreases is due to higher phenolic hydroxyl content resulting from the cleavage of -O-4 bonds

in low molecular weight lignin fractions [147]. Prior work linked lignin thermal stability to
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degree of incorporation into PF resins and hypothesized that a high molecular weight lignin
contains fewer end chains which will result in lower volume mobility, causing more energy for
chain rotation, and thus higher Tq values [148]. It was suggested that lower Tq values for a certain
lignin indicate more free volume, opening a higher possibility for cross linking formation in PF
resins [148]. Other work suggested that lignins with a higher thermal decomposition temperature
can be incorporated into PF resins to heighten their thermal stability allowing for their use in
high temperature applications [149].

For the present study, we investigate how dilute acid pretreatment conditions for corn
stover impact lignin properties, lignin solubility/extractability, pCA content of the lignins
through each processing step, and the resulting incorporation of these lignins into the polymer
matrix of phenol-formaldehyde resins. Specifically, corn stover is subjected to a range of dilute
acid pretreatment conditions (i.e., varying acid loading, temperature, and time) followed by
enzymatic hydrolysis and lignin extraction/recovery utilizing either formic acid or NaOH. Based
on the results of this screening select conditions are identified to scale up the lignin generation to
yield sufficient material for testing in materials applications. These lignins are next used to
synthesize PF resins and corresponding wood adhesives with 100% of the phenol replaced with
lignin. Finally, the physical and mechanical properties of these resins and adhesives are

characterized and linked to differences in the chemical properties of the source lignins.

Materials and Methods

Dilute Acid Pretreatment

A commercial hybrid corn stover was obtained from Idaho National Laboratory after

harvest in 2014 in Story County IA. The corn stover was first milled to pass a 2-inch screen
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using a Vermeer bale grinder BG-480 followed by milling with a Bliss Hammermill to pass a 1-
inch screen, and finally milled to pass a 20-mesh using a Wiley mini-mill (Thomas Scientific).
Pretreatments were conducted in a 300-mL stainless steel sample cylinder (Swagelok, 316L-
HDF4-300) submerged in fluidized aluminum oxide heated to the desired temperatures (Techne
SBS-4, Cole-Parmer). Pretreatments were performed at solid loadings of 20% (mass dry corn
stover/liquid volume) with initial values for pH ranging from pH 1-3, times ranging from 1 to 6
hours, and temperatures ranging from 150 to 200 °C corresponding to combined severity factors
(CSF) of 1.0 to 4.0 calculated using the equation developed by Chum et al [111]. Heat-up was
considered in the pretreatment time, while samples were air-cooled to room temperature
following the targeted pretreatment time. The conditions used for pretreatment are presented in

Table 1.

Table 1: Conditions used for dilute acid pretreatment screening at the 100 mL scale.

Time Initial pH Temperature CSF
6.0h 3.0 150 °C 1.0
1.8 h 2.0 150 °C 1.5
1.0h 1.25 150 °C 2.0
20h 1.0 200 °C 4.0

Enzymatic Hydrolysis

After pretreatment, corn stover was subjected to enzymatic hydrolysis using CTec2
enzyme cocktail (Novozymes A/S, Bagsvaerd, Denmark). Hydrolysis was conducted at 10%
biomass loading (wt/vol) with two different enzyme loadings (15 and 30 mg protein/ g glucan).
Samples were hydrolyzed at a constant pH of 5 using a 1 M citrate buffer within 15-mL

centrifuge tubes for 72 hours at 50 °C. A tetracycline solution was added to impede bacterial
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growth (0.045 mg/mL). Hydrolysis liquor samples were taken at 24, 48, and 72 hours. Glucose
yields were quantified using HPLC (Agilent Technologies, 1260 Infinity Il) equipped with an

Aminex HPX-87H column (Bio-Rad, Hercules, CA) using detection by RID.

Lignin Extraction and Recovery

Lignin was extracted from hydrolysis residues using both NaOH and formic acid
extraction methods. NaOH extraction was conducted in 40-mL stainless steel synthesis reactors
(Shenzen Langce Ltd., Huizhou, China) using solid loadings of 20% (wt/vol) hydrolysis residue
to 1 M NaOH corresponding to a biomass to NaOH loading of 200 mg NaOH/g biomass.
Reactors were submersed in a silicon oil bath and heated on a hot plate to 85 °C for 1 hour.
Lignin was precipitated from the resulting alkaline liquor by adding concentrated H2SO4
dropwise until a pH <2 was achieved. Lignin was separated from solution via vacuum filtration
(Whatman Grade 42 Ashless Filter Papers), washed with DI water until neutral pH was reached,
and dried at room temperature. Formic acid extraction was conducted using the same reactor
system as the NaOH extraction method. Solid loadings of 10% (wt/vol) hydrolysis residue to
88% (w/w) formic acid was used. Reactors were refluxed at 101 °C for 1 hour. Formic acid
lignin solution was collected, and solid residue was washed with an additional 50 mL of formic
acid. This formic acid was added to the previously separated formic acid solution and lignin was
precipitated by the addition of 300 mL DI water. Lignin was removed from solution via

centrifugation and washed with additional DI water.

Composition Analysis

Untreated corn stover, pretreated corn stover, hydrolysis residues, and extracted lignins

were analyzed via NREL LAP TP-510-42618 to determine structural polysaccharide and Klason
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lignin contents [150]. Sugars were quantified via HPLC with an RID detector using a Bio-Rad
Aminex HPX-87H column, a mobile phase of 5 mM H2SOs4, a flow rate of 0.6 mL/min, and a
column temperature of 65 °C. These samples were further analyzed for moisture and ash content,
drying at 105 °C for 4 hours and measuring mass loss due to moisture, and subsequently
measuring remaining ash content gravimetrically after combusting the biomass at 620 °C for 4
hours according to a method modified from the NREL laboratory analytical procedure LAP TP-

510-42622.

p-Coumarate Content

An alkaline saponification was used to determine the amount of p-coumarate contained
within pretreated biomass and extracted lignin. Samples were placed in stainless steel synthesis
reactors (Shenzen Langce Ltd., Huizhou, China) with a solid loading of 2% (wt/vol) biomass to
3M NaOH. Reactors were heated to 180 °C for 2 hours while stirred with a magnetic stir bar at
280 rpm. Following the reaction, the alkaline liquor was adjusted to pH <2 by the dropwise
addition of concentrated H2SOa4. The resulting precipitate was separated via centrifugation and
solution was removed for quantification of p-coumarate by HPLC using an Agilent PoroShell
120 C18 column and DAD detection at 280 nm. A gradient of two solvents was used: 1% acetic
acid in water (solvent A), and 1% acetic acid in 50/50% v/v methanol and water (solvent B). The
gradient ran for 32 minutes reducing from 100% solvent A to 30% solvent A and 70% solvent B

using 2-minute increments with a column temperature of 40 °C and a flow rate of 0.4 mL/min.

Gel Permeation Chromatography

Gel permeation chromatography (GPC) was used to determine the molecular weight of

extracted lignins. Prior to GPC analysis lignin samples were acetylated; 10 mg of each lignin
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sample was added to 2.5 mL pyridine and stirred with a magnetic stir bar for 20 minutes at room
temperature to fully dissolve the lignin samples. Next, 0.25 mL of acetic anhydride was added
and stirred at room temperature for 20 hours. Acetylated lignin was removed from excess solvent
by using a rotary evaporator to remove solvent at 40 °C. Remaining solid residue was further
dried using a vacuum for 10 minutes at room temperature. Dry and solvent free acetylated lignin
was dissolved in 2 mL THF, filtered twice using a 0.2 um PTFE syringe filter, and prepared for
NMR analysis. GPC analysis was conducted using an HPLC equipped with a Waters Styragel
HR 4 (7.8 x 300 mm, Milford, MA, USA) column using THF as a mobile phase at a flow rate of
0.5 mL/min and a column temperature of 40 °C. A spectrum was obtained using a DAD detector
at 280 nm and molecular weight quantification was achieved using a calibration curve

constructed from Readycal polystyrene standards (Fluka Analytical) in the 250-70,000 Da range.

Scale-Up of Pretreatment, Hydrolysis, and Lignin Extraction

Pretreatment scale-up was performed at the pretreatment conditions corresponding to a
CSF of 2.0 from Table 1. Corn stover was hammer-milled to pass a 3-mm screen (Model 158,
Pellet Masters, Chippewa Falls, WI). Milled corn stover and dilute sulfuric acid solution were
mixed in 16-inch 3 NPT 316 threaded stainless-steel pipes, sealed with pipe fittings and pipe
dope, and allowed to equilibrate overnight. Sealed pipes were submerged in a water bath inside a
20 L stainless steel digester (RegMed model AU/E-20, S&o Paulo, Brazil) and heated to 150 °C
and held for 1 hour. After pretreatment, the biomass was washed with water in a home brewing
mesh filter bag and dried at 50 °C.

Hydrolysis was performed to yield “lignin cake” or the lignin-rich hydrolysis residue

following enzymatic hydrolysis and was conducted in a five-gallon polyethylene bucket using
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10% (wt/vol) solid loadings and a 25 mg protein/g glucan enzyme loading comparable to our
previous work [151]. The bucket was heated to 50 °C in an incubator for 72 hours, stirring
periodically for the first 24 hours, with periodic pH adjustment to pH 5.0. Following hydrolysis,
lignin cake was washed 4 times using 1 L DI water in a Beckman Coulter Avanti JXN-26
centrifuge and dried at 50 °C for 48 hours.

Formic acid lignin extraction was conducted using 10% (wt/vol) solids in 88% (w/w)
formic acid in a 5-L glass round bottom flask (USALab, RBF5L1N) in a stainless steel oil bath
heated by a hot plate with an aluminum foil heating mantle. The round bottom flask was
equipped with a condenser and the formic acid solution was allowed to boil at reflux for 1 hour.
Remaining solids were washed twice with ~40% w/w formic acid, and lignin was precipitated by
the addition of 13 L of DI water. Lignin was separated from solution and washed with additional
water via centrifugation (Avanti JXN-26, Beckman Coulter).

NaOH lignin extraction was conducted in a stainless-steel digester (RegMed model
AU/E-20, Sao Paulo, Brazil) equipped with 4 intermediate 1.5 L reactor vessels (Lid T4T-20).
Lignin cake was submerged in 1 M NaOH and heated to 85 °C for 1 hour. Black liquor was
separated from remaining solids using a home brewing mesh filter bag and a cider press. Liquor
was adjusted to pH <2 using H2SOa4 to precipitate lignin. Lignin was recovered via centrifugation

(Avanti JXN-26, Beckman Coulter), and washed with DI water.

Preparation of Resins and Adhesives

Phenol-free lignin-based resins were prepared according to our previous work [102].
Briefly, 25 g of recovered lignin was first dissolved in 85 mL of 1M NaOH and then transferred

to a 250 mL three-necked round bottom flask equipped with a condenser. Formaldehyde was



65
gradually added to the flask until a 1:2 molar ratio of formaldehyde to lignin phenolic hydroxyl
was achieved. Using a digital hot plate with constant stirring, the flask was heated from room
temperature to 65 °C over 30 minutes followed by incubation at 65 °C for 30 minutes. Next, 40
mL of 1M aqueous NaOH was added. The resulting mixture was gradually increased to 90 °C
and the temperature was held constant for 2 more hours. After cooling the resin using an ice
bath, some of the resin was frozen to prevent additional polymerization, while the rest was
utilized to characterize chemical and physical properties. The developed resins were used to
prepare lignin-based adhesives utilizing the same process used for commercial phenol-
formaldehyde glue mix formulation as described in our prior work [134]. Adhesives are
composed on a weight basis of 66% thawed resin combined with 8% wheat flour, 16% distilled
water, 8% plywood extender (Modal), and 2% NaOH pellets. The lignin-based adhesives were

stirred for 5 minutes using a high-speed mixer at 800 rpm until homogeneous.

Resin and Adhesive Property Characterization

Properties of developed resins and adhesives were evaluated according to ASTM-
recommended test methods. All properties were measured in triplicate except for solid content
which was tested in five replicates. For each sample solid content was measured according to
ASTM D4426-01. In labeled pans 1 g of each resin was heated to 125 °C for 105 minutes. After
heating, samples were cooled in a desiccator, weighed, and percent solid content was calculated.
The pH of resins and adhesives was measured using a Mettler Toledo S220 digital pH meter.
Rheology of formulated resins was analyzed using a Discovery HR-1 hybrid rheometer (TA
Instrument) equipped with a 40-mm parallel plate geometry and a 1000 um gap at 23 °C.

Rheometer tests were performed at constant shear rates of 1000 (s™) to determine the viscosity of
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resins and adhesives. Gelation time was determined following the method reported by Pizzi and
Mittal [152]. A glass test tube containing 1 g of each resin sample was submerged in a beaker of
boiling water. The resin was then stirred with a glass rod until a string formed around the rod.
The gelation time was recorded from the time the test tube was immersed in boiling water to the
time that the string was formed. The free formaldehyde level of resins was determined using the
hydroxylamine hydrochloride method according to European Standard DIN EN 1SO 9397. The
alkalinity of resin and adhesive samples was measured according to Lorenz and Christiansen's
recommended procedure [153]. Using an estimated amount of NaOH in each sample, different
amounts of resin or adhesive (2 to 10 g) were added to 100 mL distilled water. This solution was
titrated to pH 3.5 using 0.1 N hydrochloric acid solution. The alkalinity is calculated based on
the amount of resin used and the hydrochloric acid volume.

The adhesives were tested for strength of adhesion using a lap shear strength test
according to ASTM D5868-01. For each measurement 0.12 g of adhesive was applied to one-
fourth (25.4 x 25.4 mm?) of the Douglas-fir veneer samples (25.4 mm x 102 mm x 5.6 mm).
Single-lap joint samples were prepared using a digital hot press (Carver, Inc., Model
3895.4PL1000). The automatic press instrument enables adhesives to cure between veneer
samples by adjusting the temperature of the press plates and the required pressure. Utilizing the
pressing conditions recommended by industry for commercial adhesives, the veneer samples
were pressed for 4 min at 175 °C under 1400 kPa. The adhesion strength (tensile strength at
maximum load) of produced adhesives was measured using an Instron 5565 Universal testing

equipment with a loading rate of 12.7 mm/min.
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Results and Discussion

Biomass Pretreatment and Enzymatic Hydrolysis

For the first part of this study, corn stover was subjected to dilute sulfuric acid
pretreatments performed over a range of times, temperatures, and initial pH values with the goal
of generating lignins with substantial differences in properties. This set of materials was utilized
to achieve two goals. First, the diverse lignins were used to develop a better understanding of
how these differences in lignin properties impact the extractability/solubility during a lignin
recovery process from a hydrolysis residue (“lignin cake”). Second, through the characterization
of both lignin recovery yields, and lignin properties, combinations of conditions for pretreatment
and lignin extraction can be identified that may yield lignins that are optimal for application as a
phenol replacement in phenol-formaldehyde wood adhesives.

The four pretreatment conditions are outlined in Table 1. The three moderate conditions
at 150 °C chosen in this study span a range of CSFs expected to result in high glucose hydrolysis
yields[94, 132] as well as moderate modification of lignin properties and extractability in solvent
[154]. A fourth significantly more severe condition at higher temperature (200 °C) and the
lowest initial pH (1.0) corresponding to a CSF of 4.0 was chosen to assess the effects of high-
severity pretreatments on the subsequent lignin properties as well as enzymatic hydrolysis yields.
The pretreated biomass was first tested for its response to enzymatic hydrolysis and xylan
solubilization. These results are presented in Figure 1 and show several key trends. First, it can
be observed that increasing time and enzyme loading during enzymatic hydrolysis both increase
yields (Fig. 1A), as would be expected. However, increasing values of CSF are not necessarily

correlated to increasing hydrolysis yields. One reason for this is that the mildest pretreatment in



68
terms of CSF (i.e., CSF = 1.0) was also the longest pretreatment (6 hr) and gave the strongest
response of the three pretreatments performed at 150 °C. Xylan, is distributed on the surface of
the cellulose fibers as well as being present in the inter-fibrillar space[155], and has been shown
to act as a barrier inhibiting the access of enzymes to cellulose [156]. Xylan removal is one of
the key outcomes of dilute acid pretreatment and the correlation between xylan removal and
enzymatic hydrolysis yields in pretreated corn stover is well-established [94, 132]. This study
reinforces this finding showing a strong correlation between xylan removal and enzymatic

hydrolysis yields following dilute acid pretreatment (Fig. 1B).
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Figure 1: Impact of pretreatment conditions on (A) subsequent enzymatic hydrolysis yields and
(B) relationship between hydrolysis yields and xylan removal for 48-hr hydrolysis times at two
enzyme loadings.

Lignin Extraction, Recovery, and Characterization

Challenges to utilizing lignin within enzymatic hydrolysis residue (i.e., “lignin cake”) for

biobased materials and chemicals include (1) the high level of contamination with other “non-
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lignin” components (unhydrolyzed polysaccharides, ash, cellulase protein) that necessitates
purification, (2) the relatively poor solubility of the lignins in many solvents that would be
necessary for both purification/separation of the lignins from the lignin cake, and for processing
in many of the target applications, and (3) the substantial modification of the lignins during
pretreatment that may limit its utility in many applications. To address these challenges, two
approaches (NaOH and formic acid treatment) were next applied to extract, solubilize, and
recover the lignin from the hydrolysis residue. The lignin recovery yields were assessed and
select properties of the recovered lignins were characterized (molar mass, abundance of pCA and
other functional groups,and contamination of the recovered lignins with polysaccharides and
ash).

Lignin solubility is key for its utilization in many chemical and materials applications
that involve chemical modifications such as cross-linking, functionalization, or
depolymerization. Pretreatments of lignocellulose using NaOH are well-established
technologies[157] and target lignin (as well as hemicellulose) removal primarily through two
mechanisms. First, alkali contributes to the chemical cleavage of B-aryl ethers in lignin at
elevated temperature as well as hydrolysis of ester bonds (e.g., ferulate and p-coumarate) within
and between lignin and xylan in grasses such as corn stover. Second, these lignin and xylan
fragments are more soluble in aqueous alkali, which facilitates their removal from the plant cell
wall. Consequently, NaOH treatments may be employed after enzymatic hydrolysis for lignin
extraction and recovery for lignin utilization in co-products applications [158, 159]. One
advantage of utilizing NaOH extraction and solubilization of lignin is that lignin-formaldehyde

resins are ultimately formulated under alkaline conditions and potentially this approach could
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remove a lignin precipitation/recovery step. As a potential disadvantage of NaOH lignin
extraction, previous studies have shown that NaOH treatment of lignin results in reduction of
phenolic hydroxyl content especially the reduction of p-hydroxyphenyl subunits,[160]
presumably due to the alkali-catalyzed hydrolysis esters of pCA pendant groups on lignin [132].
Notably, our prior work utilized NaOH extraction to isolate lignin from polysaccharide-rich
residues such as lignin cake [102]. A formic acid lignin extraction is also employed as it is
hypothesized that this may result in a higher retention of p-hydroxyphenyl and pCA for
incorporation into PF resins. Formic acid lignin purification and fractionation has become the
subject of increasing research in recent years [161]. Formic acid extraction processes have been
shown be successful in separating lignin from carbohydrates and ash components in multiple
types of biomass while retaining high levels of phenolic hydroxyls and pCA within the lignin
structure [108, 162]. These high-purity lignins with an absence of polysaccharides and inorganics
while retaining reactive phenolics such as p-hydroxyphenyl and pCA exhibit promise for lignins

with ideal properties for reaction with formaldehyde and creation of PF resins.
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Figure 2: Impact of pretreatment conditions on (A) lignin extraction and recovery yields from the
resulting corn stover lignin cake and (B) recovered lignin number average molar mass using
either NaOH or formic acid lignin extraction.

The formic acid and NaOH lignin extractions used in this study were both conducted
under relatively low temperature (101 °C and 85 °C, respectively) and atmospheric pressure.
Extraction and recovery under these conditions resulted in high lignin recovery yields from the
lignin cake in the 60-70% range for both formic acid and NaOH extractions under all
pretreatment conditions except the most severe condition at CSF 4 (Fig. 2A). Importantly, these
yields of 70% under relatively mild extraction conditions are significant relative to prior work.
As one example, increasing CSF from 0.5 to 1.5 increased lignin recoveries from ~45% to 57%
in dilute acid-pretreated and enzymatically hydrolyzed corn cob using ball-milling, additional
acid hydrolysis, and extraction with acidic dioxane-water mixtures [154]. As another example,
prior work demonstrated that despite significant lignin solubilization, direct alkaline pretreatment
of corn stover under relatively comparable conditions to those used in the present work resulted
in approximately 35% recovery of the lignin [163]. One possible implication of this is that prior

dilute acid pretreatment act synergistically with subsequent alkaline solubilization to improve the
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recoverability of the lignin. One notable exception to the high lignin recovery yields is the for the
most severe pretreatment (CSF = 4.0) of corn stover, with yields of less than 20% (Fig. 2A). It
can be hypothesized that under these severe conditions, the lignin becomes more highly
condensed and “char-like”, both reducing its solubility in aqueous alkali and formic acid, and
reducing its chemical utility. Acid hydrolysis residue following furfural production from corn
cob is comparable to these high-severity pretreated materials, and it’s notable that low lignin
yields (less than 30%) using alkali extraction have been identified from these materials as well
[164]. Overall, these results suggest that some prior acid pretreatment may improve lignin
recoverability relative to only alkaline pretreatment, and harsh acid pretreatments render the
lignin less extractable. The results for recovered lignin molar mass (Fig. 2B) show that both
number average (My) and weight average (M,,;) molar masses increase as CSF increases from
1.0 to 2.0 (p < 0.05). At the most severe CSF (4.0), the values for recovered lignin molar mass
drop by approximately 50% relative to those recovered from other pretreatment conditions.
Coupled with the low lignin recovery yields from most severe CSF, it can be hypothesized that
the bulk of the lignin becomes highly cross-linked and extraction solvent-insoluble such that
only a small low-MW subset of the lignin is recoverable from this sample.

Lignins generated using both extraction methods over the entire pretreatment range were
next subjected to characterization with respect to lignin purity/composition, pCA content, and
phenolic hydroxyl content. This was performed with the goal of identifying coupled pretreatment
and lignin recovery conditions that can (1) maximize lignin recovery yields and (2) generate
lignins with properties suitable for subsequent use in PF resins. Specifically, the identified

conditions will be used for subsequent scale-up for producing lignins of sufficient quantity for
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production and property testing of PF resins and the resulting adhesives. The “ideal” lignin
properties for this application include high phenolic hydroxyl content and/or pCA content, and
low content of ash and polysaccharides. Results show that the recovered lignins all exhibited less
than 2% by weight ash content with formic acid extracted lignin exhibiting ~10 to 20-fold higher
ash than the NaOH lignin (Fig. 3A). This discrepancy disagrees with previous literature,[108]
and may be due to different washing methods employed after the two lignin extractions. All
lignins contained less than 5% polysaccharide content by weight except for the NaOH lignin
from the CSF 1.5 condition (Fig. 3B). It is unknown why this lignin showed such high sugar
content after lignin extraction.

The NaOH and formic acid-extracted and recovered lignins were next subjected to 1P
NMR characterization to determine the relative abundance of functional groups in the lignin
(Fig. 3B) and, importantly, phenolic hydroxyl content, which is critical for lignin incorporation
into PF resins. It should be noted that not all lignins generated in this study were analyzed due to
poor solubility in the solvents used during derivatization and NMR characterization. In
agreement with previous literature lignins extracted with formic acid showed reduced aliphatic
hydroxyl content and increased phenolic hydroxyl content when compared to NaOH extracted
lignins (Fig. 3B) [108, 162]. This supports our previous hypothesis that formic acid lignin will
exhibit more favorable properties compared to NaOH lignin for implementation in PF resins.
Prior literature on solvent extraction of dilute acid-pretreated corn cob found that increasing CSF
from 0.5 to 1.5 increased the total phenolic hydroxyl content from 2.6 to 3.1 mmol/g,[154] which

is the same magnitude as our results.
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Figure 3: Chemical properties of diverse lignins recovered from corn stover lignin cakes using
NaOH or formic acid (FA) extraction.

The presence of pCA ester groups on lignins derived from graminaceous feedstocks have
been hypothesized to be a key feature of their improved incorporation into PF resins relative to
wood lignins derived from other processes (Fig. 4A) [132, 134]. However, these labile ester
linkages are highly susceptible to alkaline and acid-catalyzed hydrolysis during both
pretreatment and lignin recovery stages. In the present work, pCA content in the extracted lignins
was quantified using alkaline saponification (Fig. 4B). The results show several key trends. First,
the dilute acid pretreatment can hydrolyze a significant amount of the pCA from the lignin (16%-
96% removal, Fig. 4B). A second key trend is that the formic acid-extracted lignins have a
significantly higher pCA content then the NaOH-extracted lignin (p < 0.05). This indicates that
the combination of temperature, time, and NaOH concentration required to solubilize the lignin
is also capable of hydrolyzing the majority of the pCA esters remaining in the lignin. However,
the formic acid extraction can solubilize a significant fraction of the lignin (greater than 60%,

Fig. 2A) while preserving approximately 50% of the pCA esters remaining on the lignins (Fig.
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4B). A third and final trend is that, as identified in our prior work,[132] pCA hydrolysis during
dilute acid pretreatment approximates first-order reaction kinetics with respect to pCA content
and temperature and time rather than pH (or CSF) are strongest predictors of pCA hydrolysis
(Fig. 4C). Fitting trendlines to the 150 °C and the 200 °C data it is possible to estimate rate
constants as 0.148 hrt and 1.632 hr, respectively. However, developing correlations using only
two data points for the 200 °C condition is not expected to provide an accurate estimate, but is
useful for providing an order of magnitude assessment. Combining these results with prior work
on corn stover pCA hydrolysis at 180 °C is able to yield order of magnitude estimates for

activation energy (Ea) and pre-exponential constant (A) for this reaction system (Fig. 4C).
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Figure 4: Esterified pCA in grass lignins (A) and the relationship between (B) pretreatment and
extraction conditions on pCA solubilization and (C) pretreatment temperature on pCA hydrolysis
kinetics.

The p-hydroxyphenyl aromatic hydroxyl content of a lignin is a key hypothesized
component of the utility of these lignins as a phenol replacement in PF resins. However, from the
literature it is not clear how much of this can be attributable to pCA esters within the lignin. For
the current work, this relationship was explored for the samples for which data are available

using pCA determined by base-catalyzed hydrolysis followed by HPLC quantification
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(saponification), and the p-hydroxyphenyl contents determined by 3P NMR. A comparison of
these results shows a strong correlation between these two measured quantities (Fig. 5).
Specifically, this shows that the pCA may contribute to more than 40% of the p-hydroxyphenyl
content of this lignin for the highest pCA-containing samples, while the pCA-poor samples still

have a significant level (~55 mmol/g lignin) of p-hydroxyphenyl functional groups.
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Figure 5: Relationship between pCA content and 3P NMR-determined p-hydroxyphenyl
monomer.

Scale Up of Pretreatment, Hydrolysis, and Lignin Extraction and Recovery

Scale up of lignin production was next performed to generate sufficient quantities of
lignin for subsequent synthesis of lignin-based resins and testing of lignin-based adhesives.

Based on the conditions previously screened for biomass pretreatment and lignin
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extraction/recovery, an “ideal” set of conditions can be identified to meet economic objectives
including high yields for both lignocellulosic sugar-derived biofuels and lignin-based co-
products, as well as lignin properties suitable for these co-products. Specifically, these criteria
could be envisioned as comprising (1) high sugar hydrolysis yields (Fig. 1), (2) high lignin
recovery yields (Fig. 2), and (3) high p-hydroxyphenyl or pCA contents in the recovered lignins
(Figs. 3B and 4A). For the first criterion (hydrolysis), pretreatments at CSF 1.0, 2.0, and 4.0
were capable of glucose hydrolysis yields greater than 60% (Fig. 1). For the second selection
criterion (lignin recovery yields), both NaOH and formic acid extraction could give recovery
yields greater than 60% at CSF 1.0, 1.5, and 2.0 (Fig. 2). Finally, for the third selection criteria
(p-hydroxyphenyl or pCA content), it is clear (Fig. 4B) that only the formic acid-extracted lignin
from CSF 1.0, 1.5, and 2.0 retain much of the original pCA (20-40% of the original) compared to
the NaOH-extracted lignin (less than 8%). However, both NaOH- and formic acid-extracted
lignins retain a large portion of the phenolic p-hydroxyphenyl content (Fig. 5) that may be
hypothesized to be present in lignin structures other than pCA esters. The formic acid-extracted
lignins from CSF 1.0, 1.5, and 2.0 all had comparable levels of p-hydroxyphenyl contents (0.86-
0.88 mmol/g lignin, Figs. 3B and 5). Based on these selection criteria, the CSF 2.0 pretreatment
was chosen for scale-up of lignin generation for subsequent PF resin and adhesive synthesis,
characterization, and testing. Both formic acid and NaOH extraction methods were used after
pretreatment for comparative results. While the formic acid-extracted lignin is expected to
represent the “ideal” lignin, the NaOH-extracted lignin was chosen to test the hypothesis that the
adhesive mechanical performance will be compromised due to the lower p-hydroxyphenyl and

pCA contents in this lignin relative to the formic acid-extracted lignin.
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The scale-up of pretreatment, enzymatic hydrolysis, and extraction was completed and
additional characterization was performed to validate that processes performance at large scale
was comparable to lab scale, and that lignin properties were comparable. The glucose hydrolysis
yields for the scaled-up experiments (55.4% =+ 1.5%) were within the expected range of the
small-scale results (Fig. 1A). Additionally, analysis of recovered lignins for functional groups by
1P NMR, molar mass by GPC, xylan content, and alkaline saponification for pCA contents all
showed close correspondence (generally within 5%) between the large-scale and small-scale
lignins (data not shown). One exception was for the ash content (Supplemental Table S1),
where the formic acid-extracted lignin had a lower ash content at the large scale (0.46% vs.
1.61%) and the NaOH-extracted lignin had a higher ash content at the large scale (0.97% vs.
0.26%). Potential reasons for these discrepancies may be due to slight differences in the lignin
washing procedure between scales. One final interesting finding from the lignin characterization
results was relatively high N content of the recovered lignins, which were 1.13% for formic acid-
extracted lignin and 1.53% for NaOH-extracted lignin (Supplemental Table S2). Assuming that
the majority of this N is structural protein in the corn stover, this yields a significant amount of
protein in each of these lignins: 5.6% protein for formic acid-extracted lignin and 7.6% protein
for NaOH-extracted lignin assuming a nitrogen-to-protein conversion factor of 4.95 for corn
stover [165]. Many non-lignin compounds (e.g., cutin/suberin, fat/waxes, and protein) can
contribute to the Klason lignin measurement[166] and it is likely that a significant fraction of
these may propagate through the pretreatment, extraction, and recovery steps to end up enriched

in the final recovered “lignin”.
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Table 2: Properties of lignin-formaldehyde resins (standard deviations of replicate measurements
given in parenthesis).

L Solid Free Viscosity | Alkalinity Gel.a tion
Lignin Source pH Content | Formaldehyde (mPa-sj (%) . Time
(%) Content (%) (min)
Pretreatment | Extraction
Formic 10.7
) 2
CSF 2.0 Acid 0.1) 19.3 (0.1) 0.37 (0.02) 8.3 2.4 (0.1) 18.3 (0.2)
11.3
CSF 2.0 NaOH (0.1) 21.7 (0.1) 0.56 (0.04) 8.4 2.9(0.1) 20.4 (0.3)

PF Resin and Adhesive Synthesis, Characterization, and Testing

Lignin-formaldehyde resins were next synthesized using the formic acid-extracted lignin
and the NaOH-extracted lignin followed by characterization. These resins exhibited significant
differences in many of the characterized properties (Table 2) due to differences in lignin
chemical composition (including impurities such as ash, xylan, and protein), and structure (molar
mass and functional groups). Due to the nature of the lignin extraction process, the resin
formulated with the NaOH extracted lignin had a higher pH and alkalinity than the resin
formulated with formic acid extracted lignin (p < 0.05). Because of its higher phenolic hydroxyl
content (Fig. 3A) more formaldehyde was used for the formulation of resin made with the formic
acid-extracted lignin, which resulted in this resin exhibiting a lower solid content than the resin
utilizing the NaOH-extracted lignin (Table 2). Resin solid content and viscosity are important
properties for the subsequent resin adhesive performance. If adhesives exhibit low viscosity and
solid content during the curing stage most of the adhesive will penetrate between layers in the
wood during pressing leading to severely impaired adhesive performance [167]. The formic acid-
extracted lignin contained more reactive sites for reaction with formaldehyde than NaOH-

extracted lignin primarily due to higher pCA content (Fig. 4). These additional reactive sites
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made the formic acid lignin more reactive with formaldehyde leading to a lower free
formaldehyde content in the resulting resin (Table 2). Free formaldehyde content in PF resin has
been shown to be correlated to increased formaldehyde emissions during the manufacture of
engineered wood products [168]. This release of formaldehyde both during manufacture and
from the finished product can lead to negative health effects in both manufacturing workers and
end product users [169]. These results show that feedstock selection and lignin processing
history can be used to tailor the reactivity of lignin with formaldehyde in order to create resins
with low levels of free formaldehyde. The formic acid-extracted lignin also exhibited a faster
gelation time than NaOH-extracted lignin (Table 2). This is likely also due to the increased
number of available reactive sites in the formic acid-extracted lignin leading to increased
crosslinking in the lignin-formaldehyde matrix causing accelerated polymer gelation [170].
Gelation time is an important metric which can influence resin curing parameters such as press
time [171]. This relationship between lignin reactivity towards formaldehyde and resin gelation
time shows how lignin processing conditions can be used to create lignin-formaldehyde resins

with optimized curing parameters.

Table 3: Properties of original and modified lignin-formaldehyde adhesives

Adhesive Formulation ;‘;‘:g:::; pH Solid Content% | Viscosity (mPa-s)
Original Formulation Formic Acid- 13.3 (0.1) 27.5(0.1) 210
Extracted 12.5 (0.1) 29.5 (0. 3) 420
Modified Formulation
NaOH-Extracted | 13.12 (0.2) 30.3(0.1) 626
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After characterizing these original resins, adhesives were made according to both the
formulation applied in our previous work[102, 134], and using a modified formulation
(Supplemental Table S2) in an attempt to modify physical properties of the lignin-
formaldehyde resins for improved adhesive performance, namely higher lap shear strengths. This
modified formulation resulted in higher viscosity and solid content when compared to the
original resins (Table 3). Finally, the performance of these adhesives on wood was quantified
using a lap shear strength test and was compared with results from previously published lignin-
formaldehyde (or a PF control) adhesives from our group (Fig. 6). These results include the
adhesive performance using the “original formulation” for the resin for an industrial lignin cake
derived from dilute acid pretreatment of corn stover using NaOH extraction as well as the
conventional phenol-formaldehyde control [134]. Several key results can be observed. Namely,
the wood adhesive shear strength from formic acid-extracted lignin made with the conventional
adhesive formulation from the present work was statistically indistinguishable from prior work
as well as the PF control. Notably, many other lignin sources were unable to achieve comparable
performance to the control adhesive [134]. A final observation is that the lignin-formaldehyde
resin formulated using the formic acid-extracted lignin and the modified adhesive preparation
exhibited a lap shear strength significantly higher (based on a paired t-test at a 95% confidence
interval) than the conventional PF resin as well as the NaOH-extracted lignin using the same
optimized adhesive formulation (Fig. 6). Overall, these are significant in that this validates a
strategy for optimizing lignin properties for this target application while simultaneously

achieving high sugar yields and high lignin recovery yields.
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Figure 6: Lap shear strength of adhesives isolated from dilute acid-pretreated corn stover lignin
cake with results from our prior work [134]. (Error bars represent standard deviations, *
corresponds to a 95% confidence interval)

Conclusions

The type of feedstock used, pretreatment employed, and method of lignin
extraction/purification all influence the properties of lignins extracted from a biorefinery process.
Structural and chemical properties of a specific lignin such as phenolic hydroxyl content and
molecular weight affect the ability of a lignin to be incorporated into PF resins for wood
adhesives and the subsequent material properties of the formulated adhesives. Our previous
studies have shown that lignin generated from NaOH extraction of dilute acid pretreated corn
stover can be used to formulate PF resins with 100% of phenol replaced which exhibit material

properties that are comparable to a conventional PF adhesive [134]. We have previously
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hypothesized that the improved lignin incorporation in this study is largely due to high amounts
of p-coumarate (pCA) present within grass lignins presenting additional phenolic hydroxyls for
reaction with formaldehyde. In a previous study we have identified dilute acid pretreatment
conditions that result in high hydrolysis yields while retaining high pCA levels within the
biomass [132]. In this study, we expand on those finding by using corn stover to investigate a
wide range of dilute acid pretreatment conditions and lignin extraction using NaOH and formic
acid. A number of key findings can be highlighted. First, it was shown that relatively mild
pretreatment conditions could result in lignin extraction yields of 60-70% using both lignin
extraction approaches while simultaneously achieving glucose hydrolysis yields >60%. These
yields are encouraging relative to prior literature. The harshest pretreatment condition resulted in
low lignin extraction and recovery yields (<20%) as a likely consequence of lignin cross-linking
during pretreatment. The main impurities in the recovered lignins were xylan (1.5-13%), ash
(<2%), and potentially protein (up to 7.6% based on N content). The pCA content following
pretreatment was demonstrated to be strong function of pretreatment time and first order kinetic
parameters for the acid-catalyzed hydrolysis of pCA esters during pretreatment were estimated.
Formic acid lignin extraction was shown to preserve significantly more pCA than the NaOH
extraction. The “p-hydroxyphenyl” or “H” lignin content was shown to be positively correlated
to pCA content, demonstrating that pCA can comprise a significant fraction of the “H” lignin in
biomass. Finally, a combination of pretreatment and lignin extraction were scaled up to generate
lignin-formaldehyde resins and wood adhesives and to test physical and material properties. It
was shown that both formic acid and NaOH-extracted lignins could yield wood adhesives with

dry sheer-strength properties comparable to a conventional industrial PF adhesive formulation
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and that an optimized adhesive formulation could yield an adhesive with statistically higher
sheer strength than the control. Overall, this work demonstrates that for a target application such
as lignin-based wood adhesives, both pretreatment and lignin extraction conditions can be

selected to yield lignins with optimized properties.
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Supplemental Table S1: Elemental composition of recovered lignins from scale up.

Lignin N S K Ca Na B Zn Mn Fe Cu Al
(%) | (%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
Formic Acid |, 5 15 | 902 | 0.01 | 0.01 1 1 1 29 5 26
Extracted
NaOH 1.53 [ 0.37 | 0.01 | 0.01 | 0.38 1 3 1 222 16 49

Extracted




85

Supplemental Table S2: Original and modified adhesive formulation components

Component Formulated Lignin-Based Wheat Alder Bark

Amount (wt.%)

Resin NaOH | Water flour (Modal)

Original formulation 66 3 18 6.5 6.5

Modified formulation

66

[§]

16 8 8

36.

64.

78.

94,

96.

97.

98.

99.

100.

References

Pang, B., S. Yang, W. Fang, T.-Q. Yuan, D.S. Argyropoulos, and R.-C. Sun, Structure-
property relationships for technical lignins for the production of lignin-phenol-
formaldehyde resins. Industrial crops and products, 2017. 108: p. 316-326.

Laurichesse, S. and L. Avérous, Chemical modification of lignins: Towards biobased
polymers. Progress in Polymer Science, 2014. 39(7): p. 1266-1290.

Song, Y., Z. Wang, N. Yan, R. Zhang, and J. Li, Demethylation of Wheat Straw Alkali
Lignin for Application in Phenol Formaldehyde Adhesives. Polymers, 2016. 8(6): p. 209.

Schell, D.J., J. Farmer, M. Newman, and J.D. McMillan, Dilute-sulfuric acid pretreatment
of corn stover in pilot-scale reactor. Applied Biochemistry and Biotechnology, 2003.
105(1): p. 69-85.

Gomez-Bueso, J. and Haupt, Wood Composite Adhesives, in Phenolic Resins: A Century
of Progress, L. Pilato, Editor. 2010, Springer-Verlag: Berlin.

Mansouri, N.-E. and J. Salvado, Structural characterization of technical lignins for the
production of adhesives: Application to lignosulfonate, kraft, soda-anthraquinone,
organosolv and ethanol process lignins. Industrial Crops and Products, 2006. 24: p. 8-16.

Vazquez, G., G. Antorrena, J. Gonzélez, and J. Mayor, Lignin-phenol-formaldehyde
adhesives for exterior grade plywoods. Bioresource Technology, 1995. 51(2): p. 187-192.

Danielson, B. and R. Simonson, Kraft lignin in phenol formaldehyde resin. Part 1. Partial
replacement of phenol by kraft lignin in phenol formaldehyde adhesives for plywood.
Journal of Adhesion Science and Technology, 1998. 12(9): p. 923-939.

Mansouri, N.E.E., A. Pizzi, and J. Salvado, Lignin-based polycondensation resins for wood
adhesives. Journal of Applied Polymer Science, 2007. 103(3): p. 1690-1699.



101.

102.

107.

108.

111.

129.

130.

131.

132.

133.

86

Jiang, X., J. Liu, X. Du, Z. Hu, H.-m. Chang, and H. Jameel, Phenolation to Improve Lignin
Reactivity toward Thermosets Application. ACS sustainable chemistry & engineering.,
2018. 6(4): p. 5504-5512.

Kalami, S., M. Arefmanesh, E. Master, and M. Nejad, Replacing 100% of phenol in
phenolic adhesive formulations with lignin. Journal of Applied Polymer Science, 2017.
134(30): p. 45124.

Li, M., M. Heckwolf, J.D. Crowe, D.L. Williams, T.D. Magee, S.M. Kaeppler, N. de Leon,
and D.B. Hodge, Cell-wall properties contributing to improved deconstruction by alkaline
pre-treatment and enzymatic hydrolysis in diverse maize (Zea mays L.) lines. Journal of
experimental botany, 2015. 66(14): p. 4305-4315.

Zhang, Y., Q. Hou, W. Xu, M. Qin, Y. Fu, Z. Wang, S. Willfér, and C. Xu, Revealing the
structure of bamboo lignin obtained by formic acid delignification at different pressure
levels. Industrial Crops and Products, 2017. 108: p. 864-871.

Chum, H.L., D.K. Johnson, and S.K. Black, Organosolv pretreatment for enzymic
hydrolysis of poplars. 2. Catalyst effects and the combined severity parameter. Industrial
& engineering chemistry research, 1990. 29(2): p. 156-162.

Ong, R.G., S.P. Chundawat, D.B. Hodge, S. Keskar, and B.E. Dale, Linking plant biology
and pretreatment: understanding the structure and organization of the plant cell wall and
interactions with cellulosic biofuel production, in Plants and BioEnergy. 2014, Springer
New York. p. 231-253.

Yuan, Z., B.D. Bals, E.L. Hegg, and D.B. Hodge, Technoeconomic evaluation of recent
process improvements in production of sugar and high-value lignin co-products via two-
stage Cu-catalyzed alkaline-oxidative pretreatment. Biotechnology for Biofuels and
Bioproducts, 2022. 15(1): p. 45.

Phongpreecha, T., K.F. Christy, S.K. Singh, P. Hao, and D.B. Hodge, Effect of catalyst and
reaction conditions on aromatic monomer yields, product distribution, and sugar yields
during lignin hydrogenolysis of silver birch wood. Bioresource Technology, 2020. 316: p.
123907.

Saulnier, B.K., T. Phongpreecha, S.K. Singh, and D.B. Hodge, Impact of dilute acid
pretreatment conditions on p-coumarate removal in diverse maize lines. Bioresource
Technology, 2020. 314: p. 123750.

Siahkamari, M., S. Emmanuel, D.B. Hodge, and M. Nejad, Lignin-Glyoxal: A Fully
Biobased Formaldehyde-Free Wood Adhesive for Interior Engineered Wood Products.
ACS Sustainable Chemistry & Engineering, 2022. 10(11): p. 3430-3441.



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

87

Kalami, S., N. Chen, H. Borazjani, and M. Nejad, Comparative analysis of different lignins
as phenol replacement in phenolic adhesive formulations. Industrial Crops and Products,
2018. 125: p. 520-528.

Hatfield, R.D., D.M. Rancour, and J.M. Marita, Grass Cell Walls: A Story of Cross-
Linking. Front Plant Sci, 2017. 7: p. 2056.

Ghorbani, M., F. Liebner, H.W. van Herwijnen, L. Pfungen, M. Krahofer, E. Budjav, and
J. Konnerth, Lignin phenol formaldehyde resoles: The impact of lignin type on adhesive
properties. BioResources, 2016. 11(3): p. 6727-6741.

Dababi, I., O. Gimello, E. Elaloui, F. Quignard, and N. Brosse, Organosolv lignin-based
wood adhesive. Influence of the lignin extraction conditions on the adhesive performance.
Polymers, 2016. 8(9): p. 340.

Li, M., D.L. Williams, M. Heckwolf, N. de Leon, S. Kaeppler, R.W. Sykes, and D. Hodge,
Prediction of Cell Wall Properties and Response to Deconstruction Using Alkaline
Pretreatment in Diverse Maize Genotypes Using Py-MBMS and NIR. BioEnergy Research,
2017. 10(2): p. 329-343.

Austin, S., W.S. Kontur, A. Ulbrich, J.Z. Oshlag, W. Zhang, A. Higbee, Y. Zhang, J.J.
Coon, D.B. Hodge, and T.J. Donohue, Metabolism of Multiple Aromatic Compounds in
Corn Stover Hydrolysate by Rhodopseudomonas palustris. Environmental Science &
Technology, 2015. 49(14): p. 8914-8922.

Crowe, J.D., N. Feringa, S. Pattathil, B. Merritt, C. Foster, D. Dines, R.G. Ong, and D.B.
Hodge, ldentification of developmental stage and anatomical fraction contributions to cell
wall recalcitrance in switchgrass. Biotechnology for Biofuels, 2017. 10(1): p. 184.

Pinheiro, F.G.C., A.K.L. Soares, S.T. Santaella, L.M.A.e. Silva, K.M. Canuto, C.A.
Céceres, M.d.F. Rosa, J.P.d.A. Feitosa, and R.C. Leitdo, Optimization of the acetosolv
extraction of lignin from sugarcane bagasse for phenolic resin production. Industrial Crops
and Products, 2017. 96: p. 80-90.

Xu, F., J.-X. Sun, R. Sun, P. Fowler, and M.S. Baird, Comparative study of organosolv
lignins from wheat straw. Industrial crops and products, 2006. 23(2): p. 180-193.

Ramires, E.C., J.D. Megiatto, Jr., C. Gardrat, A. Castellan, and E. Frollini, Valorization of
an industrial organosolv-sugarcane bagasse lignin: Characterization and use as a matrix
in biobased composites reinforced with sisal fibers. Biotechnol Bioeng, 2010. 107(4): p.
612-21.

Hoareau, W., F.B. Oliveira, S. Grelier, B. Siegmund, E. Frollini, and A. Castellan,
Fiberboards Based on Sugarcane Bagasse Lignin and Fibers. Macromolecular Materials
and Engineering, 2006. 291(7): p. 829-8309.



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

88

Mansouri, N.-E.E. and J. Salvado, Structural characterization of technical lignins for the
production of adhesives: Application to lignosulfonate, kraft, soda-anthraquinone,
organosolv and ethanol process lignins. Industrial Crops and Products, 2006. 24(1): p. 8-
16.

Moubarik, A., N. Grimi, N. Boussetta, and A. Pizzi, Isolation and characterization of
lignin from Moroccan sugar cane bagasse: Production of lignin—phenol-formaldehyde
wood adhesive. Industrial Crops and Products, 2013. 45: p. 296-302.

Solt, P., Impact of molecular weight of kraft lignin on adhesive performance of lignin-
based phenol-formaldehyde resins. Forest products journal., 2018. 68(4): p. 365.

Hussin, M.H., A.A. Rahim, M.N. Mohamad Ibrahim, and N. Brosse, Physicochemical
characterization of alkaline and ethanol organosolv lignins from oil palm (Elaeis
guineensis) fronds as phenol substitutes for green material applications. Industrial Crops
and Products, 2013. 49: p. 23-32.

El Mansouri, N.E., Q. Yuan, and F. Huang, Characterization of alkaline lignins for use in
phenol-formaldehyde and epoxy resins. BioResources, 2011. 6(3): p. 2647-2662.

Sluiter, A., B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, and D. Crocker,
Determination of structural carbohydrates and lignin in biomass. Laboratory analytical
procedure, 2008. 1617(1): p. 1-16.

Banerjee, G., S. Car, T. Liu, D.L. Williams, S.L. Meza, J.D. Walton, and D.B. Hodge,
Scale-up and integration of alkaline hydrogen peroxide pretreatment, enzymatic
hydrolysis, and ethanolic fermentation. Biotechnol Bioeng, 2012. 109(4): p. 922-31.

Pizzi, A. and K.L. Mittal, Wood adhesives. 2010: VVSP.

Lorenz, L.F. and A.W. Christiansen, Interactions of Phenolic Resin Alkalinity, Moisture
Content, and Cure Behavior. Industrial & Engineering Chemistry Research, 1995. 34(12):
p. 4520-4523.

Zhang, X., J. Zhu, L. Sun, Q. Yuan, G. Cheng, and D.S. Argyropoulos, Extraction and
characterization of lignin from corncob residue after acid-catalyzed steam explosion
pretreatment. Industrial Crops and Products, 2019. 133: p. 241-249.

Crowe, J.D., P. Hao, S. Pattathil, H. Pan, S.-Y. Ding, D.B. Hodge, and J.K. Jensen, Xylan
Is Critical for Proper Bundling and Alignment of Cellulose Microfibrils in Plant Secondary
Cell Walls. Frontiers in Plant Science, 2021. 12(2017).

Meng, X. and A.J. Ragauskas, Recent advances in understanding the role of cellulose
accessibility in enzymatic hydrolysis of lignocellulosic substrates. Current Opinion in
Biotechnology, 2014. 27: p. 150-158.



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

89

Stoklosa, R.J. and D.B. Hodge, Fractionation and Improved Enzymatic Deconstruction of
Hardwoods with Alkaline Delignification. BioEnergy Research, 2015. 8(3): p. 1224-1234.

Zoia, L., A. Salanti, E.-L. Tolppa, D. Ballabio, and M. Orlandi, Valorization of Side-
Streams from a SSF Biorefinery Plant: Wheat Straw Lignin Purification Study. 2017, 2017.
12(1): p. 17.

Liu, Z.-H., N. Hao, Y.-Y. Wang, C. Dou, F. Lin, R. Shen, R. Bura, D.B. Hodge, B.E. Dale,
A.J. Ragauskas, B. Yang, and J.S. Yuan, Transforming biorefinery designs with ‘Plug-In
Processes of Lignin’ t0 enable economic waste valorization. Nature Communications,
2021. 12(1): p. 3912.

Jung, W., D. Savithri, R. Sharma-Shivappa, and P. Kolar, Changes in lignin chemistry of
switchgrass due to delignification by sodium hydroxide pretreatment. Energies, 2018.
11(2): p. 376.

Yu, G., B. Li, C. Liu, Y. Zhang, H. Wang, and X. Mu, Fractionation of the main
components of corn stover by formic acid and enzymatic saccharification of solid residue.
Industrial Crops and Products, 2013. 50: p. 750-757.

Villaverde, J.J., J. Li, M. Ek, P. Ligero, and A. de Vega, Native Lignin Structure of
Miscanthus x giganteus and Its Changes during Acetic and Formic Acid Fractionation.
Journal of Agricultural and Food Chemistry, 2009. 57(14): p. 6262-6270.

Karp, E.M., B.S. Donohoe, M.H. O’Brien, P.N. Ciesielski, A. Mittal, M.J. Biddy, and G.T.
Beckham, Alkaline Pretreatment of Corn Stover: Bench-Scale Fractionation and Stream
Characterization. ACS Sustainable Chemistry & Engineering, 2014. 2(6): p. 1481-1491.

Li, R., X. Wang, Q. Lin, F. Yue, C. Liu, X. Wang, and J. Ren, Structural Features of Lignin
Fractionated From Industrial Furfural Residue Using Alkaline Cooking Technology and
Its Antioxidant Performance. Frontiers in Energy Research, 2020. 8.

Chen, X., G. Zhao, Y. Zhang, L. Han, and W. Xiao, Nitrogen-to-Protein Conversion
Factors for Crop Residues and Animal Manure Common in China. Journal of Agricultural
and Food Chemistry, 2017. 65(42): p. 9186-9190.

Bunzel, M., A. Schii}ler, and G.r. Tchetseubu Saha, Chemical characterization of Klason
lignin preparations from plant-based foods. Journal of agricultural and food chemistry,
2011. 59(23): p. 12506-12513.

Haupt, R.A., Phenolic resin-wood interaction. Forest products journal, 1994. 44(2): p. 69.

Carlson, F.E., E.K. Phillips, S.C. Tenhaeff, and W.D. Detlefsen, A study of formaldehyde
and other organic emissions from pressing of laboratory oriented strandboard. Forest
Products Journal, 1995. 45(3): p. 71.



169.

170.

171.

90

Dally, K.A., L.P. Hanrahan, M.A. Woodbury, and M.S. Kanarek, Formaldehyde exposure
in nonoccupational environments. Arch Environ Health, 1981. 36(6): p. 277-84.

Younesi-Kordkheili, H., lonic liquid modified lignin-phenol-glyoxal resin: a green
alternative resin for production of particleboards. The Journal of Adhesion, 2019. 95(12):
p. 1075-1087.

Shimkin, A.A., Methods for the determination of the gel time of polymer resins and
prepregs. Russian Journal of General Chemistry, 2016. 86(6): p. 1488-1493.



91

CHAPTER 4

FRACTIONAL PRECIPITATION OF CORN STOVER FORMIC ACID LIQUORS

Contribution of Authors and Co-Authors

Author: Brian K. Saulnier

Contributions: Conducted formic acid pretreatment of corn stover. Recovered, characterized, and
conducted enzymatic hydrolysis on formic acid insoluble cellulose pulp. Employed fractionation
process to separate formic acid liquors into four biopolymer fractions. Characterized sugar
content, Klason lignin content, ash content, and moisture content of all recovered materials.
Employed alkali saponification method to determine pCA content of recovered biopolymer
fractions. Used GPC method to determine molar mass and polydispersity of recovered
biopolymers. Wrote first draft of manuscript.

Co-Author: David B. Hodge

Contributions: Aided in interpretation of data. Provided assistance in the writing, editing, and
finalization of subsequent manuscript drafts.



92

Manuscript Information

Brian Saulnier, David B. Hodge
Biomass Conversion and Biorefinery

Status of Manuscript: [Put an x in one of the options below, delete this]
_X__Prepared for submission to a peer-reviewed journal
_____Officially submitted to a peer-reviewed journal

____Accepted by a peer-reviewed journal

_____Published in a peer-reviewed journal

To be submitted to Biomass Conversion and Biorefinery



93

FRACTIONAL PRECIPITATION OF CORN STOVER FORMIC ACID LIQUORS

Abstract

To obtain maximum value from a biorefinery the process must obtain high cell wall
polysaccharide hydrolysis yields while simultaneously implementing full utilization of the
biomass lignin component. Primary barriers to lignin incorporation in value-added products
include high polydispersity and heterogeneity of the lignin chemical structure. In this study we
address these issues using the fractionation of lignin containing liquor following treatment of
corn stover with 88% formic acid via step-wise dilution with water. This approach resulted in
glucan and lignin losses <10%, achieved glucose hydrolysis yields of 39%, and recovered 3
lignin-rich fractions of differing molecular weights with high p-coumarate (pCA) retention.
Future processes could be improved by the optimization of process conditions for reduced xylan
degradation and improved biomass delignification allowing for increased glucose hydrolysis
yields.

Introduction

Full utilization of lignocellulosic biomass, one of the most abundant natural resources, is
necessary for the development of a bio-based and renewable economy. One use for
lignocellulosic biomass is within a biorefinery for bioethanol production. A biorefinery process
is composed of three steps. The first being a pretreatment of the biomass with the goal of
improving access to the cell wall polysaccharides, namely cellulose and hemicellulose. Improved
cell wall access is generally accomplished through the disruption of the higher order cell wall
structure, hemicellulose removal, or lignin removal. Following pretreatment an enzymatic
hydrolysis process is employed to convert cell wall polysaccharides into monomeric sugars.
These sugars then undergo biological fermentation, and finally bioethanol is recovered.

The efficacy of the overall biorefinery process is dependent on the ability of the
pretreatment to overcome the recalcitrance of the lignocellulosic cell wall, recover the majority

of the cellulose contained within the biomass, and achieve high glucose hydrolysis yields. Many
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pretreatment methods have been studied attempting to improve sugar yields from biomass
including mechanical, chemical, and biological pretreatments. These different pretreatments all
employ a unique strategy targeting different portions of the cell wall to improve enzymatic
access. One of the most well studied pretreatment methods is dilute acid pretreatment. This
pretreatment primarily targets hemicellulose removal while simultaneously chemically
modifying cellulose, lignin, and redistributing lignin throughout the cell wall[172]. Another
commonly used pretreatment, alkali pretreatment primarily targets the removal of lignin from the
cell wall while also removing a portion of the hemicellulose and improving enzymatic access by
changing the porosity, surface area, and crystallinity of the cellulose fraction[173]. In contrast to
these two pretreatment methods formic acid pretreatment simultaneously targets the removal of
lignin and hemicellulose from the cell wall while recovering the majority of the cellulose
fraction[161]. These favorable characteristics have led to an increasing interest in formic acid
processes in recent years. Formic acid pretreatment has been applied to a wide variety of
feedstocks[174-177], with some studies reporting glucan recovery greater than 90%[178], lignin
recovery greater than 70%][179], glucose hydrolysis yields exceeding 60%][161, 180], and
ethanol production yields approaching 80% of theoretical[178].

The aforementioned studies focus mainly on the polysaccharide fractions of biomass
while little attention is given to the recovery and utilization of the lignin fraction. Historically in
biorefining and pulp and paper the lignin fraction recovered after pretreatment or a pulping
process is burned as a fuel source[4]. To obtain maximum value from the biorefinery process the
lignin fraction must be recovered and incorporated into value-added products. Recent work in the

field has shifted from developing pretreatments for solely high sugar yields to additionally
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prioritizing full utilization of the lignin fraction[18]. Many strategies for tailoring lignin
properties for target applications have been developed including feedstock selection[8, 12, 132],
selection of pretreatment method and process conditions[19, 22, 29, 132], lignin chemical
modification[64, 73, 77, 79], and lignin fractionation.

Lignin fractionation processes separates lignin into fractions of differing molecular
weights with different chemical structures and increased homogeneity compared to the
unfractionated bulk lignin. The separation of these lignin fractions is achieved through the
fractional pH adjustment of lignin containing alkaline liquors[43, 47, 50], successive
ultrafiltration using membranes of different sizes[181, 182], consecutive lignin extraction in a
multiple solvent system using solvents of increasing dissolving power[59, 60, 62], and
fractionation by the sequential dilution of a single solvent system[51, 52, 57]. These chemical
fractionation processes separate lignin into different fractions by exploiting their varied solubility
in different solvents which can be described by their Hansen solubility parameter. The Hansen
solubility parameter presents polymer solubility as a function of dispersion forces, polarity, and
hydrogen bonding between the polymer and solvent. The selection of different organic solvents
or their dilution with water results in changed solvent polarity and capacity for hydrogen bonding
allowing for the selective dissolution of lignins with varied polarity and ability for hydrogen
bonding based on their molecular weight and functional groups such as phenolic hydroxyls[59].

In this study we use a single step pretreatment and lignin extraction process using formic
acid followed by the fractionation of the lignin and hemicellulose containing liquor using
sequential dilution to obtain five different fractions. The recovered fractions were characterized

and found to contain one cellulose heavy fraction, one hemicellulose heavy fraction, and three
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primarily lignin fractions. Enzymatic hydrolysis yields of the cellulose fraction and overall
process mass yields were evaluated. Lignin and hemicellulose heavy fractions were evaluated for

molecular weight and chemical composition.

Materials and Methods

Formic Acid Pretreatment and Lignin Extraction

Formic acid lignin extraction was conducted using 10% (wt/vol) non dried corn stover in
88% (wt/wt) formic acid-water placed in a 500 mL glass round bottom flask submerged in an oil
bath heated by a hot plate. The round bottom flask was equipped with a condenser and the formic

acid solution was allowed to boil at reflux for 1 hour.

Lignin Fractional Precipitation

Insoluble material after formic acid treatment was separated from the bulk liquor by
centrifugation (15,970 x g, 30 min, Avanti JXN-26, Beckman Coulter), washed with DI water
three times, dried, and labeled FAF1. Reaction liquors containing 88% formic acid was diluted 3
times to 75%, 60%, and 50% formic acid. After each dilution insoluble material was separated
by centrifugation, washed with DI water and labeled FAF2, FAF3, and FAF4, respectively. The
remaining 50% formic acid liquor was separated from the remaining solids and recovered using a
rotary evaporator. Recovered solids after evaporation were washed with DI water, separated by
centrifugation, dried, and labeled FAF5. An overview of this process is given in a visual format

in Figure 1.
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Gel Permeation Chromatography

Gel permeation chromatography (GPC) was used to determine the molecular weight of
recovered biopolymer fractions FAF2-FAF5. Prior to GPC analysis samples were acetylated; 10
mg of each sample was added to 2.5 mL pyridine and stirred with a magnetic stir bar for 20
minutes at room temperature until full dissolution. Next, 0.25 mL of acetic anhydride was added
and stirred at room temperature for 20 hours. Acetylated samples were removed from excess
solvent using a rotary evaporator at 40 °C. Remaining solid residue was further dried using a
vacuum for 10 minutes at room temperature. Dry and solvent free acetylated samples were
dissolved in 2 mL tetrahydrofuran (THF), filtered twice using a 0.2 um PTFE syringe filter, and
prepared for NMR analysis. GPC analysis was conducted using an HPLC equipped with a
Waters Styragel HR 4 (7.8 x 300 mm, Milford, MA, USA) column using THF as a mobile phase
at a flow rate of 0.5 mL/min and a column temperature of 40 °C. A spectra was obtained using a
DAD detector at 280 nm and molecular weight quantification was achieved using a calibration
curve constructed from Readycal polystyrene standards (Fluka Analytical) in the 250-70,000 Da

range.

Composition Analysis

Raw corn stover and recovered fractions FAF1-FAF5 were analyzed via NREL LAP TP-
510-42618 to determine structural polysaccharide and Klason lignin contents [150]. Sugars were
quantified via HPLC with an RID detector using a Bio-Rad Aminex HPX-87H column, a mobile
phase of 5 mM H2SOq4, a flow rate of 0.6 mL/min, and a column temperature of 65 °C. Sample

moisture content was determined using a moisture analyzer (OHAUS, MB 90).
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Enzymatic Hydrolysis

To assess potential for sugar recovery from this process the cellulose heavy insoluble
fraction after formic acid treatment (FAF1) was subjected to enzymatic hydrolysis using CTec2
enzyme cocktail (Novozymes A/S, Bagsvaerd, Denmark). Hydrolysis was conducted at 10%
biomass loading (wt/vol) with an enzyme loading of 30 mg protein/ g glucan. Samples were
hydrolyzed at a constant pH of 5 using a 1 M citrate buffer within 15-mL centrifuge tubes for 72
hours at 50 °C. A tetracycline solution was added to impede bacterial growth (0.045 mg/mL).
Hydrolysis liquor samples were taken at the conclusion of the hydrolysis and glucose yields were
quantified using HPLC (Agilent Technologies, 1260 Infinity I1) equipped with an Aminex HPX-

87H column (Bio-Rad, Hercules, CA) using detection by RID.

p-Coumarate Content

An alkaline saponification was used to determine the amount of p-coumarate contained
within fractions FAF2-FAF5. Samples were placed in stainless steel synthesis reactors (Shenzen
Langce Ltd., Huizhou, China) with a solid loading of 2% (wt/vol) biomass to 3M NaOH.
Reactors were heated to 180 °C for 2 hours while stirred with a magnetic stir bar at 280 rpm.
Following the reaction, the alkaline liquor was adjusted to pH <2 by the dropwise addition of
concentrated H2SOa. The resulting precipitate was separated via centrifugation and solution was
removed for quantification of p-coumarate by HPLC using an Agilent PoroShell 120 C18
column and DAD detection at 280 nm. A gradient of two solvents was used: 1% acetic acid in
water (solvent A), and 1% acetic acid in 50/50% v/v methanol and water (solvent B). The
gradient ran for 32 minutes reducing from 100% solvent A to 30% solvent A and 70% solvent B

using 2-minute increments with a column temperature of 40 °C and a flow rate of 0.4 mL/min.
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Figure 1: Process Diagram for Formic Acid Treatment of Corn Stover and the Recovery of Five
Biopolymer Fractions

Results and Discussion

Composition and Mass Yields

Corn stover was subjected to formic acid pretreatment. Insoluble solids were labeled
FAF1, the recovered liquor underwent stepwise dilution with DI water with insoluble precipitate
at each step being recovered and labeled FAF2-FAF4, remaining liquor was evaporated and
solids after evaporation were recovered and labeled FAF5 (Fig. 1). This fractional separation of
formic acid liquor resulted in one formic acid insoluble cellulose heavy fraction (FAF1), three

precipitated lignin heavy fractions (FAF2-FAF4), and one xylan/extractive heavy fraction
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remaining after liquor evaporation (FAF5). The composition of each of these fractions can be
seen in Figure 2A. All recovered lignin fractions were of high purity with >83% of their mass
being attributed to Klason lignin. The formic acid insoluble fraction (FAF1) which was

recovered for subsequent enzymatic hydrolysis contained 80% polysaccharides.
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Figure 2: Formic Acid Fraction Composition (A) and Recovered Mass Yields (B)

Total recovery mass yields of each biopolymer component are given in Figure 2B. This
approach recovered 80% of the total mass of the inflowing corn stover. Greater than 90% of the
original glucan contained in the corn stover was recovered with the majority being present in the
formic acid insoluble fraction in the form of cellulose (FAF1). High glucan recovery is crucial
for achieving sugar yields necessary for the production of bioethanol. The high cellulose
recovery yields in this study are comparable with those achieved by other pretreatment methods
including dilute acid[183] and alkaline[163] pretreatments. Also important for the biorefinery
process is the full recovery of the lignin fraction for lignin valorization. Formic acid treatment
conditions used in this study were selected from our previous work which achieved high levels

of delignification of lignin cake after the dilute acid pretreatment and enzymatic hydrolysis of
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corn stover (Chapter 3). This study achieved high lignin recovery (>90%), however over half of
this lignin remained in the formic acid insoluble (FAF1) fraction with an overall lignin
solubilization of 50%. This is below the delignification yields of other studies using formic acid
processes which used higher temperatures, higher formic acid concentrations, or longer reaction
times[161, 184, 185]. The low lignin solubilization in this study led to inhibited hydrolysis yields
(Fig. 4). Total xylan recovery yields were less than expected recovering 48% of the original
xylan in the raw corn stover (Fig. 2B). The majority of this missing xylan is likely present in the
unquantified portion of FAF5 in the form of degradation products and monosaccharides (Fig.
2A). The acid hydrolysis of biomass can lead to the depolymerization of polysaccharides to
monosaccharides and further degradation to products such as furans and furfural [186, 187]. The
hydrolysis of xylan into monomeric xylose followed by dehydration into furans and further
degradation to furfural and other products occurs at a higher rate than the depolymerization of
glucan and degradation of glucose under similar acidic conditions[188]. Xylan hydrolysis during
formic acid treatment of biomass can be extensive with losses in xylan yields around 30% being
reported in corn stover[189] and hardwood[190] dependent on processing conditions with more
extensive hydrolysis occurring at higher reaction temperatures and times[191, 192]. It is
reasonable to assume that xylan underwent significant depolymerization during our process and a
large portion of the unquantified portion of FAF5 is composed of furfural and furans which
remained soluble in the diluted formic acid liquor solution. The remaining portion of this
unquantified fraction can be attributed to acid soluble lignin and extractives such as proteins,

non-structural sugars, waxes, and inorganics.
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Lignin Properties

Lignin and xylan heavy fractions FAF2-FAF5 were further analyzed for molecular
weight, polydispersity index (PDI), and p-coumarate (pCA) content for evaluation of their
suitability for incorporation into value-added products such as PF resins. The results of these
analyses are summarized in Figure 3. Fraction FAF2-FAF5 pCA content is displayed in Figure
3A as mg pCA per g lignin in the biopolymer fraction. Our previous work has extensively
examined the fate of pCA during pretreatment[132], and the effect of lignin pCA content on the
properties of lignin-formaldehyde resins and wood adhesives (Chapter 3). We demonstrate that
increasing pCA and H type lignin subunits lead to more favorable adhesive properties with
adhesives formulated with lignin from the formic acid extraction of lignin cake from dilute acid
pretreated corn stover exhibiting lap shear strength values significantly higher than commercial
PF resin adhesives (Chapter 3). The lignin from this previous study contained 37.5 mg pCA per g
lignin. All three lignin heavy fractions in this study (FAF2-FAF4) possessed lignin pCA content
in the same range as this previous study (Figure 3A). This high pCA retention along with the
high purity of these 3 fractions (Figure 2A) suggests suitability for use in lignin-formaldehyde
resin adhesive applications. FAF5 contains a disproportionately high content of pCA with 123.2
mg/g lignin, higher even than raw corn stover. Our previous work has shown >80% pCA
solubilization during pretreatment[132], and a 50% reduction during formic acid lignin
extraction (Chapter 3). It is intuitive that the formic acid process used in this study will also
solubilize a significant portion of pCA within the biomass. This solubilized pCA will remain in

the reaction liquor after dilution being recovered in FAF5 after liquor evaporation.
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Figure 3: pCA Content of Formic Acid Fractions (A) and Formic Acid Fraction Molecular
Weight (B)

Molecular weight values of FAF2-FAF5 quantified by GPC are seen in Figure 3B.
Lignin heavy fractions FAF2-FAF4 exhibited lower molecular weight with increasing dilution of
the formic acid solution (p <0.05) with unchanged PDI. FAFS5 is of the lowest molecular weight
with a significantly greater PDI. This reinforces that this fraction is composed of a wide range of
materials including xylan, xylose, degradation products, acid insoluble lignin, and other
extractives. Molecular weight polydispersity and the heterogeneity of the lignin chemical
structure are two substantial barriers to the widespread utilization of lignin in value-added
products[193]. Lignin fractionation strategies such as the one used in this study can be used to
separate the bulk lignin into high and low molecular weight fractions with lower polydispersity
and more uniform functional group distribution. High and low molecular weight lignin display
different chemical properties and proportions of functional groups with low molecular lignin
containing less aliphatic hydroxyl groups and more phenolic hydroxyls[194]. Many studies have
shown molecular weight influence on the performance of lignin-based products[194, 195]. Due

to its high reactivity and abundant phenolic hydroxyl groups low molecular weight lignin excels
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in applications such as epoxy resins[196], PF resins (Chapter 3), polyethylene composites[197],
and exhibit high performance as antioxidants[63, 198]. High molecular weight lignins have ideal
properties for lignin based carbon fibers[195, 199] and polyurethanes[200]. The lignin heavy
fractions obtained in this study (FAF2-FAF4) all well suited for a variety of value-added

applications based on their pCA contents and varying molecular weights.

Glucose Hydrolysis Yields

Figure 4 shows glucose hydrolysis yields after 72 hours using formic acid insoluble
cellulose fraction FAF1 from this study, average hydrolysis yields of solid residue from formic
acid pretreatment in the literature, and hydrolysis yields of dilute acid pretreated corn stover
from our previous work in Chapter 3 of this thesis. Hydrolyses of FAF1 obtained average
glucose yields of 38.7%. The first study from the literature in Figure 4 treats corn stover with the
same concentration of formic acid used in this study (88%), however uses a lower temperature
and longer pretreatment time. Hydrolysis of the insoluble fraction after this treatment resulted in
yields between 32% and 63% based on enzyme loading[161]. The second study pretreats
sugarcane bagasse under a variety of severities, varying reaction time, temperature, and formic
acid concentration. Hydrolysis yields of the solid residue obtained after pretreatment with similar
formic acid concentrations to those used in this study (80%-90%) obtained glucose yields from
30-54% after 72 hours dependent on pretreatment severity[185]. The final formic acid
pretreatment study included in Figure 4 used a flow through formic acid pretreatment of wheat
straw with 72-90% formic acid at 120-130 °C. The resulting glucose yields from the hydrolysis
of the remaining insoluble residue ranging from 15-73% based on enzyme loading, pretreatment

temperature, and formic acid concentration[184].
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Figure 4: Glucose Hydrolysis Yields after 72 Hours of FAF1, Solid Residue after Formic Acid
Pretreatment (Previous Studies), and Dilute Acid Pretreated Corn Stover (Chapter 3)

While the enzymatic hydrolysis yields obtained in this study are within the range of these
other studies (p > 0.05), they are significantly lower than the best yields achieved (p < 0.05). The
reasons for the lower yields in this study are likely due to multiple reasons. Our formic acid
treatment only achieved delignification of the formic acid insoluble fraction (FAF1) of 49.1%.
Using the same process conditions on lignin cake from corn stover after dilute acid pretreatment
and hydrolysis we have previously obtained delignification >70% (Chapter 3). The
aforementioned studies on formic acid pretreatment obtain delignification yields after formic
acid treatment of 65.6%[161], 85%[185], and 72.4%[184] at the pretreatment conditions
corresponding to the highest hydrolysis yields (Fig. 4), these delignification yields are

significantly greater than those achieved in this study (p < 0.05). The presence of lignin in



106
biomass prior to hydrolysis has been shown previously to retard hydrolysis yields with greater
lignin removal being correlated to higher glucose yields for a wide variety of pretreatments[22].
This phenomenon is a result of reduced steric hindrance and increased porosity of the cell wall
following lignin removal[157, 201], nonspecific binding of cellulases to lignin[202], and the
deposition of lignin droplets on the surface of biomass following pretreatment under acidic
conditions[113]. The high amount of lignin retained in FAFL1 is likely the leading cause of the
lower hydrolysis yields achieved in this study compared to previous work. More work is required
to optimize formic acid treatment conditions for more complete removal of lignin from raw
biomass.

Another probable factor impeding hydrolysis yields in this study is the formylation of
cellulose during pretreatment. Formylation is a reaction that occurs during formic acid
pretreatment which replaces some of the cellulose hydroxyl groups with substituted formyl
groups. The presence of these formyl groups has been shown to hinder the rate and extent of
hydrolysis due to reduced ability of cellulases to recognize cellulose and the inhibition of
cellulose-cellulase bonds[203]. The result of this inhibition is significant with one study showing
an increase in formylation with increasing formic acid concentration and reaction severity, and
demonstrated a 40% increase in hydrolysis yields at 72 hours after the implementation of an
alkaline de-formylation process[185]. This stresses the importance of balancing the selection of
formic acid treatment conditions for widespread solubilization of lignin while also limiting the

degree of formylation.
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Suggestions for Future Work

This study presents one scenario for the formic acid pretreatment of corn stover,
hydrolysis of its cellulose component, and the fractionation of lignin containing formic acid
liquors leading to the recovery of lignins with varied properties. A detailed mass balance on cell
wall polymer recovery following pretreatment and fractionation was conducted, and lignin
molecular weight and pCA content was characterized. Future work can build upon this process
improving glucose hydrolysis yields, xylan recovery yields, and yields of the lignin rich
fractions. Initial formic acid treatment conditions should be optimized to maximize lignin
solubilization while minimizing the formylation of cellulose, degradation of xylose, and the
solubilization of pCA. Due to the similar pCA content of the three lignin heavy fraction FAF2-
FAF4 we suggest a two-step lignin precipitation/dilution, diluting formic acid to above its
azeotrope concentration (77.5%) for recovery by simple distillation or to a lower percentage with
the intention of reusing the dilute formic acid for further industrial processes. A xylan heavy
fraction (FAF5) can be recovered as in this study after evaporation. In an ideal process the
formic acid insoluble cellulose fraction will retain little lignin and remain primarily unmodified
allowing for high hydrolysis yields for production of bioethanol. A high molecular weight and
low molecular weight lignin fraction with high pCA content can be recovered and employed in
PF resin and other value-added applications. If xylose degradation is successfully limited the
fraction recovered after evaporation may be used for subsequent hydrolysis and fermentation. If
extensive xylose degradation is still present this material may show utility for modification by

propylene carbonate and inclusion in PLA composites (Chapter 5).
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Conclusions

Fractionation of lignin containing liquor by step-wise dilution after formic acid treatment
of corn stover was employed. Biomass was separated into five fractions: one formic acid
insoluble cellulose heavy fraction (i.e., cellulose pulp), three lignin heavy fractions of different
molecular weights, and one fraction composed primarily of xylan and extractives. This approach
recovered 80% of the total incoming mass, 90% of the original glucan and lignin, and achieved
hydrolysis yields of the cellulose heavy fraction of 39%. Lignin heavy fractions are well suited
for PF resin applications due to their high retention of pCA. More work is needed on the
optimization of process conditions to increase lignin solubilization while decreasing the

formylation of cellulose, minimizing xylose degredation, and maintaining high pCA retention.
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INCORPORATION OF FUNCTIONALIZED CORN STOVER LIGNIN FRACTIONS INTO

PLA COMPOSITE MATERIALS

Abstract

Polylactide (PLA) is a common bio-derived plastic, however it suffers from some thermal
and mechanical shortcomings such as brittleness, low thermal stability, and slow crystallization.
One way to improve these properties is to make composite materials with biopolymers such as
lignin or cellulose. Poor compatibility of biopolymer and PLA often leads to poor biopolymer
dispersion and reduced material properties. In this study we use complex biopolymer fractions
not previously used in PLA materials composed of lignin, xylan, and inorganics recovered from
the fractional precipitation of corn stover alkali liquor. These biopolymer fractions are modified
using the oxyalkylation of lignin and xylan hydroxyl groups by reaction with propylene
carbonate. Modified biopolymer composite materials exhibited enhanced dispersion, interfacial
interactions, and crosslinking during extrusion leading to thermal and mechanical properties
improved over their unmodified counterparts.

Introduction

Lignin is one of the primary structural components of the cell walls of vascular plants
(i.e., lignocellulose) and represents an abundant and renewable source of aromatics with many
promising value-added applications [204]. Utilization requires extraction and recovery of water-
insoluble lignin from the cell wall where it is integrated within a matrix of other structural
biopolymers (cellulose and hemicellulose) through a combination of physical entanglement and,
for graminaceous feedstocks such as corn stover, covalent crosslinks with the hemicellulose
xylan [105]. Thus, lignin utilization requires technologies that solubilize the lignin, often through
integration with functionalization (e.g., sulfonation) and/or depolymerization (e.g., alkaline
pulping) to yield lignins that often exhibit significantly different chemical and physical
properties relative to the “native” lignin as it is found in the cell wall. For this reason, industrial

utilization of lignin is envisioned as integrated with technologies for utilization of the
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polysaccharide fraction such as chemical pulping or biorefining of lignocellulose. Besides the
challenge of extracting and recovering lignin, additional hurdles to incorporating lignin into
value-added products include the heterogeneity of its chemical structure and its polydisperse
molecular weight distributions [205]. This heterogeneity arises from both the natural variability
in the lignin structure, which varies between plant source[138] and anatomy[140]. Lignin
heterogeneity is further aggravated by the many different biomass pretreatment and lignin
extraction processes used and by the presence of other non-lignin contaminants that derive from
the biomass such as hemicellulose, ash, or protein [206] or from the extraction or recovery
process itself (e.g., ash). The consequences of this structural heterogeneity are differences in its
reactivity and solubility during processing and differences in the properties of its final products
[207].

One approach for reducing the lignin heterogeneity is solvent fractionation [193, 208]. As
lignin solubilization is already one of the requirements for lignin extraction and utilization,
selective precipitation or solubilization is one approach to generate subsets of lignin that are
enriched or depleted in target properties (e.g., phenolic hydroxyl content, low molar mass, etc.).
These approaches include sequential acidification of liquors containing alkali-solubilized lignins
from pulping (e.g., kraft or soda pulping) or alkaline pretreatments using weak (e.g., COz) or
strong acids (e.g., H2SO4) to yield lignins of differing properties [209-211]. Fractionation via
acidification is conducted using a variety of reagents including HCI[43], H2S04[49], CO2[50],
and HsPO4[49], and has been employed using a variety of different feedstocks including
hardwood[44], softwood[44], kraft liquor[50], corn stover[43], sugarcane bagasse[47],

Miscanthus [46], and wheat straw[48]. Feedstock source influences the chemical structure and
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properties of extracted lignins. Lignin from softwood and hardwood feedstocks are composed
primarily of guaiacyl (G) and syringyl (S) subunits, while lignin from graminaceous feedstocks
contain higher proportions of p-hydroxyphenyl (H) subunits and p-coumarate (pCA) end
chains[7] leading to different intramolecular linkages between subunits[8, 9]. These chemical
differences due to lignin source further influence the properties of lignin-based products with
changes in mechanical[15, 16] and thermal[14] properties of lignin-based resins and materials
based on feedstock source. Fractionation of lignin via acidification results in many differences in
properties of recovered lignin fractions including variations in lignin yields[44, 46, 48, 194], ash
content[44], glass transition temperature (Tg)[44], lignin acid solubility[194], sulfur
content[194], particle size[43], polydispersity[43, 46, 47], phenolic hydroxyl content[43, 45, 47,
50], surface morphology[45], and antioxidant capability[212].

Organic solvent fractionation processes have also been used to obtain lignin fractions of
reduced polydispersity such as fractionation of lignin using different solvent-water solutions of
decreasing concentration including ethanol[51], acetic acid[53], acetone[213], THF[55],
methanol [54], propyleneglycol monomethyl ether[214], ionic liquids[57],
dihydrolevoglucosenone[215], and y-valerolactone[58]. Lignin may also be fractionated using a
series of solvents of increasing solvent power as related to their Hansen solubility
parameters[59]. This process of sequential solvent fractionation has been widely implemented
using a variety of different solvent sequences and feedstocks[60-63]. More monodisperse lignins
can also be separated and recovered using membrane filtration [181, 182, 216]. By implementing
the fractionation strategies reviewed above lignin properties can be tailored for better

performance in a specific value-added applications[205]. Lignin has been applied to a wide
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variety of different applications and products. These products include a fuel for combustion, low-
value fillers for concrete and glue, carbon fiber, platform chemicals, plastic composites,
polymeric foams, flavoring agents, fragrances, and others[4, 204]. In this study we focus on
utilizing our extracted biopolymer fractions as an additive for thermoplastic composites,
specifically lignin-polylactide (PLA) composites.

PLA shows promise as a renewable biobased plastic with the ability for rapid
degradation[217]. However, PLA suffers from some thermal and mechanical shortcomings such
as brittleness, low thermal stability, and slow crystallization[218]. One way to address these
challenges and improve the thermal and mechanical properties of PLA is to include a copolymer
additive such as lignin. The utilization of lignin in PLA composites can help to improve their
properties while simultaneously providing additional value for a biorefinery as a co-product.
Prior work has employed lignins from a wide range of sources, including kraft[85, 219],
alkali[86], organosolv[86, 220], lignosulfonate[221], and lignin nanoparticles[222]. This study
differs from previous work using fractionated biopolymers recovered from corn stover alkali
liquor instead of a single bulk lignin source. Due to this recovery process these biopolymers
exhibit two key differences from previously used biopolymers. Lignin portions of the
biopolymer fractions are expected to have more monodisperse molecular weight and a more
homogeneous chemical structure from the use of fractional recovery as opposed to a single step
process. This allows for the exploration of how lignin properties resulting from different
recovery conditions influence the properties of lignin-PLA materials. The biopolymers used in
this study also contain higher proportions of non-lignin materials including polysaccharides and

inorganics providing insight into the efficacy of hemicellulose incorporation into the PLA
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polymer matrix, and how lignin purity affects material properties. The alkali pretreatment
conditions used in this study also differ from previous work using lower temperature and
reaction time than many other studies[163, 223, 224]. Differing severities of alkali reaction
influence degree of delignification, glucose hydrolysis yields, and lignin chemical structure.

Some studies show an increase in thermal stability of PLA materials upon the addition of
lignin[85, 86, 220], while other studies show decreased thermal degradation temperatures[219,
221]. These discrepancies can be explained by differences arising from the source, extraction,
and recovery approaches that yield lignins with differences in chemical composition, molar mass
distributions, the presence of impurities, as well as differences in particle size, their distribution,
and surface properties of the lignins. As a general trend, tensile strength of lignin-PLA
composites decreases with increasing lignin content[85, 86, 219, 220, 225]. Other work
identified changes in hydrolytic degradation[86, 226], impact strength[221], viscosity during
extrusion[220], light transmittance[227], and crystallinity[228] of lignin-PLA materials.

Chemical functionalization of lignin has been employed as one approach to improve the
properties of these composite materials by improving lignin’s compatibility with PLA.
Functionalization approaches include carboxylation[229], urea modification[92], acetylation[85],
alkylation[89], esterification with other reagents[87, 230], and silanization[90]. In the present
study we modify lignin in our biopolymer fractions using an oxyalkylation reaction with
propylene carbonate. We hypothesize that several factors may contribute to improved
compatibility of oxyalkylated lignin with PLA. First, the replacement of lignin phenolic
hydroxyls with aliphatic hydroxyls decreases the polarity of lignin and the added aliphatic chains

create steric hindrance decreasing the ability of lignin to form aggregates with itself, decreasing
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aromatic m- stacking and hydrogen bonding between phenolic hydroxyls This allows the
modified lignin to exhibit increased hydrogen bonding and van der Waals interactions with
PLA[231]. These aliphatic hydroxyls may also increase the compatibility of lignin and PLA due
to the higher selectivity of PLA for covalent bonding with aliphatic hydroxyl groups when
compared to phenolic hydroxyl and carboxyl groups[89]. Propylene carbonate possess
advantages over many of the other reagents used for lignin modification including low cost, low
toxicity, low volatility, and biodegradability[232]. Its use is especially attractive with the
increasing push for environmentally friendly processes because propylene carbonate’s usual
manufacture from epoxides is a carbon negative process[233].

The work in this manuscript uses alkali pretreatment of corn stover followed by fractional
precipitation of black liquor to obtain four biopolymer fractions. One NaOH insoluble cellulose
pulp, two lignin rich fractions, and one xylan rich fraction. These biopolymers were subjected to
an oxyalkylation modification with propylene carbonate and assessed for extent of modification
via 3C NMR. Modified and unmodified biopolymers were incorporated into extruded and
injection molded PLA composites at incorporation levels of 5% and 20%. The rheological,

thermal, and mechanical properties of the resulting composite materials were characterized.

Materials and Methods

Lignin Generation and Fractionation

A commercial hybrid corn stover used in the present work was obtained from Idaho
National Laboratory after harvest in 2017 in Story County, lowa. The corn stover was first
milled to pass a 2-inch screen using a Vermeer bale grinder BG-480 followed by milling with a

Bliss Hammermill to pass a 1-inch screen, and finally milled to pass a 20-mesh using a Wiley
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mini-mill (Thomas Scientific). Milled corn stover was subjected to NaOH pretreatment in a
stainless-steel tumbling pulp digester (RegMed model AU/E-20, Sao Paulo, Brazil) equipped
with 4 one-liter capacity tubes. Stover was mixed with 1 M NaOH at a 20% solid loading
(wt/vol) and heated to 85 °C for 1 hour. Remaining solids after pretreatment were separated with
a home brewing mesh filter bag and washed with an excess of water. Pretreatment liquor was
sequentially adjusted from an initial pH of 13.8 to pH 9, 5, and pH 1.5 at room temperature via
the dropwise addition of 6 M H2SO4. Quantification of pH was conducted using a pH probe
(FE150, Fischer). After each pH adjustment insoluble solids were separated via centrifugation,
washed with dilute H2SO4, and vacuum dried at 50 °C for 48 hours to obtain three biopolymer

fractions (Fig. 1).

Biopolymer Functionalization

For hydroxyalkylation, 15g dried biopolymer samples recovered from NaOH
fractionation were placed in a 500 mL Parr reactor with 20 molar equivalents of propylene
carbonate per mole of total lignin hydroxyl content, 0.1 molar equivalents of 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU) was added as a catalyst (Thermo Scientific 6674-22-
2Hydroxyl values were estimated based on values measured previously from similar lignins via
3P NMR. Reactions were conducted under nitrogen atmosphere for 3 hours at 170 °C. Following
reaction, modified biopolymers were precipitated with 10 times weight equivalent of DI water
and washed three times via centrifugation. To assess the degree of modification with propylene
carbonate unmodified and modified biopolymer samples were subjected to *C and *H NMR
analysis. To prepare samples for NMR analysis 30 mg of each sample was dissolved in DMSQOds

with 3 mg chromium (111) acetylacetonate added as a relaxation agent and 3 mg dioxane added as
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an internal standard. NMR experiments were conducted on a Bruker 600 MHz Avance I11 NMR
Spectrometer. Experiments were conducted at 300 K with 64 scans for *H experiments and

20480 scans for *C experiments.

Composition Analysis

Polysaccharide and Klason lignin contents of all biomass and recovered biopolymer
fractions as well as functionalized biopolymers were determined using a composition analysis
procedure according to NREL LAP TP-510-42618[150]. Klason lignin was determined
gravimetrically and sugar quantification was obtained via HPLC (Agilent 1260 series) equipped
with an RID detector, a Bio-Rad Aminex HPX-87H column, a mobile phase of 5 mM H2SO4, a
flow rate of 0.6 mL/min, and a column temperature of 65°C. Sample moisture content was
determined using a moisture analyzer (OHAUS, MB 90). Ash content was determined
gravimetrically after sample combustion at 620 °C, a procedure modified from NREL LAP TP-

510-42622[234].

Composite Synthesis and Characterization

Recovered biopolymers or functionalized biopolymers and PLA were mixed at 5% and
20% wi/w biopolymer to PLA in a Thermo Fisher Scientific HAAKE Minilab Il dual screw
extruder at 168 °C for 5 minutes. Test bars for DMA and tensile analysis were formed using a
Thermo Fisher Scientific Minijet Pro injection molder with injection parameters varying for each
composition to avoid incomplete injections or air bubbles within test composites (5 °C).

PLA-biopolymer composites were subjected to three-point bending tests using a TA

Instruments Q800 dynamic mechanical analyzer (DMA). Storage and loss modulus were
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measured as a function of temperature with a temperature ramp from 30-140 °C with a constant
frequency and amplitude.

To examine biopolymer particle size and dispersion 5% biopolymer-PLA composites
were imaged using a Leica TCS SP5 Confocal Scanning Laser Microscope. Lignin fluorophores
were excited using a 633 nm laser and images were taken randomly throughout the material at 3
magnifications using 10x dry, 20x dry, and 63x water submersed objectives.

To investigate crystallinity and thermal properties, 5% and 20% biopolymer-PLA
composite materials were analyzed via differential scanning calorimetry. To a hermetically
sealed aluminum pan 3-5 mg of each material was added. These samples were analyzed using a
TA Instruments DSC 2500 with a 10 °C/minute heating gradient from -20 °C to 200 °C followed
by cooling at 10 °C/minute back to -20 °C.

After extrusion composite materials were injection molded into type V dogbone
geometries according to ASTM standard D638[235]. Tensile tests were conducted on an Instron
8562 load frame equipped with a 2620 series dynamic strain gauge extensometer at a rate of

Imm/minute until failure.

Gel-Permeation Chromatography (GPC)

Unmodified and modified biopolymer fractions and composites were prepared for
analysis by dissolution in 3 mL THF and filtration using 0.2 um PTFE syringe filters. Samples
were analyzed for relative molecular weight using an HPLC with a Waters Styragel HR 4 (7.8 x
300 mm, Milford, MA, USA) column using THF as a mobile phase at a flow rate of 0.5 mL/min
and a column temperature of 40 °C. Spectral data was collected using a DAD detector at 280 nm.

Due to low solubility in THF unmodified biopolymer fractions were also analyzed after



125
acetylation. The acetylation procedure was conducted on 10 mg of each sample solubilized in 4
mL of pyridine by 30 minutes of stirring at room temperature. After full solubilization 0.25 mL
of acetic anhydride was added and allowed to react for 20 hours at room temperature. Solvent
was removed from acetylated biopolymer through the use of a rotary evaporator at 40 °C and

dried under vacuum for 10 minutes.
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Results and Discussion

Biomass Fractionation and Biopolymer Recovery

Three biopolymer fractions were recovered from alkali liquor of pretreated corn stover
using a three-step fractional precipitation with pH adjustment to recover insoluble precipitates at
pH 9, pH 5, and pH 1.5 as outlined in Figure 1. These fractions will be referred to as pH 9, pH 5,

and pH 1.5 biopolymer fractions throughout this manuscript.
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These biopolymer fractions have significant impurities, including inorganics and
hemicellulose due to the significant amount of xylan solubilized during pretreatment. Previous
work has been conducted on the incorporation of polysaccharides into PLA materials. However,
most of these studies focus on cellulose-PLA blends[236-238]. Extensive work has also been
performed on modified cellulose-PLA composites with cellulose compatibilized by chemical
modifications including acetylation[239], silanization[91], glycidyl methacrylate grafting[240],
esterification[241], carboxylation[242], and others. Work in the literature on hemicellulose-PLA
composites is much more limited with one study incorporating a galactoglucomannan based
spruce hemicellulose in solvent casted PLA composites[243] and other studies investigating
copolymers of xylan grafted with L-lactide[243-246]. To our knowledge there are no studies
concerning the melt extrusion of xylan-PLA composite materials or studies using
multicomponent xylan rich and lignin rich biopolymers as are used in this study. We hypothesize
that the xylan contained in our biomass fractions will also undergo modification with propylene
carbonate (Scheme 1C) and xylan will be incorporated into a combined PLA-lignin-xylan matrix
through van der Walls interactions, hydrogen bonding, and ether bonding (Scheme 2B). Previous
work has been conducted modifying xylan using propylene carbonate in DMSO[247], grafting
propylene carbonate onto xylan in ionic liquids[248], and reacting xylan directly in propylene
carbonate under similar conditions to those used in this study[249]. Studies also exist exploring
modification of xylan using other cyclic carbonates such as propylene oxide[250, 251]. To our
knowledge no studies have been conducted applying oxyalkylated polysaccharides to PLA

composite materials.
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Scheme 2: Possible Lignin-Lignin (A), Lignin-Xylan (B), and Lignin-PLA (C) Crosslinking
Reactions during Modification and Extrusion

As seen in Figure 2A the pH 9 fraction was composed primarily of xylan with around
30% Klason lignin and a high amount of inorganics with 24% ash. The pH 5 and pH 1.5
fractions were composed primarily of lignin with smaller amounts of xylan and inorganics,
however these fractions contained a higher proportion of acid soluble materials. Figure 2B
shows the mass yields of the recovered fractions in terms of total mass recovered, recovered
lignin, recovered xylan, and recovered glucan. The alkali pretreatment and fractionation process

resulted in 70% recovery of the original mass of the corn stover with 50% of the original mass
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being recovered in the cellulose dominant fraction and the remaining 20% belonging to the 3
biopolymer fractions. These yields are similar to yields obtained by other studies using alkali
pretreatment of corn stover under similar conditions[163, 252, 253]. The remaining 30% likely
remained soluble in solution below pH 1.5, or resolubilized and was lost during the washing of
the biopolymer fractions. After alkali pretreatment 89% of the original glucan and 48% of the
original xylan contained in corn stover remained in the alkali insoluble fraction, these results
agree with previous studies[163]. High glucan recovery in the insoluble fraction after alkali
treatment as we have achieved in this study is important for both paper production and the
production of ethanol from lignocellulosic biomass. Around 70% of the xylan in corn stover was
recovered in the combined solid fractions, likely in polymeric form as lignin-xylan or glucan-
xylan complexes. The majority of the remaining 30% of xylan unaccounted for is likely present
in the remaining liquor after adjustment to pH 1.5 as either polymeric xylan, oligomers,
monomeric xylose, or degradation products. These sugars could likely be recovered and used for
subsequent fermentation or other value-added applications. A total yield of 57.5% of the original
corn stover lignin was recovered in the isolated solid fractions with 47% contained in the three
biopolymer fractions. The low level of lignin contained in the alkali insoluble cellulose-rich
fraction is typical for alkali pretreatment[163]. Unaccounted for lignin is a result of a few
different mechanisms. A study with alkali pretreatment of switchgrass shows that high molecular
weight lignin which solubilizes during pretreatment redeposits on the surface of the insoluble
fraction and is removed after subsequent washing resulting in up to a 20% reduction in original

lignin recovery[223]. However this study used temperatures >100 °C which likely results in
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greater lignin solubilization during pretreatment compared to the conditions used in this study

(85 °C). Some unrecovered lignin also remained soluble in the liquor after pH adjustment.
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Figure 2: Polymer Composition of Recovered Biopolymers before and after Modification (A),
and Precipitated Biopolymer and Insoluble Cellulose Fraction Mass Yields (B)

Extracted biopolymer fractions were modified via an oxyalkylation reaction with
propylene carbonate (Scheme 1) according to previously optimized conditions in the
literature[254]. These modified fractions will be referred to throughout the manuscript as pH 9
PC, pH 5 PC, and pH 1.5 PC biopolymer fractions. After reaction, modified fractions were again
analyzed for composition (Fig. 2A). After functionalization no significant changes in
polysaccharide or lignin content were observed. Modification of each fraction resulted in a
reduction of ash, with the most significant change being observed in the pH 5 fraction.
Unmodified and modified fractions were further analyzed via *H and *3C NMR to verify the

successful functionalization of lignin.
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NMR Characterization of Functionalized Biopolymers

To assess whether biopolymer modification was successful both modified and
unmodified biopolymers were subjected to *H and *C NMR analysis. Results for *H experiments
are shown in Figure 3. Peak assignments for *H spectra were made according to previous
literature [232, 255, 256]. As seen in Figure 3 peaks between 0.6 and 1.5 ppm correspond to
methyl groups on lignin aliphatic chains. The spectra of all biopolymers modified with propylene
carbonate show an increase in peak area in this region indicating that the oxyalkylation
modification reaction proceeded according to Scheme 1 adding aliphatic side chains with
attached methyl groups to the lignin and xylan backbones, this is in agreement with previous
literature [232, 256]. Peaks at 2.5 and 3.6 ppm correspond to DMSOds solvent and dioxane
internal standard, respectively. Modified biopolymers show a large peak centered at 3.35 ppm.
This peak can be attributed to a combination of signals from methine, methylene, and aliphatic
hydroxy!l groups of the new side chains on both lignin and xylan components of the modified
biopolymers (Scheme 1). The appearance of this peak is obvious after modification of the lignin
heavy pH 1.5 and pH 5 fractions. On the other hand, this peak is prominent in both the
unmodified and modified forms of the highest pH isolated fraction (pH 9). This can be attributed
to two factors, firstly the higher molecular weight lignin contained in these fractions (isolated at
higher pH) likely contains more aliphatic hydroxyls when compared to the lower molecular
weight fractions. This trend has been shown in multiple previous studies on lignin fractional
precipitation [44, 257-259]. Secondly, a large portion of this peak can be attributed to hydroxyls
on xylan. Peaks at 4.3, 5, and 5.1 ppm can be assigned to protons in 3-O-4 linkages, and may
also have contributions from DMSO soluble hemicelluloses[260]. Biopolymer fractions

recovered at pH 1.5 and pH 5 showed a reduction in these peaks after modification with
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propylene carbonate. This may signify the cleavage of lignin f-O-4 linkages during the
modification reaction due to the long reaction times and high temperatures. This reduction may
also be due to the reduced DMSO solubility of modified biopolymers due to crosslinking.
Propylene carbonate modified pH9 biopolymer fraction showed an increase in these peaks over
its unmodified counterpart, the reason for this is unknown, it may be a result of new bonds
formed between crosslinked xylan-xylan and xylan lignin complexes (Scheme 2B). Peaks above
6 ppm can be attributed to aromatic ring protons and phenolic hydroxyls. A reduction in these
peaks in the pH 1.5 and pH 5 modified fractions supports the reduction of phenolic hydroxyls as
a result of reaction with propylene carbonate. Modified and unmodified pH 9 fractions show less
peaks in this region, this can be explained by their lower lignin content, lower DMSO solubility,

and the increased aliphatic character of their lignins compared to the other fractions.
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Figure 3: 'H NMR Spectra of Unmodified and Modified Biopolymer Fractions

Figure 4 shows *C NMR data for unmodified and modified biopolymers. Peak
assignments for the aromatic region of **C NMR were made according to previous
literature[261]. In the aromatic region of unmodified biopolymer fractions, peaks signifying the
presence of p-coumarate (pCA) (116, 130, and 144 ppm), and ferulic acid (FA) (111, 115, and
124 ppm) can be observed with especially strong pCA peaks in the pH 1.5 fraction. Small
syringyl (104, 107 ppm) and syringyl-B-O-4 bond (86 ppm) can be resolved. A small peak

signifying C5 of the guaiacyl unit can be seen at 115 ppm, all other guaiacyl peaks are very faint
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or unable to be resolved. This agrees with previous literature and our previous work which shows

the predominance of syringyl and pCA subunits over guaiacyl in corn stover lignins [132, 261].
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Figure 4: 3C NMR Spectra of Unmodified and Modified Biopolymer Fractions

Each 3C NMR spectra displays a peak at 102 ppm corresponding to xylan[262], as well
as peaks at 64 ppm and 72-76 ppm region corresponding to xylan and xylan oligimers[262, 263].
Specifically, the peak at 102 ppm corresponds to C1 of xylose, the 72-76 ppm region
corresponds to C2-C4, and the peak at 64 ppm belongs to C5. Biopolymer fractions precipitated

at pH 1.5 and 5 show stronger xylan peaks than the pH9 fraction despite containing a lower
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proportion of xylan. This discrepancy can be explained by differing solubilities and
crystallinities of hemicellulose in the different fractions. Lower pH biopolymer fractions
precipitated at pH 1.5 and pH 5 show a drastic reduction in signal for both the aromatic lignin
carbons and xylan carbons. This is likely due to the reduced solubility of the modified lignins in
DMSO. We hypothesize that this reduction in solubility is due to the reaction of propylene
carbonate with both xylan and lignin hydroxyls creating aliphatic side chains with terminal
hydroxyls which can then react with each other to cause cross linking ester bonds between xylan
and lignin (Scheme 2B). These results agree with those from proton NMR (Fig. 3). This finding
may also be supported by the appearance of a new peaks at 74.2, 71, and 69 ppm in modified
fractions which may correspond to bonds between xylan and lignin. This hypothesis is also
reinforced by the GPC data showing a shift to higher molecular weight in pH 1.5 and pH 5
biopolymer fractions after modification further signifying the presence of crosslinking reactions
during modification (Fig. 9).

The presence of new aliphatic carbons can be seen in the 13C NMR spectra. New peaks
arise in the 16-22 ppm region in the spectra of propylene carbonate modified biopolymers which
can be attributed to methyl groups on lignin and xylan aliphatic side chains [232, 264]. These
new aliphatic chains and lignin-lignin and lignin-xylan ester linkages can also be seen
represented by the appearance of peaks from 64-66 ppm which correspond to methine and
methylene carbons [232, 265]. These results agree with the results from proton NMR (Fig. 3). A
methoxyl peak is evident in all spectra at 56 ppm. A new peak at 155 ppm appears corresponding

to the new ketone carbons in the aliphatic side chains of modified lignins and xylans.
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Synthesis of Lignin-PLA Composites

After characterization, modified and unmodified biopolymers were mixed with PLA in
proportions of 5% and 20% w/w, melt extruded, and injection molded into rectangular and
dogbone geometries. Over the course of each 5-minute extrusion, screw torque values were
collected and subsequently converted to viscosity. These viscosity values over the course of the
5-minute extrusion for materials with 20% biopolymer incorporation are shown below in Figure
5A. Neat PLA was the most viscous material during extrusion and underwent the least
significant reduction in viscosity over the course of the extrusion (Fig. 5B). Modified
biopolymer fractions exhibited higher viscosities during extrusion than their unmodified
counterparts with pH9 PC fraction undergoing a higher increase in viscosity after modification
when compared to the fractions recovered at pH5 and pH1.5 (Fig. 5A). Modified materials also
experienced a significantly lower decrease in viscosity over the course of the extrusion when

compared to unmodified lignin materials (Fig. 5B).
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Extrusion of PLA composites with our multi-component (lignin, xylan, ash, extractives)
biopolymer fractions is a complex system and changes in rheology over the course of the
extrusion likely arises from multifaceted sources. It is well established that PLA can undergo
degradation during extrusion due to hydrolysis reactions, oxidative degradation, cis-elimination,

and trans-esterification especially under high temperatures or in the presence of water[266]. This
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degradation results in reduced viscosity of the material due to reduced molecular weight[266].
These depolymerization reactions are almost certainly the cause of the slight reduction in
viscosity over the course of the extrusion of neat PLA (Fig. 5). Previous studies on the rheology
of lignin-PLA composites show a decrease in viscosity with increasing lignin addition which
they hypothesize is due to lignin plasticizer effects or the disruption of hydrogen bonding in the
PLA network[220, 267]. These results agree with the lower viscosity we observed in all
biopolymer composites (Fig. 5A). We hypothesize that the higher viscosity and reduced
viscosity drop of modified biopolymer materials when compared to their unmodified
counterparts is a result of stronger interfacial interactions[231] and increased chemical
bonding[89] between modified biopolymers and PLA due to their added aliphatic hydroxyl
groups (Scheme 2), leading to an increased molecular weight material and less degradation over
the course of the extrusion. The presence of these additional crosslinking reactions during
extrusion is supported by the increased molecular weight of modified biopolymer-PLA materials
(Fig. 9B). The presence of a long shoulder at lower elution times on the GPC peaks of pH 1.5 PC
and pH 5 PC which are not present in their lignin spectra indicates crosslinks between
biopolymer constituent xylan, lignin, and PLA under the high temperature melt extrusion
conditions. Reaction between lignins and PLA during extrusion has previously been
demonstrated[221]. We hypothesize that the higher increase in viscosity after the modification of
the pH 9 fraction when compared to the other fractions is due to its high hemicellulose content
and the formation of lignin-xylan-PLA crosslinks during extrusion. Modified xylan may also
have better affinity for PLA than modified lignin leading to a higher extent of reaction. This

hypothesis is difficult to support with GPC due to the insolubility of xylan in THF.
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Interfacial interactions and chemical bonding between lignin, xylan, and PLA are not the
only factors that affect the changes in rheology between materials made with biopolymers. Our
biopolymer fractions also showed a decrease in inorganic content after modification. A previous
study investigating the effect of differing amounts of lignin inorganic impurities on lignin-PLA
extruded materials found that with increasing ash content the thermal stability of lignin-PLA
composites increases [220], which they attributed to inorganic catalysis leading to increased
lignin-PLA crosslinking reactions. From our previous discussion we would expect this increase
in thermal stability to result in increased viscosity, however the authors found the opposite with
decreased viscosity as inorganic impurities increased[220]. This discrepancy highlights the
complexity of examining the rheology of composite materials with multiple possible contributing
factors. Ash removal during biopolymer modification may play a role in the viscosity increase in
modified biopolymer materials, however the large increase in viscosity of the pH 9 PC fraction
resulting in the greatest viscosity of all the modified materials (Fig. 5A) despite its high ash
content (Fig. 2A) suggests that this is not the limiting factor influencing viscosity in our
composite materials.

Another potential cause of the viscosity change seen in modified biopolymer materials is
changes in particle size. As seen in the confocal images (Fig. 6), lignin particles in pH 5 and pH
1.5 fractions underwent a drastic size reduction and exhibited improved dispersity throughout the
material following modification. A previous study using biocarbon has found that viscosity
increases with decreasing filler particle size in PLA composites[268]. This disagrees with our
findings of viscosity increase in pH 5 PC and pH 1.5 PC materials despite their reduced particle

size. However, particle size changes still likely plays a role in the rheology of the composite
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materials and may be a contributing factor to the heightened viscosity increase of the pH 9 PC
fraction compared to the other fractions as the pH 9 PC modified fraction does not appear to

undergo the same drastic particle size reduction (Fig. 6).

Figure 6: Confocal Images of Modified and Unmodified Biopolymer Composites
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Characterization of Composite Thermal Properties

After composite manufacture, thermal and mechanical properties of extruded materials
were analyzed to evaluate how each biopolymer fraction affected the feasibility of PLA materials
for real-world use. Composite flexural properties were evaluated by dynamic mechanical
analysis using a constant deformation amplitude and frequency over a temperature gradient.
Storage modulus and loss modulus results are shown in Figure 7, the curves are averages of
multiple replicate measurements. Storage modulus gives a good estimation of material stiffness
and load bearing ability as it relates to temperature[269, 270]. In this study, we will split our
discussion of the storage modulus of our composite materials into three temperature ranges:
below the glass transition region (Tg), the transition region, and above Tq. As seen in Figure 7A
5% biopolymer-PLA composite materials exhibit relatively similar storage modulus values as
temperature approaches Tgwith 5% pH 5 PC and 5% pH 1.5 materials showing an increased
storage modulus over neat PLA in the glass transition region. In the DMA plots of 20%
biopolymer composites (Fig. 7C) more evident differences arrive. All but one of the composite
materials have a higher storage modulus approaching Tqwith 20% pH 1.5 and 20% pH 9 PC

showing the highest storage modulus directly before Tj.
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Figure 7: Results of DMA Experiments showing Storage Modulus for 5% (A) and 20% (C)
Biopolymer Composites, and Loss Modulus for 5% (B) and 20% (D) Composites

As the glass transition occurs a sharp decrease in storage modulus can be seen in PLA
and composite materials, this sharp drop can be attributed to increased polymer chain movement
as the materials transitions from a glassy to rubbery state[270]. In this transition region all
composite materials at both 5% and 20% show significantly lower storage modulus than neat
PLA (Fig. 7A, 7C). A previous study suggests that the reinforcement of PLA composites before
the glass transition, but not in the transition region indicate that the increased storage modulus
below Tg is caused by hydrogen bonding between PLA carboxyl groups and filler hydroxyls
which are much more prevalent in the glassy state as compared to in the rubbery/transition
state[271]. Figure 7 shows a difference in the properties of different biopolymer-PLA composite

materials over 80 °C. All modified biopolymer materials at 5% and 20% exhibit a higher storage

modulus than their unmodified counterparts in the range of 80-130 °C, with a clear increase
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between 100 and 125 °C. This increase in storage modulus can be attributed to the cold
crystallization of PLA[270]. In the 5% biopolymer composites pH 1.5 PC and pH 9 PC materials
surpass the storage modulus of neat PLA above 100 °C. These results correspond to these two

materials having a high degree of crystallization in the DSC experiments (Fig. 8D).
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Material stiffness, or storage modulus, have been previously shown to increase with
increasing degree of crystallinity[272]. This is an interesting finding suggesting that biopolymer

properties can be tailored by chemical modification to improve the crystallization degree of PLA
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materials and thus influence their mechanical properties. These composite materials show
slightly different behavior at 20% lignin implementation with the 20% pH 9 PC material
exhibiting a storage modulus almost identical to neat PLA above 100 °C, this result agrees with
the DSC results showing that the pH9 PC material retains a high degree of crystallization at 20%
(Fig. 8D). While the 20% pH 1.5 PC composite has a storage modulus significantly lower than
neat PLA above 100 °C, it still has the highest storage modulus of all other composite materials
above 120 °C (Fig. 7C). The reason for the higher magnitude decrease of crystallization
enhancing properties of the pH 1.5 PC material at higher incorporation levels when compared to
the pH 9 PC material is unknown. An interesting note in the crystallinity characterization from
DSC (Fig. 8D) is the higher crystallinity error values seen in 20% biopolymer composites. The
high variance in crystallinity measurements taken from the same samples suggests a complex
crystallization process with different crystallinities throughout the polymer matrix. This can be
explained by varied crosslinking reactions, different interfacial interactions leading to
agglomeration, and the amount of nucleation sites provided by the mixed components of the
biopolymer fractions leading to localized changes in the materials ability to crystallize. While the
higher storage modulus can be directly explained by higher crystallinity in 5% pH 1.5 PC, 5%
pH 9 PC, and 20% pH 9 PC materials, the increased storage modulus of all other modified
materials over their unmodified counterparts despite similarly low degrees of crystallinity is
harder to explain. Semi-crystalline polymers such as PLA can be described as a mixed two-phase
system with ordered crystal lamella and an amorphous phase with an interphase region between
them[273]. We suggest that the modulus increase of modified materials over unmodified in the

cold crystallization region is due to stronger interfacial interactions between PLA crystals and
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the biopolymer fillers due to increased dispersion forces, chemical bonding, and better particle
dispersion.

Thermal transition temperatures taken from DMA and DSC results provide insight into
changes in composite material properties resulting from different biopolymers. Transition
temperature values are plotted in Figure 8, DSC thermograms are presented in Supplementary
Figure S1. Glass transition temperature (Tg) was taken as the temperature at which the loss
modulus reaches its maximum value. Of importance to note is the difference in Tq between
modified and unmodified materials. All lignin-PLA composites had a glass transition
temperature lower than neat PLA (p < 0.05) (Fig. 8A). However, in 20% composites all modified
lignin materials possessed a significantly higher Tqthan their unmodified counterparts (p < 0.05)
(figure 8A). This increase in the modified biopolymer materials is likely due to increase
interfacial interactions and bonding between modified biopolymers and PLA resulting in reduced
chain mobility, necessitating more energy or a higher temperature to exit the glassy state[274].
These results are further supported by the NMR and GPC result for modified biopolymers and
composites (Fig. 3, 4, and 9). A previous study which incorporates propylene carbonate modified
commercial Kraft lignin in PLA materials at inclusion levels of 1%-40% reports a conflicting
trend. In their study modified lignin materials exhibited significantly lower Tqvalues compared
to unmodified Kraft lignin materials in 20% and 40% lignin materials. They attribute this
behavior to reduced hydrogen bonding ability of modified Kraft lignin due to reduction in
phenolic hydroxyl content[275]. The material made with 20% pH 9 PC in this study had a
significantly higher Tg than the modified fractions pH 1.5 PC and pH 5 PC (p < 0.05) (Fig. 8A).

This is correlated with the viscosity and storage modulus results and can again be explained by
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increased interfacial interactions and xylan-lignin-PLA crosslinking present in the xylan heavy
biopolymer materials. Further insight into a materials thermal behavior can be gained by
examining its cold crystallization and melting temperatures (Figs. 8B and 8C). Most significant
changes in these transition temperatures were seen in composites with 20% biopolymer
incorporation. All 20% biopolymer composites exhibited lower melting temperature than neat
PLA and their 5% biopolymer equivalents (p < 0.05). Trends in cold crystallization temperature
are less clear. Non modified and modified composites with 20% pH 1.5 and pH 9 biopolymers
had a lower crystallization temperature than neat PLA (p < 0.05) with 20% pH 1.5 PC having a
higher crystallization temperature than 20% pH 1.5 materials (p < 0.05). The lessening of
thermal transition temperatures when compared to neat PLA indicates that biopolymer
incorporation into PLA composite materials lessens its thermal stability and may lead to
struggles in high temperature applications. The lessening of Tq reduction in modified materials
indicates promise for this propylene carbonate modification process for improving the thermal
stability of biopolymer-PLA composites. The aforementioned study using Kraft lignin again
disagrees with the trends we see in these thermal transition temperatures. They do not observe
melt temperatures lower than neat PLA in modified or unmodified lignin composites even at
high lignin incorporation levels (>20%). They also report an increase in cold crystallization
temperature over neat PLA in materials with 20% modified and unmodified Kraft lignin, with
unmodified lignin materials having higher crystallization temps than unmodified[275]. The
disagreement in thermal transition trends between our work and this previous study are likely
due to chemical differences between the lignins used and the presence of polysaccharides in our

biopolymer fractions.
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All but two of the biopolymer-PLA composites had a lower magnitude of loss modulus
than neat PLA (p < 0.05) (Figs. 7B and 7D). The loss modulus of a material presents its ability to
dissipate energy as heat and is directly related to viscosity in the transition region [276-278].
This decrease in loss modulus from neat PLA in the DMA results of lignin materials agrees with
our direct viscosity measurements during extrusion (Fig. 5A), although these viscosity
measurements were at temperatures much higher than the transition region. However, at the level
of 20% biopolymer incorporation in the composites non-modified biopolymer materials showed
higher loss modulus values than their modified counterparts (p < 0.05), this disagrees with the
results from extrusion viscosity. A study using natural fiber-reinforced PLA materials with
explains that a material’s loss modulus is related to the amount of energy it creates in the form of
heat due to intermolecular friction during an applied load[278]. This can explain the differences
in loss modulus between our modified and unmodified biopolymer materials. Modified
biopolymer materials exhibit greater crosslinking, inhibiting the ability of polymer chains to
move, thus causing reduced intermolecular friction. The larger, rougher, and less spherical
particles in unmodified biopolymer materials as seen in the confocal imagery (Fig. 6) may also
contribute to their higher loss modulus values due to increased friction between the rough

particle surfaces and PLA.

Molar Mass Distribution of Biopolymers, Functionalized Biopolymers, and PLA-Lignin blends

Biopolymer fractions were next analyzed for molar mass distributions via gel permeation
chromatography (GPC) (Fig. 9). Additionally, acetylated version of unmodified fractions were
also analyzed due to low solubility in THF (Fig. 9C). These acetylated biopolymers exhibit

bimodal peaks with a higher molecular weight peak attributable to lignin and a lower molecular
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weight peak that may be attributable to xylan. In spectra of unmodified and modified biopolymer
fractions and composites directly solubilized in THF, lignin peaks are present while xylan peaks
are not due to low solubility in THF. For this reason, we can only comment on relative molecular
weights and crosslinking of the lignin portions of modified biopolymer fractions and biopolymer-
PLA materials. The pH 9 fraction is composed primarily of xylan (Fig. 8C) with a portion of its
lignin component being higher molecular weight than the lower pH fractions. Biopolymer fractions
recovered at pH 1.5 and pH 5 are shown to contain both lignin and xylan components with the pH
1.5 fraction lignin component being less polydisperse and lower molecular weight than the pH 5
fraction. These results agree with those of previous studies showing the precipitation of lower

molecular weight lignins at lower pH [43, 44, 50].
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Figure 8A shows molar mass distributions of THF-soluble portions of both modified and
unmodified biopolymer fractions. After modification the lignin portions of pH 1.5 and 5 fractions
appear to undergo a reduction in polydispersity and shift to higher molecular weight. This suggests
that in addition to the modification of hydroxyl groups with propylene carbonate (Scheme 1) these
biopolymer fractions likely experienced lignin-lignin or lignin-xylan crosslinking reactions during
the modification procedure as previously suggested by NMR characterization (Scheme 2, Fig. 3
and 4). The GPC spectra of the THF soluble portion of the pH 9 and pH 9 PC fractions show a less
obvious molecular weight shift. This is likely due to the low signal intensity of these fractions
during GPC analysis due to their low lignin content or may indicate the low solubility of the lignin
portion of the pH 9 fraction during the functionalization reaction suggesting that most of the
property changes of pH 9 PC modified materials are due to the modification of their xylan
component.

Figure 8B shows GPC spectra of THF soluble portions of 20% biopolymer-PLA
composites with both modified and unmodified biopolymer fractions. In addition to the shifts in
molecular weight seen with the pH 1.5 PC and pH 5 PC biopolymer fractions, pH 1.5 PC and pH
5 PC modified composite GPC spectra contain a long tail at lower elution times indicating higher
molecular weight material. This suggests that these modified materials undergo additional
crosslinking during extrusion forming chemical bonds between lignin and PLA and forming
lignin-xylan-PLA complexes (Scheme 2). This enhanced crosslinking behavior of modified
biopolymer fractions during extrusion is one mechanism behind their improved thermal and
mechanical properties. Large differences were not observed in the pH9 and pH9 PC composite

materials. This is likely due to the previously mentioned low solubility of the xylan portion of
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these fractions in THF which reacted with propylene carbonate and is the main contributor to any

crosslinking of these materials during extrusion.

Composite Mechanical Properties

Materials manufactured with 20% incorporation of biopolymers were evaluated for
mechanical properties via tensile testing. The results of these tests in the form of tensile strength,
tensile modulus, and strain at break are presented in Figure 10. Unfortunately, tensile tests were
unable to be conducted with the unmodified 20% pH 9 material due to the brittle nature of this
material resulting in fracturing of the dogbones when clamped for tensile testing. All composite
materials displayed a reduced tensile strength with respect to neat PLA (p < 0.05) (Fig. 10A). A
reduction in tensile strength of PLA with increasing incorporation of lignin is widely reported in
the literature [219, 220, 279-281]. This phenomenon is generally explained by the incompatibility
of lignin and PLA leading to poor interfacial adhesion and poor lignin dispersity. The pH 9 PC
material has the highest tensile strength of all the composites with a significantly higher (p < 0.05)
tensile strength than the pH 1.5 PC and pH 5 PC material (Fig. 10A). The pH 5 PC material also
exhibits a higher tensile strength (p < 0.05) than its unmodified counterpart. These trends in tensile
strength mirror those of viscosity during extrusion and material Tq. This suggests that tensile
strength is also related to the strength of interfacial interactions between the biopolymer fractions
and PLA and the degree of crosslinking which occurs during biopolymer modification and during

extrusion.
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Biopolymer composites all exhibited a significantly higher tensile modulus than neat PLA
(p < 0.05) (Fig. 10A). Tensile modulus is a measure of the stiffness of a material. These results
indicating an increase in stiffness upon the addition of biopolymer to PLA composites agrees with
our results for the increase in storage modulus below Tq and the results of other studies with lignin-
PLA[85, 220] and cellulose-PLA[237, 238, 282] composite materials. The pH 9 PC material
exhibited a higher modulus than pH 1.5 PC and pH 5 PC materials (p < 0.05) again reinforcing
that this xylan-heavy fraction has increased interfacial interactions with PLA due to
functionalization of xylan and underwent greater xylan-lignin-PLA crosslinking during extrusion
when compared to the other modified fractions. Interestingly, the unmodified pH5 fraction
material possessed a higher modulus than its modified counterpart (p < 0.05). This result differs
from the storage modulus results from DMA. The reason for this discrepancy is unknown.

Ductility of a material can be presented by its percent strain or elongation at the breaking
point of a tensile test. These results for neat PLA and all composite materials are given in Figure

10B. Neat PLA was more ductile than all the composite materials (p < 0.05). However, all modified
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biopolymer materials had a larger percent strain at break than the unmodified biopolymer materials
(p < 0.05). This behavior can again be explained by the improved interfacial compatibility of the
modified biopolymer fractions[283].

The mechanical properties of our biopolymer-PLA materials differ from those reported in
the Kraft lignin paper. Materials made with Kraft lignin did not exhibit increased tensile modulus,
and a reduction in tensile strength of modified Kraft lignin materials was seen in 20% materials.
At 20% lignin incorporation a reduction in elongation at break of modified Kraft lignin materials
was also reported[275]. These differences in the mechanical properties of materials made with our
biopolymer fractions and those made with an industrial Kraft lignin illustrates the influence that
the presence of polysaccharides and different lignin chemistries can have on the compatibility of

PLA with biomass biopolymers.

Conclusions

Three biopolymer fractions were recovered from the pH adjustment and fractional
precipitation of alkali liquor from corn stover. These biopolymer fractions containing primarily
lignin, xylan, and inorganics were modified by reaction with propylene carbonate. Modified
fractions were characterized by *H NMR, *3C NMR, and GPC to verify the modification of lignin
and xylan hydroxyl groups. PLA composites with the incorporation of 5% and 20% recovered
biopolymer were manufactured via melt extrusion and injection molding. Modification of
biopolymer fractions was found to increase material stiffness, Tg, tensile strength, percent strain at
break, and dispersion of biopolymer throughout the composite. Materials made with the xylan
heavy fraction recovered at the highest pH (pH9) exhibited the highest tensile strength, storage

modulus, and Tg. Improvement of material properties after biopolymer modification was
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hypothesized to be a result of increased interfacial interactions in the form of chemical bonding
and van der Walls interactions with PLA and crosslinking during extrusion. The xylan-heavy
fraction was hypothesized to have the largest improvement in properties after modification due to
high affinity of propylene carbonate reaction with xylan and the formation of xylan-lignin-PLA

crosslinked complexes during extrusion.
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CHAPTER SIX

CONCLUSIONS

Full utilization of the lignin fraction from biorefining is key to the advancement of the
field. The work in this thesis contributes to this goal by using feedstock selection, selection of
pretreatment and lignin extraction conditions, lignin fractionation, and direct chemical
modification of lignin to overcome common barriers to lignin utilization in value-added
products.

Chapter two uses a diverse panel of six corn stover genotypes subjected to dilute acid
pretreatments of different severities with varied pretreatment time, pretreatment temperature, and
acid loading. Solubilization of pCA during pretreatment was correlated with xylan solubilization
with pretreatment time being the crucial factor for pCA and xylan removal. The removal of pCA
was also correlated to glucose hydrolysis yields after pretreatment. Using low lignin, high pCA
containing corn stover genotypes under optimal dilute acid pretreatment conditions this
correlation demonstrates how biomass-pretreatment combinations can be selected to achieve
>90% hydrolysis yields while retaining >50mg pCA/g lignin in pretreated biomass. Kinetic
parameters for pCA-ester hydrolysis were estimated using acid hydrolysis of a model compound.

Chapter three uses a single corn stover source subjected to a variety of pretreatment
conditions followed by enzymatic hydrolysis and two lignin extraction methods using NaOH and
formic acid. Xylan and pCA removal were again found to be correlated to dilute acid
pretreatment time with ideal pretreatment and lignin extraction conditions achieving lignin
extraction yields of 60-70% while simultaneously achieving glucose hydrolysis yields >60%.

Lignins extracted using the formic acid method retained high levels of p-hydroxyphenyl and



166
pCA subunits with pCA accounting for >40% of the p-hydroxyphenyl *'P NMR signal. These
excess reactive functional groups caused formic acid extracted lignins to exhibit superior lignin-
formaldehyde resin and adhesive properties when compared to NaOH extracted lignins with
adhesives formulated with 100% phenol replaced with formic acid lignin exhibiting lap shear
strengths significantly greater than conventional PF resin adhesives.

Chapter four employs a lignin fractionation process using the sequential dilution of lignin
containing liquors after the formic acid treatment of corn stover. This process recovered a
cellulose heavy formic acid insoluble fraction with >90% original biomass glucan recovered.
The enzymatic hydrolysis of this fraction achieved sugar yields of 39%, these yields are lower
than previous studies using formic acid due to low lignin removal and high formylation of
cellulose as a result of the formic acid treatment conditions used in this study. Three lignin heavy
fractions of differing molecular weights were recovered, all preserving high lignin pCA content.
A xylan and extractives heavy fraction was recovered with significant xylose degradation
observed. More work is needed on the optimization of formic acid fractionation process
conditions to increase lignin solubilization, decreasing the formylation of cellulose, minimize
xylose degredation, and maintain high pCA retention.

Chapter five separates black liquor of alkali pretreated corn stover into four biopolymer
fractions, an alkali insoluble cellulose fraction, a xylan heavy fraction, and two lignin heavy
fractions. This fractionation process recovered >90% of the original biomass glucan, >70%
original xylan, and >50% original lignin. Lignin and xylan heavy biopolymer fractions were
modified via an oxyalkylation reaction with propylene carbonate and modified and unmodified

biopolymers were included in extruded and injection molded PLA materials at two different
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incorporation levels (5% and 20%). Modification of biopolymer fractions was found to increase
material stiffness, Tg, tensile strength, % strain at break, and dispersion of biopolymer
throughout the composite. Materials made with the xylan heavy fraction recovered at the highest

pH (pH9) exhibited the best thermal and mechanical properties.
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