ABSTRACT
Narron, Robert Hardwicke. Biorefinery Processing of Diverse Protolignins to Assist
Biorefinery Lignin Valorization. (Under the direction of Dr. Sunkyu Park and Dr. Hasan
Jameel).

Carbohydrate-derived products are currently the primary and sole output of
biorefinery processes. Biorefinery lignin co-products, if properly developed, are expected to
supplement biorefinery income and reduce reliance upon the market of a single output
product. A broad survey of biomasses have been comprehensively analyzed, focusing upon
differing lignin’s responses to biorefinery processing. Characterization results are intended
to elucidate biorefinery lignin properties and aid biomass selection for biorefineries looking
to valorize lignin.

The pretreatment utilized in the investigated cellulase-based biorefinery process was
autohydrolysis. Autohydrolysis is a simple pretreatment that utilizes only water,
temperature, and pressure to facilitate biomass degradation and deconstruction. Chemical
degradation is enabled by cleavage of hemicellulosic acetates to produce acetic acid in the
water hydrolyzate (“autohydrolyzate™).

Autohydrolysis was found to render minor quantities of hardwood and non-wood
lignin soluble in autohydrolyzate. A method for soluble lignin segregation was developed
and applied across all studied biomasses in order to elucidate this mostly unknown
biorefinery lignin fraction. Autohydrolyzate-soluble lignin is of particular interest based
upon its low molecular weight, low polydispersity, high phenolic functionality, and aqueous
solubility. These properties are ripe for innovation of co-products based upon

autohydrolyzate-soluble lignin. In addition, sequestration of autohydrolyzate-solute lignin



backhandedly revealed a means of separating lignin from hemicellulosic
xylooligosaccharides. These oligosaccharides are also attractive biorefinery co-products
based on the existing market for similar non-digestible oligosaccharide food additives.
Insoluble residues after pretreatment and cellulolytic hydrolysis are lignin enriched
due to the carbohydrate-targeting unit operations preceding its generation. This material has
been partially characterized to describe it relative to protolignin, with conclusions being
drawn that identify key markers in protolignin that are most influential upon residual lignin’s
chemical and molecular properties. For both hardwood and non-wood, trends have been

identified that relate lignin reactivity with monolignol constituency.
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CHAPTER 1. Biomass pretreatments capable of enabling lignin valorization in a
biorefinery process

Robert H. Narron, Hoyong Kim, Hou-min Chang, Hasan Jameel, Sunkyu Park

Current Opinion in Biotechnology (2016), 38, 39-46

Abstract

Actualization of the lignocellulosic biorefinery, which converts renewable biomass
into valuable fuels, chemicals, and materials, continues development towards industrial
realization. Recent economic and technical feasibility studies have concluded that creating
value from biomass’ lignin will assist realization of such processes due to co-valorization and
the new revenues beyond carbohydrates thus enabled. The pretreatment step within a
biorefinery process is indispensable towards recovering carbohydrates, but different
techniques and intensities have a variety of effects on lignin. Acidic and alkaline
pretreatments have shown to produce diverse lignins based on delignification chemistry. The
valorization potential of pretreated lignin is affected by its chemical structure, which is
known to degrade with inter-lignin condensation under high-severity pretreatment. Co-
valorization of lignin and carbohydrates will require dampening of pretreatment intensities to

avoid such effects, in spite of tradeoffs in carbohydrate production.



1. Introduction
To cultivate economic value from renewable biomass, a pretreatment operation of
incoming biomass is a critical step to overcome the recalcitrant properties of lignocellulosic
biomass for downstream biological conversion. It is known that lignin can inhibit both
enzymatic saccharification and fermentation of carbohydrates, leading to the necessity of
biomass pretreatment for lignin removal prior to said processes.! The diverse array of
pretreatments that can be optimized for carbohydrate conversion have been reviewed over
recent years.>*? In a newly published techno-economic analysis of a hypothetical industrial
biorefinery, return on investment was highly susceptible to the incoming carbohydrate fraction
in biomass.'® In the best case, marginal returns were predicted in addition to addressing the
market risks. These findings support the actively occurring paradigm shift in lignocellulosic
biorefinery research towards valorization of the lignin fraction from biomass, both soluble in
the pretreatment hydrolyzate or insoluble as residue after enzymatic hydrolysis of
carbohydrates. 428
Despite recently successful investigation into novel methods for valorizing biorefinery
lignin by conversion into precursors for different chemical and material applications, the
published results remain at the laboratory scale.?3! In order to advance lignin-valorizing
technologies, a comprehensive understanding of biorefinery lignin streams must be further
established. Currently there exists a void of explicit knowledge regarding the modifications to
lignin’s properties after pretreatment across techniques. This dearth of knowledge lends itself

to the practice of techno-economic models of industrial-scale biorefineries treating lignin

solely as a burnable source of power for the biorefinery itself or for consumers (fuel pellets).



With a better understanding of how lignin’s structure is affected by pretreatment conditions,
potential applications (beyond combustion) for lignin streams would be more readily innovated
and developed. Furthermore, if any stream of biorefinery lignin can be valorized, then
profitability of the entire lignocellulosic biorefinery schema would rise due to reduced
dependence upon market prices for carbohydrate-derived products.

The two potential streams from which lignin can be valorized within a biorefinery are
pretreatment hydrolyzate (solubilized lignins) and post-saccharification residue (insoluble
lignins). Itis impossible to correlate the amount of lignin solubilized during pretreatment with
valorization potential of soluble and insoluble lignins due to inadequate data regarding the
characteristics of the pretreated lignin. When comparing diverse pretreatment processes and
intensities across woody and non-woody biomasses, great variability in lignin solubilization is
observed. Aside from percent delignification during pretreatment, there tends to be sparse
discussion regarding the chemical properties of either lignin stream due to carbohydrate-centric
research objectives. The absence of understanding regarding the whole lignin structure after
pretreatment is highlighted by the dissimilarity of lignin structural characterizations reported
across recent literature (Table 1). Therefore it can be stated that current knowledge of lignin’s
chemical structure after pretreatment is only in its fledgling state, marred by selective analysis

which yields incomplete understanding of the entire lignin structure after pretreatment.

2. Lignin properties for high-value applications
Some of the potential applications for biorefinery lignin under investigation involve

carbon fibers for automobiles®?, hydrocarbons for transportation fuels and biochemicals®, and



petro-phenol substitution for resin adhesives.® In order to evaluate applicability of pretreated
biorefinery lignins for valorization, it is first necessary to define the characteristics of
pretreated lignin that are sought for applications. Pretreated lignin can be considered to have
greater valorization potential if the following criteria are met: 1) low degree of condensation,
2) chemically labile moieties for functionalization, and 3) low impurity.

For lignin, the degree of condensation indicates the ratio of carbon-carbon bonds versus
carbon-hydrogen bonds and carbon-oxygen bonds. If the degree of condensation of lignin is
high, then its application can be significantly affected due to the strength of the carbon-carbon
bonds, which reduce lignin’s potential for further modification. Also, it is known that
increasing degrees of condensation will decrease enzymatic saccharification yields®®, leaving
the saccharification residue with high amounts of carbohydrate impurity. The degree of
condensation for lignin varies with different pretreatments depending upon pretreatment
chemistry and intensity. However, the relationship between different pretreatments and the
genesis of inter-lignin condensation is not yet understood. Concerning lignin’s functional
groups and labile moieties, targeted applications could potentially be developed if biorefinery
lignin featured an appreciable amount of functionalities or reactive moieties that can be
functionalized for application. The lignin biopolymer is formed through radical coupling
between precursor monomers, yielding different chemically-bonded lignin in situ depending
on the distributions of lignin monomeric precursor (para-hydroxyphenyl, guaiacyl, syringyl)
a given biomass biosynthesizes at a given point during lignification. To have the residual
lignin from a biorefinery remain reactive and thus valorizable, it is ideal to maintain the native

and labile alkyl-aryl ether bonds and not generate additional carbon-carbon linkages beyond



those formed naturally during plant cell lignification. Regarding impurity, any stream of lignin
in a biorefinery process will require an isolation process. The extent of association between
lignin and any non-lignin matter such as carbohydrates, silicates, and others, will drive the cost
of producing adequately pure lignin. Therefore any lignin stream that has inherently low

impurity bears greater potential for valorization.

3. Lignin from acidic pretreatment

Due to the significant difference in behaviors of lignin spanning the aqueous pH range
due to its ionizable phenol groups, pretreatments are classified by environmental pH in this
review. Pretreatment using mineral acids (e.g. sulfuric acid®® and nitric acid®’) or organic acids
(e.g. oxalic acid® and maleic acid®) continue to be investigated due to the ability to remove
hemicellulose and lignin for positive effects on enzymatic hydrolysis. Concerning lignin in an
acidic medium, the driving force for chemical reactivity begins with hydronium protonation of
a hydroxyl functional group which exists in chemical equilibrium with a reactive carbocation.
The acidolysis of lignin’s alkyl-aryl ethers has been recently revisited using lignin dimer model
compounds and was successful in elucidating the major and minor reaction routes for non-
phenolic B-O-4’ ethers in acidic media, Figure 1.° Acidolysis is considered to be one of the
major reaction pathways for lignin during acidic pretreatment, cleaving p-O-4’ ethers to
generate either a B-ketone (Hibbert’s ketone) or an aldehyde functionality on one lignin
molecule and liberating a free phenol functionality on another.** However, in addition to
acidolysis, there are potential reaction pathways towards undesired inter-lignin condensation

reactions which decreases lignin’s valorization potential and incur cellulolytic inhibition.*?



Inter-lignin condensation occurs when the carbocation does not proceed with acidolysis but
rather electrophilic aromatic substitution involving another aromatic proton. Autohydrolysis
pretreatment, which uses hot water and pressure to generate a weak acid solution by cleavage
of acetyl groups in hemicellulose to produce acetic acid, presents a unique chemical-free
pretreatment option.** Sequential autohydrolysis (180 °C, 30 min) and organosolv (50%
ethanol, 1% hydrochloric acid, 180 °C, 30 min) pretreatment was studied in attempt to generate
two streams: one of carbohydrates and the other of high-purity lignin.* In this study, a
remarkable 68.7% yield of high-purity lignin was achieved as well as the 89.3% carbohydrate
yield from enzymatic hydrolysis based on the pretreated hardwood. The amount of condensed
G and S moieties bearing hydroxyl functionalities in the dually-pretreated lignin did increase
compared to lignin from the raw material (0.07 to 0.96 mmol / g lignin), however, a greater
increase in the same moieties from non-condensed G and S was also observed (0.62 to 2.16
mmol / g lignin). Regarding labile chemical bonds, it was found that the entirety of the original
B-O-4’ and B-5’ substructures had been disrupted, leaving mainly native B-f3” substructures in
the lignin. In this case the labile moieties are already functionalized to hydroxyl groups with
more than double the amount existing on non-condensed structures. Finally, a significant
discovery involving the chemical structure of pine lignin after wet explosion pretreatment was
recently reported.*® The pretreatment, consisting of cooking loblolly pine in pure water under
a pressurized oxygenated atmosphere followed by rapid explosion, was found to increase the
methoxy content in lignin by conversion of H moieties into S moieties by oxygen. This finding
sheds light on a new chemistry of lignin transformation during pretreatment, which renders a

less condensable and thus more-valorizable residual lignin stream.



3. Lignin from alkaline pretreatment

Pretreatment with alkaline chemicals (e.g. sodium hydroxide3® and ammonia“®) is also
under investigation due to the established alkaline delignification chemistry from the pulping
industry. Large quantities of raw lignin are dissolved into alkaline solution creating a “black
liquor”. Under the conditions of alkaline pretreatment, nucleophilic cleavage of lignin’s
phenolic alkyl-aryl ethers occurs, promoting lignin solvation into alkali. These reaction
pathways are summarized in Figure 2. The initially-high pH of black liquor continuously
decreases as neutralizing compounds from the biomass are solubilized during pretreatment; for
example, acetic acid, sugar acids (iso-, meta-saccharinic acid), and new phenol groups on
lignin. The pH of the black liquor during and post-pretreatment affects the degree of lignin
solubility, consequently pretreatment vessels with metered alkali input are required for
delignification optimization. In the case of Kraft pulping, the sulfur-corrupted and highly
condensed Kraft lignin solvated in black liquor is combusted for the purpose of alkaline
chemical recovery, an integral step that renders industrial Kraft pulping an economically-
viable process. Kraft lignin recovery from black liquor has historically presented obstacles
towards generating any additional value apart from heat, although Domtar (Plymouth, NC,
USA) opened the first industrial-scale LignoBoost™ operation for recovering Kraft lignin
from black liquor in 2014. There also exists active research towards other means of utilization
for Kraft lignin.*”° For a biorefinery, the pH an alkaline pretreatment will require careful
maintenance. Excessively alkaline conditions with respect to the chosen nucleophile’s pKa
will promote nucleophilicity, fostering inter-lignin condensation. In addition, the means of

recovery concerning solubilized lignin will need to be established for its valorization.



Concerning alkaline pretreatment chemistries, non-phenolic alkyl-aryl ether cleavage
was studied recently using lignin dimer model compounds with and without y carbon hydroxyl
functionalities, concluding that the presence of said groups provide steric hindrance towards
bond scission of S lignin as the second aromatic ring.>* Another study compared alkaline
pretreatment and enzymatic hydrolysis of switchgrass and corn stover feedstocks.>? It was
found that in order to achieve identical delignification from switchgrass with respect to corn
stover, twice the soda charge would be required (154 mg NaOH / g dry switchgrass at 130 °C
for 30 minutes to achieve 72% delignification). Pretreated switchgrass’ recalcitrance to
enzymatic digestion indicates that the lignin in the saccharification residue is susceptible to
bearing carbohydrate impurity depending upon the cellulolytic digestibility of the pretreated
solids. The water-soluble components from AFEX (ammonia fiber explosion) pretreated
material was recently analyzed in terms of molecular weight and fractionated along the
following ranges: < 3 kDa, 3-10 kDa, and >10 kDa.>® The authors concluded that the < 3 kDa
fraction had the greatest contribution to cellulase inhibition. Of this fraction, it was found that
based on dry weight up to 25% consisted of inseparable oligomeric lignins and oligomeric
hemicelluloses linked either covalently or non-covalently and the remainder lignin and ash.
Elsewnhere, the black liquor stream from alkaline pretreatment was studied for differences in
solubilized lignin molecular weight for downstream valorization.>* Dissolved pine lignin was
observed to have higher molecular weight compared to birch (~5.5 kDa vs. ~4 kDa), yet at the
best delignification only 15% of the softwood and 16% of the hardwood lignin solubilized
under the conditions of 8% NaOH at 160 °C/60 min and 150 °C/90 min, respectively. Through

combination of ionic liquid pre-pretreatment and alkali pretreatment, up to 36% delignification



of eucalyptus was reported as dissolved into black liquor, but more significantly, the lignin in
the saccharification residue was found to be highly similar to lignin in situ, with 77% and 20%
of all lignin side chains being native p-O-4’ and B-B’ substructures, respectively.®® This
indicates that the ionic liquid and alkaline pretreatment could render valorizable lignin in the
saccharification residue due to its well-preserved structure, however, it was concluded to be a
synergistic effect. This reduces industrial applicability of such a scheme due to the added pre-
pretreatment step that utilizes expensive reagents. Using hot deionized water (140 °C, 20 min)
with alkali (1% NaOH), 81% delignification of rice straw was reported®® with the residual solid
lignin capable of bearing its original B-O-4" substructures due to the retardation effect from
hydroxide ions on alkyl-aryl ether acidolysis reactions.>” In a study of pretreatment effects on
the lignin structure of olive tree prunings, solvent-extracted solid lignin after alkaline
pretreatment (7.5% NaOH at 90°C/90 min) was found to contain high amounts of impurity
(23% sugars, 44% ash, 8% total lignin by weight).®® In addition to the great impurity, the
extracted lignin was mainly composed of G lignin (S/G ratio = 0.75) and had ~2-2.5x higher
molecular weight compared to the lignin obtained from hydrothermal pretreatment. These
findings show a low-yield and highly impure lignin with condensable G moieties is generated

from alkaline pretreatment of this agricultural waste.

4. Closing remarks
Figure 3 presents a graphical representation of where established pretreatment
technologies exist with respect to valorization of carbohydrates along the lines of pretreatment

pH and intensity. There exists optimal pretreatment conditions for carbohydrate production,



but the optimal pretreatments for co-valorization involving carbohydrates and lignins remains
unexposed. By establishing which pretreatments can be used to valorize lignin, it will then
become possible to investigate the happy medium at which a biorefinery can pretreat incoming
biomass to enable simultaneous valorization of carbohydrates and lignins. If pretreatments are
optimized from the lens of co-valorization with decreased severities and milder pH’s, then the
economic prospects of the lignocellulosic biorefinery process will increase in concurrence with

likelihood of industrial investment in such an operation.
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TABLES

Table 1. Summary of pretreatments, severities, delignification, and impacts on lignin

structure
Pretreatment  [Conditions pH Biomass  |Wt% Impact on Ref.
Delignification|lignin structure
Dilute acid 130 °C, 60 min |Acidic  |Rape straw | 42% - &
(Sulfuricacid) | 30°C, 7h |Acidic [Banana 38% - 6o
peel
190 °C, 1 min |Acidic [Switchgrass| 0% CB in B-O-4, Ca in B-5 and B—B 6L
0.74 (untreated); 0.54 (pretreated)
Cy in B-5 and B-O-4 with Co=0 in G and S
units
0.35 (untreated); 0.20 (pretreated)
Cy in f-O-4 without Co=0
0.39 (untreated); 0.25 (pretreated)
100~190 °C, 2 |Acidic |Poplar - Nitrobenzene oxidation products 62
h Vanillin 53.3%, Syringaldehyde 22.0%
(100°C)
Vanillin 41.9%, Syringaldehyde 16.8%
(170°C)
Vanillin 17.8%, Syringaldehyde 12.6%
(190°C)
Steam 170 °C, 3 min |Acidic |Wheat 64% - 63
explosion straw
185 °C, 5min |Acidic |Aspen 10% Total p-O-4 64
54/100 Ar (untreated)
42/100 Ar (pretreated)
200 °C, 15 min |Acidic  |Aspen 20% 18/100 Ar (pretreated)
180 °C, 10 min |Acidic [Sugarcane | 9% Total B-O-4 B
bagasse 25.3-31.7/100 Ar (untreated)
16.7-20.7/100 Ar (pretreated)
IAutohydrolysis {177 °C, 3.5h |Acidic |Aspen 62% Total p-O-4 7
54/100 Ar (untreated)
34/100 Ar (pretreated)
195 °C, 6 min |Acidic |Wheat 42% - 63
straw
180 °C, 15 min |Acidic  |Eucalyptus | 26% Total p-O-4 66
alkali lignin 61.2/100 Ar (untreated)
30.8/100 Ar (pretreated)
Organosolv 140 °C, 56 min |Acidic  |Mixed 97% - 67
(Methyl isobutyl hardwoods
ketone, Ethanol, {160 °C, 56 min |Acidic  [Mixed 98% - b7
\Water, Sulfuric hardwoods
acid) 140 °C, 56 min |Acidic  [Switchgrass| 64% Total B-O-4 68
37/100 Ar (untreated)
17/100 Ar (organosolv lignin)
160 °C, 56 min |Acidic  |Switchgrass| 73% 4/100 Ar (organosolv lignin) 68
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Table 1 (continued)

190°C, 1h  |Acidic [Switchgrass| 61% Total phenolic OH 69
0.86 mmol/g of lignin (untreated)
1.90 mmol/g of lignin (organosolv treated)
1.65 mmol/g of lignin (organosolv lignin)
IAlkaline green (160 °C, 60 min |Alkaline [Poplar 18% - 0
liquor (Sodium {140 °C, 60 min |Alkaline [Miscanthus| 54% - o
sulfide & 170°C, 3h  |Alkaline [Oil palm | Nitrobenzene oxidation products E
Sodium frond Vanillin 0.5%, Syringaldehyde 0.7% (Kraft)
carbonate) Vanillin 0.7%, Syringaldehyde 1.5% (Soda)
190°C, 1h IAlkaline - Vanillin 1.6%, Syringaldehyde 4.6%
(Organosolv)
Mild alkaline  [175 °C, 15 min |Alkaline [Eucalyptus | 36% - 2
(Sodium 175 °C, 15 min |Alkaline [Sugarcane | 80% - 2
hydroxide; 15% bagasse
soda charge)
lonic liquid and {110 °C, 12 h Poplar - Relative abundance of B-O-4 &
alkaline 75°C, 3h 79.0% (untreated); 80.2% (pretreated)
lonic liquid 110°C, 12h Birch 26% Total p-O-4 &
65/100 Ar (cellulolytic lignin)
56/100 Ar (ionic liquid lignin)
59/100 Ar (residual lignin)
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Figure 1. Acidolysis reaction pathways of model non-phenolic p-O-4’ lignin dimers
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CHAPTER 2. Lignocentric analysis of a carbohydrate-producing lignocellulosic
biorefinery process
Robert H. Narron, Qiang Han, Sunkyu Park, Hou-min Chang, Hasan Jameel

Bioresource Technology (2017), 241, 857-867

Abstract

A biologically-based lignocellulosic biorefinery process for obtaining carbohydrates
from raw biomass was investigated across six diverse biomasses (three hardwoods & three
nonwoods) for the purpose of decoding lignin’s influence on sugar production.
Acknowledging that lignin could positively alter the economics of an entire process if
valorized appropriately, we sought to correlate the chemical properties of lignin within the
process to the traditional metrics associated with carbohydrate production- cellulolytic
digestibility and total sugar recovery. Based on raw carbohydrate, enzymatic recovery
ranged from 40-64% w/w and total recovery ranged from 70-87% w/w. Using nitrobenzene
oxidation to quantify non-condensed lignin structures, it was found that raw hardwoods
bearing increasing non-condensed S/V ratios (2.5-5.1) render increasing total carbohydrate
recovery from hardwood biomasses. This finding indicates that the chemical structure of
hardwood lignin influences the investigated biorefinery process’ ability to generate

carbohydrates from a given raw hardwood feedstock.
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1. Introduction

In the name of sustainability, researchers and innovators across the international
community have been investigating and developing processes which generate valuable
chemicals, fuels, and materials from renewable lignocellulosic biomass feedstocks in place of
presently consumed fossil resources.”” Biologically-based biorefinery processes employing
cellulolytic enzyme operations for depolymerization of biomass’ structural carbohydrates
have been proven capable of producing monomeric carbohydrate products that can be sold as
is or fermented to generate higher-value chemicals such as ethanol, lactic acid, succinic acid,
among several others.21 Intrinsic to lignocellulosic biomass are varying degrees of
recalcitrance to said enzyme systems, which must be conquered through a series of unit
operations referred to as pretreatment. Enzymatic digestibility of lignocellulosic biomasses
can be significantly improved by pretreatment-derived removal and/or structural disruption
of hemicellulose and lignin. We have thoroughly investigated a series of biorefinery
operations which yield high carbohydrate recovery from raw lignocellulosic biomass, with
the added benefit of said carbohydrate recovery being robust to multiple lignocellulosic
feedstocks. The process investigated by this work is sequential autohydrolysis and
mechanical refining prior to enzymatic hydrolysis by cellulolytic enzyme cocktails, selected
for study due to the favorable financial prospects generated from modeling and
technoeconomic analysis of similarly proposed industrial-scale biorefinery processes!!-*2,
Unique to our effort, however, is due diligence towards lignin in proper recognition of
lignin’s importance to process economics. Pursuit of lignin-derived profit streams has

recently been agreed upon as a viable salve for overall biorefinery economics for three
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reasons; 1) the profitability from carbohydrates alone does not sufficiently justify investment
in an industrial-scale process, 2) the existence of lignin-enriched process streams present
after carbohydrate isolation beckon for utilization, and finally, 3) the myriad of potential
applications where lignin’s chemical properties are well suited for incorporation.t3-16

Autohydrolysis is a capital-effective method for reducing biomass recalcitrance
because of its simplicity and effectiveness when compared to more complex and capital-
intensive pretreatment technologies.’'* Employing the triumvirate of water, temperature,
and pressure, autohydrolysis catalyzes cleavage of hemicellulosic acetyl esters to produce a
mildly acidic agueous solution for facilitating the deconstruction of biomass. Elevated
temperature and pressure additionally generates hydronium ions which act in unison with
acetic acid to facilitate hydrolysis of acid-labile bonds within the hemicellulose and lignin
fractions. In contrast to the glut of literature concerning solubilization and characterization
of hemicellulose-derived compounds during autohydrolysis, limited data is published
regarding how lignin is modified across feedstock varieties.?0-23

When appropriately situated within a pretreatment sequence, mechanical refining of
pretreated lignocellulosic biomass has been shown to enhance the enzymatic conversion of
structural polysaccharides at mild enzyme dosages.?*?® Mechanical refining of
lignocellulosic biomass provides morphological changes to biomass fibers in the form of
external fibrillation and internal delamination- all of which favorably enhance cellulase’s
productive interactions with biomass.?®?" By coupling mechanical refining with
autohydrolysis, dampening of autohydrolysis intensity is enabled, leading to a lesser extent of

pentose and hexose degradation. Besides decreased amounts of carbohydrate degradation,
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reducing pretreatment intensity can aid in-house lignin valorization efforts by reducing the
extent to which devaluing inter-lignin condensation reactions will occur.?®

Three hardwoods (maple, sweetgum, nitens) and three nonwoods (sugarcane bagasse,
wheat straw, and switchgrass) were selected for testing to represent a wide array of candidate
feedstocks for industrial biorefinery utilization. These raw biomasses were individually
subjected to sequential autohydrolysis, mechanical refining, and cellulolytic enzyme
hydrolysis. As previously discussed, the extent of lignin’s influence on carbohydrate
production within such a process remains unclear. Therefore, the goal of this work was not
only to complete a full mass balance of carbohydrates and their derivatives within the
process, but to also carefully note lignin’s relocations and abundances. We seek to establish
a better understanding of how botanically-diverse lignins respond to the process under
investigation. Specifically, we aim to uncover further discoveries concerning lignin’s
influences upon enzymatic digestibility of autohydrolysis-pretreated solids and total

carbohydrate recovery from raw biomass.

2. Materials and methods
2.1. Raw materials

The moisture content of each sample was measured by the weight difference before and
after drying in a convective oven at 105 °C until constant mass was achieved. All raw materials
were air-dried at room temperature for two weeks to establish constant moisture content.
Hardwood chips from maple (Acer rubrum) and sweetgum (Liquidambar styraciflua) were

provided by the Tree Improvement Program at North Carolina State University (Raleigh, NC,
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USA). Nitens (Eucalyptus nitens) woodchips were graciously supplied by Celulosa Arauco y
Constitucion (Arauco, Chile). All wood chips were screened according to Scandinavian Pulp,
Paper, and Board Testing Committee SCAN-CM 40:01, collecting all chips below (and
including) the large accept chip classification for experimentation. The non-woody biomasses:
sugarcane bagasse, wheat straw, and switchgrass (Panicum virgatum), were each obtained
from unique sources. Our supply of sugarcane bagasse was catered by a sugarcane
manufacturer located in southeastern Brazil. Wheat straw was purchased at home-
improvement retailer Lowe’s (Raleigh, NC, USA). Finally, switchgrass was generously gifted
for experimentation from a nearby farm in southern Wake County, North Carolina. All
nonwoods were hand-cut into 2-3 cm size while retaining all small particles. After cutting, all
feedstocks were stored in plastic bags at room temperature prior to pretreatment. In addition,
part of the feedstocks were ground by a Wiley Mill (Model No. 4, Thomas Scientific, USA),
and the sawdust was screened to particle size between 20-40 mesh. The screened raw sawdust

was used for compositional analysis and alkaline nitrobenzene oxidation.

2.2. Compositional analysis

The extractives content of the raw biomasses was removed using a soxhlet extraction
apparatus with benzene and ethanol mixture at a ratio of 2:1 v/v for 24 hours. All samples
were extracted by this method to remove any possible interference with experimental results
by obstructive non-structural extractives. The chemical compositions of raw and
autohydrolyzed biomasses were determined in accordance with the National Renewable

Energy Laboratory (NREL) laboratory analytical procedure with modification.?® All analyses
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were performed in duplicate. Prior to experimentation, samples were dried to zero moisture
content in a vacuum oven at 35 °C over fresh P2Os (s) and analyzed upon reaching constant
weight. ~300 mg of dry biomass was carefully weighed for analysis. The acid-soluble lignin
and acid-insoluble (Klason) lignin content was determined by a two-stage acid hydrolysis
(72% wiw sulfuric acid at room temperature for 2 hours, followed by dilution to 4% w/w
sulfuric acid and then cooked at 121 °C for 1.5 hours). Each material’s ash content was
quantified by weight difference after cauterization in a muffle furnace at 575 °C for 4 hours.
To quantify carbohydrate contents, the filtrates obtained after autoclaving were neutralized
to pH ~5 using CaCOs (s) and passed through 0.2 um nylon filters. Filtrate carbohydrate
concentrations were analyzed by Agilent HPLC (Agilent HPLC 1200 series, Agilent, USA),
equipped with a Shodex SP081 column (8 x 300 mm, Showa Denko, Japan), and a refractive
index detector operating at 50 °C. The column was operated at 80 °C using Milli-Q water as
the mobile phase, which was flowing at the rate of 0.5 mL/min. Each sample’s run time was
60 minutes. A five point calibration curve using commercial standard carbohydrates (glucose,
xylose, galactose, mannose, and arabinose) was used to quantify carbohydrate concentrations
in the filtrates. Mannose and arabinose are observed to co-elute using this HPLC system,
which is accounted for. When converting between arabinose + mannose to arabinan + mannan,
a molar dehydration factor of 0.89 was applied due to mannose being a hexose and arabinose
being a pentose. This is an assumption that contributes error to quantification of arabinan and
mannan, especially in the case when the concentrations of these co-eluting carbohydrates are

skewed towards either arabinose or mannose alone.
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2.3. Autohydrolysis pretreatment and post-treatment mechanical refining

Autohydrolysis pretreatment was carried out in a 1.0 L alloy reactor with an agitator (Parr
Model C-276, Parr Instrument Company, USA). For each run, ~50 air-dry g of biomass was
loaded into the reactor and supplemented with the appropriate amount of deionized water
(accounting for moisture content) to set the starting liquid to solids ratio to 10:1. This ratio was
selected to ensure effective mixing within the lab-scale reactor. In effort to enhance mass and
heat transfer, air in the reactor was removed via vacuum prior to heating. The target
temperature was set at 180 °C and the average temperature ramp-up time was 30 minutes.
Target temperature was maintained for 40 minutes, followed by rapid temperature quenching
in an ice water bath. After sufficient cooling, solid and liquid were separated by vacuum
filtration using Whatman 40 grade filter paper. Residual autohydrolyzate liquid on the
biomass was squeezed out using cheese cloth and removed using vacuum filtration. Squeezed
solids were then extensively washed using fresh deionized water, centrifuged, and finally
refrigerated at 4 °C.

Solid recovery yield was determined by measuring the total wet weight and the moisture
content of autohydrolysis-pretreated samples. Extensively-washed autohydrolyzed solids
were next disintegrated by a disc refiner (Bauer 148-2, Bauer Brothers Co., USA) at 0.005 inch
opening, followed by fibrillation in a PFI refiner (Hamjern Maskin A/S, Norway) at 10% w/v
consistency for 6000 revolutions. The refined solids were centrifuged, fluffed, and refrigerated
at4 °C.

Total carbohydrate quantities in each autohydrolyzate was determined according to the

NREL laboratory analytical procedure.®® First, an aliquot of autohydrolyzate is hydrolyzed
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with 4% wi/w sulfuric acid at 121 °C for one hour. After cooling, the acidic solution was
neutralized to pH ~5 using CaCOz (s), followed by filtration through 0.2 pm nylon filters.
Carbohydrate concentrations were then measured using the same HPLC system as described
in Section 2.2.

The organic byproducts in autohydrolyzate (acetic acid, formic acid, furfural, and 5-
hydroxymethylfurfural) had their concentrations determined using a different HPLC system
(Dionex UltiMate 3000, Sunnyvale, CA). The system is equipped with a Bio-Rad Aminex
HPX-87H column (300 mm x 7.8 mm) and operates at 65 °C using 0.05 M sulfuric acid as a
mobile phase, flowing at a rate of 0.6 mL / min. Commercial standards were utilized to produce

five-point calibration curves for each quantified byproduct.

2.4. Enzymatic hydrolysis

Enzymatic hydrolysis was carried out in an environmental incubator shaker (New
Brunswick Scientific, USA) operating at 50 °C and 180 rpm. The total incubation time for
enzymatic hydrolysis was 96 hours. An enzyme cocktail of Cellic CTec 2 and Cellic HTec 2
(Novozymes, USA) was used. The activity of CTec 2 was determined to be 139 FPU/qg,
determined using a published method.3! Hydrolysis was performed at 5% wi/v consistency in
a 50 mM acetate buffer (pH = 4.8) with an enzyme dosing of 5 FPU per dry g substrate. CTec
2 was supplemented with HTec 2 at the amount of 1/9 v/v the dosage of CTec 2 as prescribed
by the enzyme manufacturer. A miniscule peppering of sodium azide (0.1% w/w) was also
added to function as antibiotic. After 96 hours, hydrolysis was ceased by immersion of the

reaction tubes in boiling water for 10 mins. The reaction tubes were then vortexed and
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centrifuged at 20,000 rpm (Avanti J-E High-Speed Centrifuge, Beckman Coulter, USA). To
ensure enzyme removal from the substrate, the centrifuged solids were twice re-suspended in
fresh acetate buffer and vortexed. After centrifugation and separation of the fresh buffer
supernatant, the buffer-washed solids were then twice re-suspended in fresh deionized water,
vortexed, and separated by centrifugation. These extensively-washed solids were then
refrigerated at 4 °C. Part of solids were air-dried and ground by Wiley Mill and screened to a
particle size of 20-40 mesh. The screened autohydrolyzed sawdust was used for compositional

analysis and alkaline nitrobenzene oxidation.

2.5. Quantification of lignin’s para-coumarate and ferulate esters

Quantification of para-coumarate and ferulate ester contents of lignin was performed as
described in publication.3? Approximately one gram of extractive-free sawdust was carefully
weighed before being immersed in an environmental incubator containing 50 mL of 1N NaOH.
Air in the incubator was purged out with nitrogen gas after solid loading. The incubator was
shaken at a rate of ~200 rpm for 48 hours at room temperature. After completion, a known
quantity of cinnamic acid was added to the mixture as an internal standard followed by
vigorous mixing. The samples were then centrifuged to separate solid from liquid, and the
liquid was acidified to pH 2.5 using 2N HCI. The acidified liquid was next extracted three
consecutive times with 10 mL of ethyl acetate to isolate para-coumaric acid, ferulic acid, and
the internal standard. Ethyl acetate extracts were then combined and filtered through 0.2 um
nylon filters prior to injection into HPLC. The HPLC system used to determine the product

concentration (Dionex UltiMate 3000, Sunnyvale, CA) was equipped with a Zorbax SB-C3
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column, a gradient pump, and a UV detector. A 30 min gradient was applied, utilizing two

mobile phases of 10 mM formic acid in acetonitrile and 10 mM formic acid in water.

2.6. Alkaline nitrobenzene oxidation

An established protocol was applied for alkaline nitrobenzene oxidation of the examined
biomass substrates.®® Alkaline nitrobenzene oxidation was performed in a stainless steel bomb
reactor and electronically heated in an aluminum block. Extractive-free raw and
autohydrolyzed biomass was milled and screened as described in section 2.1. ~200 mg of
screened sawdust was carefully weighed and mixed with 7 mL of 2 N NaOH solution and 0.4
mL of nitrobenzene in the bomb reactor and heated to 170 °C and held at temperature for 2.5
hours. An additional cooking of the non-woody biomasses was performed at 190 °C for 4
hours to more-accurately quantify para-hydroxybenzldehyde (H) yields from the nonwoods.**
During cooking, the bomb reactors were carefully shaken every 30 min. Once the appropriate
reaction time elapsed, the bomb reactor’s temperature was rapidly quenched in an ice water
bath, followed by manual addition of 1 mL of internal standard solution (5-iodovanillin in 1,4-
dioxane; 16 mg/mL). The mixture was first extracted with 30 mL of CH2Cl> three times to
remove residual nitrobenzene. The aqueous phase was then acidified with 2 N HCI to pH ~2.5.
The resulting acidic solution was next extracted with 30 mL of CH>ClI; three additional times.
Organic extracts from acidic solution were combined and dried over anhydrous Na,SO4. Two
milliliters of the organic solution was dried by rotary evaporator at room temperature under
reduced pressure. The obtained dry solids were next dissolved in 50 pL of pyridine and 50 uL

of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and mildly agitated for 15 mins at 50

32



°C to ensure derivatization. Finally, the solution of trimethylsilylated products was injected
into the GC. A five point calibration curve using commercial standard nitrobenzene oxidation
products (syringaldehyde, syringic acid, vanillin, vanillic acid, para-hydroxybenzaldehyde)
were similarly derivatized and used to quantify product yields. Results are expressed in units
of mmol/g lignin. S/V was determined by the molar ratio of the summed yields of
syringaldehyde and syringic acid divided by the summed yields of vanillin and vanillic acid.
For non-woods, H/V was also determined from the molar ratio of the yield of para-
hydroxybenzoic acid divided by the summed yields of vanillin and vanillic acid. All analyses

were performed in duplicate.

3. Results and discussion
3.1. Chemical composition of raw materials

The chemical composition of the investigated raw materials is listed in Table 1 (units:
9/100g oven-dry (OD) raw (biomass)). The total lignin content in the nonwood biomasses
was found to be lesser (~20-22 g/100g OD raw) when compared to the hardwood species
(~24-25 g/100g OD raw). The total carbohydrate content of all feedstocks ranged from ~59-
67 g/100g OD raw. An unknown portion of the quantified glucan is known to be derived
from starch, especially in nonwood biomasses.®® Inorganic ash content in the nonwoods was
significantly more pronounced (~3-6 g/100g OD raw) versus the hardwood species (~0.5
9/100g OD raw). These results showcase the increased biological inclusion of inorganic

components into nonwoody biomasses compared to the tested woody biomasses. An
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exhaustive review of biomass-derived ashes from wood and nonwood highlighted raw
biomass ash content values that are in agreement with the raw ash quantities recorded.*
Sorely, repeated composition analyses continued to leave notable quantities of
unidentified components. For hardwoods, the quantity of unidentified material ranged from
~12-14 g/100g OD raw. For the nonwoods, the quantity of unidentified components value
was lower than hardwoods but equally pestilent due to its magnitude (~6-11 g/100g OD raw).
These results absolutely indicate impartial raw biomass characterization. However, the
quantity of unidentified components within the tested biomasses can be lowered through
specific quantitation of biomass components which are not accounted for during the
employed compositional analysis protocol. The following are known components of
lignocellulosic biomasses which were not quantified in this work: acetyl, glucuronic acid,
galactouronic acid, rhamnose, and the pentoses and hexoses which dehydrated to furfural, 5-
hydroxymethylfurfural, formic acid, and levulinic acid during compositional analysis.
Unique to nonwood biomasses is the existence of para-coumarate and ferulate moieties
linking various points between lignin as well as between lignin and carbohydrates. These
linkages consist of ester and benzyl ether bonds that exhibit susceptibility to cleavage under
acidic conditions. Table 3.1 also contains information regarding quantification of para-
coumarate and ferulate moieties in the raw nonwood biomasses (units: % w/w of total
lignin). Primarily, it can be seen that these components exist in varying amounts within the
tested nonwood biomasses and are not detectable in the hardwood control. Within the
nonwoods, a greater amount of para-coumaric acid was detected over ferulic acid in

sugarcane bagasse and switchgrass, whereas the opposite trend was observed in wheat straw.
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Utilizing the same means of quantification, it was previously reported that genetically
unmodified switchgrass samples contain ~25% w/w para-coumarate and ferulate moieties
per gram of lignin at a coumarate to ferulate ratio of 4:1.3 A publication involving wheat
straw found that solubilized whole cell-walls from wheat straw bear 4 para-coumarate and
11 ferulate structures per 100 aromatic rings, determined through integration of appropriate
signals within 2D-HSQC nuclear magnetic resonance spectra.®” For sugarcane bagasse, a
publication studying milled wood lignin from raw sugarcane bagasse reported to 48 para-
coumarates and 4 ferulates per 100 aromatic rings, determined using a similar 2D-HSQC
nuclear magnetic resonance method.®® Despite differences in methods of characterization
and reported units between the cited publications and the present work, our quantification of
para-coumarate and ferulate moieties in the selected raw nonwood biomasses are of similar
magnitudes as well as of similar coumarate-to-ferulate ratios when compared with the

aforementioned publications.

3.2. Autohydrolysis of botanically-diverse biomasses
3.2.1 Composition of autohydrolyzed solids and recovery of components

Table 3.2 provides the compositional analysis of the solid fractions treated by
autohydrolysis. Decomposition of nonwood biomass was observed to be stronger than that
of hardwood biomass, interpreted from nonwood’s lower solid recovery after autohydrolysis.
Xylan, typically assigned to broadly represent hardwood and nonwood hemicellulose,
dominated the loss of solids across all feedstocks. Residual solid xylan quantities ranged

from ~4-5 g/100g OD raw in the nonwoods and ~3-4 g/100g OD raw in hardwoods.
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Recovery of xylan (based on raw xylan content) ranged from 17-23% w/w in nonwoods, and
in the hardwoods, 18-24% w/w. The similar ranges of residual xylan and xylan recovery
indicates that the extent of xylan degradation during autohydrolysis is more related to
pretreatment severity instead of raw biomass. It must be emphasized that xylan, albeit the
majority, is only one component of hemicellulose. Arabinan and mannan, additional
carbohydrates comprising hemicellulose, were also present in differing amounts following
autohydrolysis, depending upon raw biomass. For nonwood biomasses, total residual
arabinan and mannan quantities were ~0.3-0.4 g/100g OD raw. In the hardwoods, this
quantity was found to be higher: 0.6-1.6 g/100g OD raw. Percent recovery of arabinan and
mannan (based on raw) of nonwoods ranged a mere ~10-15% wi/w, providing additional
proof of significant nonwood hemicellulose degradation during autohydrolysis. For the
hardwoods, arabinan and mannan recoveries (based on raw) ranged from 43-44% w/w, with
73% wi/w recovery from sweetgum serving as an outlier. Interestingly, the quantity of
arabinan and mannan in each raw biomass was found to be somewhat similar, with
nonwoods bearing ~3 g/100g OD raw and hardwoods ~1-3 g/100g OD raw. Despite the
similar quantities of these hemicellulosic sugars in raw hardwood and nonwood, a notable
difference can be seen in the recoveries of these carbohydrates in the solid fractions after
autohydrolysis. This implies that there exists an arabinan-rich and/or mannan-rich portion of
hardwood hemicellulose that resists degradation during autohydrolysis. This observation can
be interpreted as a minor display of durability from hardwood hemicelluloses at the tested
autohydrolysis conditions. Alternatively, it is possible that the increased recovery of

arabinan and/or mannan in hardwoods indicates preferential degradation of lignin, casting a
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preservation effect upon these portions of the hemicellulose structure. Galactan, ranging
from 0.7-1.1 g/100g OD raw across all tested raw biomasses, was not detectable in any of the
autohydrolyzed solids. Therefore, surviving galacto-saccharides in autohydrolyzate are the
only descendants of raw galactan that can be recovered from the tested raw lignocellulosic
biomasses after autohydrolysis.

Residual glucan and associated raw glucan recovery was found to be dissimilar when
comparing the hardwoods and nonwoods. For the hardwoods, residual glucan ranged from
~38-43 g/100g OD raw with associated percent recoveries (based on raw) ranging from 93-
98% w/w. These quantities indicate minimal damage to hardwood cellulose during
autohydrolysis. In fact, when considering the previously established degradation effect that
autohydrolysis has on hemicellulose, it is more likely that the un-recovered glucan in
hardwood biomasses originated from glucose residues present within glucomannan as
opposed to glucose residues from cellulose. For nonwoods, the quantity of residual glucan
and their associated recoveries ranged from ~30-37 g/100g OD raw, corresponding to ~80-
87% wi/w raw glucan recovery. The additional ~10-20% w/w loss of glucan in nonwoody
biomasses (compared to hardwoods) can be similarly attributed to the presence of
glucomannan hemicelluloses. However, there exists additional conflict when considering
the effects of starch being present in the raw material. Assuming solid starch is fully
hydrolyzed at the tested autohydrolysis conditions, solid glucan recovery for autohydrolyzed
nonwood solids could be shunted where the quantified raw glucan has been infiltrated by the

presence of starch.
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Concerning lignin, it is of significant interest that despite the lower lignin content in the
raw nonwoods compared to the raw hardwoods, ~30-36% w/w delignification was observed
in the nonwoods versus ~15-19% w/w of the hardwood lignin. This observation indicates
that the differences in raw lignin (protolignin) structures in hardwood and nonwood
biomasses are significant contributors to lignin’s reactive behavior during autohydrolysis.
The observed delignification percentages are similar in magnitude to those reported for
autohydrolysis of comparable biomasses at conditions close to those utilized in this work.2#2
Substantially more involved discussion of lignin’s behavior during autohydrolysis is
conducted in the latter half of this manuscript.

The amount of unidentified components in autohydrolyzed solids is also generally lower
when compared to their respective raw biomasses. This effect is more pronounced in
hardwoods, with unidentified quantities decreasing from ~12-14 g/100g OD raw in the raw
hardwood to ~3-5 g/100g OD raw in autohydrolyzed hardwood solids. For nonwoods,
unidentified components decreased from ~6-11 g/100g OD raw in raw biomass to ~4-7
g/100g OD raw in autohydrolyzed solids. From these observations, it is expected that the
elusive unidentified components in the tested raw biomasses can be quantified within the
autohydrolyzate produced by pretreatment. As previously mentioned, the amount of
unidentified components within any lignocellulosic biomass can be decreased with extra
characterization of the components that were not counted during the applied compositional
analysis protocol.

After contemplating the differences in all solid component recoveries from hardwoods

and nonwoods after autohydrolysis, it can be stated that the tested nonwood biomasses are
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more susceptible to degradation by autohydrolysis when compared to the tested hardwoods.
This claim is supported by nonwood’s lower solid yield, lower glucan, arabinan, and mannan
recoveries, and finally, enhanced delignification. When considering possible explanations
for these observations, the most notable difference between all tested raw biomasses is the
pronounced presence of ash in raw nonwoods compared to raw hardwoods. For the tested
nonwoods, ash contents ranged from ~3-6 g/100g OD raw. These inorganics could be
providing an unknown effect which enhances nonwood degradation during autohydrolysis.
Complete understanding of the effects that these nonwood-derived ashes have on
autohydrolysis will require specific characterization of these inorganic components. As a
reminder: ash content is simply quantified in this work as the post-cauterized mass relative to

the sample’s starting mass.

3.2.2. Carbohydrates released into autohydrolyzate

The total quantity of carbohydrates produced in each autohydrolyzate is also included
in Table 3.2 (subheader “liquid”). Total glucan (measured as glucose) concentrations in
autohydrolyzate ranged from ~2-3 g/100g OD raw for nonwoods and ~1-2 g/100g OD raw
for the hardwoods. As previously discussed, the origin of quantified glucan can be confused
between minor hemicelluloses, starch, and cellulose. The greater range of glucan in
nonwood autohydrolyzates is in support of a greater presence of starch in raw nonwoods and
the permeating effect it has upon glucan quantification. The concentrations of glucan
determined in hardwood autohydrolyzates represented ~1-2% w/w of raw glucan, with

sweetgum again exhibiting outlier behavior with ~6% w/w glucan recovery in
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autohydrolyzate. In line with previous discussion of hardwood hemicelluloses, it can be
speculated that the hemicellulose structure of sweetgum responds to autohydrolysis
differently when compared to the behaviors of maple and nitens hemicelluloses. This claim
is derived from the combined observation that sweetgum displays higher arabinan and
mannan recovery in autohydrolyzed solids and greater glucan recovery in autohydrolyzate
compared to the other tested hardwoods.

Total xylan (measured as xylose) in autohydrolyzate from all biomasses ranged from ~9-
11 g/100g OD raw, with switchgrass serving as an outlier at ~14 g/100 g OD raw. Despite
similarities in concentrations, it should be emphasized that these quantities embody different
quantities of the original xylan in raw biomass. Xylan recovery in autohydrolyzate for
nonwoods ranged from only 50-58% w/w compared to hardwoods 66-75% w/w. The
decreased xylan recovery from nonwoods reveals a greater extent of xylose degradation
during autohydrolysis to produce dehydrated pentoses. Quantification of dehydrated
carbohydrate molecules and ensuing discussion can be found in the next section, 3.2.3. The
analyzed minor carbohydrates: galactan (measured as galactose), arabinan (measured as
arabinose + mannose), and mannan (measured as arabinose + mannose) were each
quantifiable in all autohydrolyzates. When considering recoveries of minor carbohydrates,
sweetgum again exhibited outlier behavior when compared to the other hardwoods.
Excluding sweetgum, galactan recovery ranged from 80-98% w/w across all biomasses, and
arabinan and mannan recovery ranged from 45-63% w/w. Uniquely, sweetgum
autohydrolyzate bears only 68% w/w of raw galactan and 24% w/w of raw arabinan and

mannan. These observations are all in support of deeming sweetgum’s raw hemicellulose
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structure as a contributing factor to its unique residual hemicelluloses following
autohydrolysis.

Total carbohydrate recovery in autohydrolyzate ranged from 21-30% w/w in nonwoods
and 20-24% wi/w in the hardwoods. Autohydrolysis is only intended as a pretreatment for
increasing carbohydrate recovery in downstream unit operations. However, it can be seen
that approximately a fourth of all raw carbohydrate is recoverable in autohydrolyzate. This
significant quantity calls for treating autohydrolyzate as an additional xylan-rich stream for a
biorefinery that must be accounted for when determining total carbohydrate recovery from a
lignocellulosic biorefinery process. This sugar stream has already come under investigation
as a valorization target for a novel biorefinery process focusing upon establishing multiple

revenue streams.*®

3.2.3. Organic byproducts present in autohydrolyzate

In response to clear experimental evidence of carbohydrate degradation occurring
during autohydrolysis, the concentrations of furfural and 5-hydroxymethylfurfural were
determined in all autohydrolyzates. Furfural is considered a representative molecule of
pentose degradation and 5-hydroxymethylfurfural representative of hexose degradation.
However, 5-hydroxymethylfurfural is an unstable intermediate which will further degrade
into levulinic acid and formic acid.** For this purpose, formic acid concentrations were
measured in addition to 5-hydroxymethylfurfural concentrations. Acetic acid concentrations

in autohydrolyzate were measured to monitor the surviving quantity of original hydrolysis
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reactant. The purpose in quantifying the four aforementioned molecules is to further describe
the components of autohydrolyzate solution.

Figure 3.1 visualizes the quantities measured of the four said degradation products, in
addition to the measured autohydrolyzate pH after cooling. Furfural quantities in
autohydrolyzate were found to range from ~1-2 g/100g OD raw for nonwoods. For each
tested hardwood, furfural quantities were ~1 g/100g OD. The approximately double quantity
of furfural in nonwood autohydrolyzate supports previous speculation that pentose
dehydration occurred to a greater extent during autohydrolysis of nonwoods. Still, the
presence of furfural across all autohydrolyzates demonstrates that undesired dehydration
reactions of pentoses cannot be avoided, even when utilizing reduced autohydrolysis
intensity as afforded by subsequent mechanical refining. Similar concentrations of 5-
hydroxymethylfurfural and formic acid were measured across nonwood and hardwood
autohydrolyzates: formic acid, 0.3-0.4 g/100g OD raw; 5-hydroxymethylfurfural, 0.1 g/100g
OD raw. The presence of minor amounts of these compounds indicate degradation of
hexoses as well, although glucose (hexose), galactose (hexose), and mannose (hexose) each
exist in autohydrolyzate at relatively low concentrations compared to xylose (pentose).

The pH of each autohydrolyzate was below the pKa of acetic acid (4.8), with values
ranging from 3.3-4.3. Hardwood autohydrolyzate pH values ranged from 3.3-3.6 and
correlate with the concentrations of acetic acid and formic acid present. Nonwood
autohydrolyzate pH values also correlate with acetic acid and formic concentrations, in spite
of the higher pH values observed (pH 3.6-4.3). A contributor to the elevated pH value of

nonwood autohydrolyzates is likely the previously discussed ash content of raw nonwood,
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which decreased by ~50-90% w/w after autohydrolysis (Table 3.2). Soluble ash is known to
exhibit a buffering effect on the pH of the autohydrolyzate due to the presence of various
counter-ions.* The buffering effect of the solubilized inorganics is especially profound
when considering the additional acidity capable of being delivered by the carboxylic acids
para-coumaric acid and ferulic acid (pKa = ~3.5-4.5). Exclusive to nonwood biomass
autohydrolyzates, these carboxylic acids are produced from cleavage of native coumarate and
ferulate esters (quantified in raw biomass, Table 3.1). Therefore, the observation that
nonwood autohydrolyzate pH values are greater (compared to hardwood autohydrolyzates) is
a profound testament to the buffering capabilities of solubilized nonwood-derived ash,

especially given the extra potential for acidity.

3.3. Enzymatic hydrolysis of autohydrolyzed and mechanically-refined biomass

After autohydrolysis, all pretreated pulps were subjected to 6000 revolutions of
mechanical refining using a PFI pulp refiner. The importance of refining cannot be stated
enough; utilization of a refining step enables employment of a reduced autohydrolysis
severity, which is shown to recover the xylans that are not recoverable at increasing
autohydrolysis severities.*® Refining is able to deliver the enzymatically-advantageous
aspects of pretreatment to solid biomass without extensive pentose dehydration to furfural.
Following refining, enzymatic hydrolysis was performed utilizing a cellulase cocktail spiked
with cellulase and hemicellulase enzymes. The enzyme dosage applied to the
autohydrolyzed and mechanically refined solids was 5 FPU / OD g solid- an intentionally

low cellulase dosage selected to demonstrate the efficacy of the applied pretreatment process

43



for producing carbohydrates. Enzymatic digestibility of pretreated solids was used to
determine enzymatic carbohydrate yields in terms of total raw carbohydrate, Figure 3.2.

Total carbohydrate digestibility was lowest in maple and switchgrass at 65% w/w and
71% wi/w conversion, which represented 48% w/w and 40% wi/w of raw carbohydrate,
respectively. Unlike the two aforementioned biomasses, all other feedstocks demonstrated
total carbohydrate digestibility between 83-87% w/w, representing between 50-64% w/w of
raw carbohydrates. With regards to cellulolytic enzyme digestibility of hardwoods, a similar
range of digestibilities were observed across several hardwood feedstocks, albeit using a
Kraft (alkaline) pretreatment.*” The digestibility-associated yields produced by the
investigated process reveals that most of the tested biomasses exhibit an encouraging alacrity
to yield carbohydrates via enzymatic hydrolysis following the employed pretreatment and
refining operations.

Total percent carbohydrate recovery, which couples yields of soluble carbohydrates
both after autohydrolysis and after enzymatic hydrolysis, can be summated within Figure 3.2.
The purpose of the summated metric is to gauge the efficacy of the entire process for
producing carbohydrates from raw biomass. For nonwood biomasses, total carbohydrate
recovery was similar despite differences in carbohydrate recovery in autohydrolyzate relative
to enzymatic hydrolyzate. It can be seen that greater carbohydrate recovery in nonwood
autohydrolyzate correlates with lower carbohydrate recovery using enzymatic hydrolysis.
This correlation suggests that the autohydrolysis conditions utilized may be too severe for the
tested nonwoods, leading to solubility of a significant portion amount of hemicellulose-

derived carbohydrates which tend to degrade and render lower total carbohydrate recovery.
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Across the hardwood biomasses, an increasing amount of sugar can be recovered during
enzymatic hydrolysis, seemingly unrelated to recovery in autohydrolyzate. The cause of this
observation is hypothesized to be due to differences in autohydrolyzed solid lignin
composition and structural features, specifically its degree of inter-lignin condensation. It
has been concluded that a more-condensed lignin exerts greater non-productive binding
affinity towards cellulase enzyme systems, leading to lower solid digestibility and
carbohydrate yields.*® #¢->1 To begin elucidation of how lignin’s condensed chemical
structures affects carbohydrate balances, nitrobenzene oxidation of the raw and
autohydrolyzed biomasses was performed to determine the quantity of non-condensed lignin

structures within each raw and autohydrolyzed solid lignin.

3.4. Lignocentric analysis of carbohydrate production
3.4.1 Nitrobenzene oxidation of raw and autohydrolyzed solid biomasses

The yields of non-condensed lignin structures from nitrobenzene oxidation of raw
biomass and autohydrolyzed solid biomass are displayed in Table 3.3. When comparing the
lignins of hardwood and nonwood, two overarching differences can be noted. Primarily,
reaction products from non-condensed para-hydroxyphenyl (H) lignin structures are only
produced by the nonwood biomasses. Secondarily, the molar sum of non-condensed
structures from nonwood protolignin ranged from 1.61-2.32 mmol/g lignin, lower than the
total yield from hardwood protolignin, 2.62—-2.82 mmol/g lignin. This demonstrates that
nonwood protolignin bears a greater amount of native condensed inter-lignin structures. The

S/V ratio of non-condensed lignin structures in hardwood protolignin varied (2.5-5.1) despite
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similarities in total yield. This finding reveals that the chemical structure of hardwood
protolignin is dissimilar across the tested hardwoods. Said variance is likely provided by
differences during lignin biosynthesis. Specifically, a hardwood species which exhibits
preference for utilizing syringyl monolignols during lignin biosynthesis will inevitably have
a lesser degree of C5 aromatic ring inter-lignin bonds due to the presence of the additional
methoxyl group. Concerning variations across the hardwood biomasses, it was observed that
maple protolignin has a significantly larger quantity of non-condensed guaicyl lignin
structures (measured as V+Va) compared to sweetgum and nitens. This is especially
interesting given that maple’s total non-condensed structural yield was similar to the other
biomasses (2.71 vs. 2.62 & 2.82 mmol/g lignin) - in spite of having the lowest S/V ratio (2.5
vs. 3.6 & 5.1). At the other end, nitens is found to have the greatest quantity of non-
condensed syringyl lignin structures (measured as S+Sa) in addition to the greatest total yield
and highest S/V. In all, there is evidence that the absolute quantity of non-condensed
protolignin structures does not significantly vary across the hardwood species tested,
however, the distribution of said structures (according to monolignol origin) absolutely
depends on raw biomass.

For the raw nonwood biomasses, it is clear that the protolignin in each nonwood is unique
to one another. This claim is based upon the distinguishable differences across nonwoods
involving quantified non-condensed H, V, and S structures, S/V and H/V ratios, and finally,
the differing total yields. Specifically, sugarcane bagasse was shown to bear the least
condensed protolignin, followed by switchgrass, and pulling up the rear, wheat straw.

Supporting sugarcane bagasse protolignin’s non-condensed enrichment is the greatest
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quantity of both non-condensed syringyl structures and non-condensed para-hydroxylphenyl
structures (measured as H) seen in the tested nonwoods. Switchgrass protolignin, found to be
more condensed that sugarcane bagasse’s, uniquely bears the greatest abundance of non-
condensed guaiacyl structures across the tested nonwoods. Wheat straw, housing the most
condensed nonwood protolignin examined, still bears quantities of guaiacyl and syringyl
non-condensed structures comparable to the other nonwood biomasses. However, the
quantity of non-condensed para-hydroxyphenyl structures is lowest in wheat straw. This
could reveal that the para-hydroxyphenyl monolignol structures produced in wheat straw
protolignin are further condensed into the lignin structure prior to the completion of
biosynthesis. Or, quite oppositely, wheat straw may simply not utilize significant quantities
para-hydroxylphenyl monolignols during biosynthesis, rendering a protolignin structure
lacking notable quantities of native non-condensed structures.

The total yield of non-condensed lignin structures from autohydrolyzed biomasses is
known to decrease relative to raw, based upon the two established reaction pathways for
lignin in acidic environments: 1) inter-lignin condensation , or 2) preferential hydrolysis of
specific lignin moieties followed by solubilization into autohydrolyzate.>> While both
obviously decrease the quantity of non-condensed lignin structures in solid lignin, the
manner by which this decrease occurs is fundamentally opposite in that one pathway “builds
up” lignin and the other breaks it down. Inter-lignin condensation, previously identified as
counterproductive to cellulolytic hydrolysis, is known to occur more readily with strong acid
catalysts. The key advantage to autohydrolysis is that our active ingredient, natively-

spawned acetic acid, is a weak acid. The presence of weak acid at elevated temperatures and
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pressures is hypothesized to partially shift lignin reactivity towards preferential hydrolysis as
opposed to inter-lignin condensation. While the occurrence of inter-lignin condensation
likely cannot be avoided outright due to the acidic conditions employed, the extent is
predicted to be reduced by utilizing sequential low-intensity autohydrolysis and mechanical
refining compared to greater intensity autohydrolysis alone. Additionally, if the presence of
solubilized lignin is proven in the future to negatively impact downstream carbohydrate
production by cellulolytic hydrolysis, then this penalty can be overcome by washing
autohydrolyzed biomass to relieve autohydrolyzate from the autohydrolyzed solid pulp.
When considering the changes to solid lignin’s S/V and H/V seen after autohydrolysis, no
clear trends can be extrapolated. For example, S/V of maple increases from 2.5 to 2.7,
however, sweetgum sees its S/V decrease from 3.6 to 3.0 following autohydrolysis. For
nonwoods, H/V increased, decreased, and remained constant- dependent upon biomass. The
S/V did increase slightly across all the nonwoods after autohydrolysis, but drastically only in
the case of sugarcane bagasse (1.5 to 2.1). All the aforementioned discrepancies are believed
to be a product of the opposite reaction pathways for lignin to follow during autohydrolysis.
If a structurally-specific reactivity trend were to have been found in the data, then it would
have been possible to hypothesize upon which non-condensed lignin structure is most
affected by autohydrolysis and by what reaction it is predominantly affected by. However,
based upon the vague changes to S/V and H/V presented, it can only be said that both
reaction pathways are being followed to an unspecified degree in each biomass.
Disadvantageously, we are without an essential third element of data that could potentially

illuminate unseen trends: S/V and H/V of the lignin soluble in autohydrolyzate.
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As expected, a decrease in total yield of non-condensed structures (relative to the quantity
in raw biomass) was observed, especially in the tested hardwoods. Inter-lignin condensation
can be clearly observed yet not exactly quantified. Take into consideration the significant
decrease in non-condensed guaicyl structures witnessed in maple, previously observed to
bear the greatest quantity of non-condensed guaicyl structures within its protolignin. With a
relative decrease of 41% following autohydrolysis (sweetgum: 21%, nitens: 46%), this loss is
also seen to slightly shift the S/V of maple lignin upward (2.5 to 2.7). Furthermore, maple
also produced the lowest sugar recovery from cellulolytic enzyme hydrolysis (48% w/w
carbohydrate recovery versus 60% & 64% w/w carbohydrate recovery). This finding is in
support of extended guaiacyl inter-lignin condensation occurring in maple, effectively
penalizing carbohydrate yields using cellulolytic hydrolysis. In the case of nitens, there is
actually greater relative decrease in non-condensed guaicyl structures witnessed, but at a
lesser absolute loss (nitens: 0.21 mmol V+Va/g lignin lost; maple: 0.32 mmol V+Va/g lignin
lost). Unique to nitens, we also observed significant decrease in the quantity of non-
condensed syringyl structures, which showed a relative decrease of 43% (maple: 36%;
sweetgum: 35%). This indicates that there is preferential reactivity occurring within the non-
condensed syringyl portion of nitens lignin during autohydrolysis. Furthermore, when
considering solid delignification by autohydrolysis, nitens is again a slight outlier (19% w/w
delignification vs. 15% & 16% w/w delignification). This finding suggests that
autohydrolysis of hardwoods with higher S/V ratios will lead to preferential hydrolysis of a
greater quantity of non-condensed syringyl structures, resulting in a greater degree of

syringyl lignin solubilized.
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For nonwoods, it can be inferred that the protolignin structure of each of the tested
nonwood facilitates a feedstock-specific reactivity during autohydrolysis. We base this
inference upon the unique total yields of non-condensed structures in both raw and
autohydrolyzed nonwoods. For example, sugarcane bagasse starts with the most native non-
condensed lignin structures (2.32 mmol/g lignin) but also retains the greatest quantity
following autohydrolysis (1.87 mmol/g lignin). Wheat straw displayed the opposite of this
behavior, beginning with the lowest quantity of native non-condensed lignin structures (1.61
mmol/g lignin) and concluding with the least (1.17 mmol/g lignin). For all nonwoods, the
relative decrease in total yield was only 19-27%, demonstrating reduced reactivity of non-
condensed structures compared to hardwoods. This observation came as a surprise as it was
expected that the additional presence of para-hydroxylphenyl (H) lignin would facilitate a
greater degree of inter-lignin condensation, therefore retention of non-condensed H structures
would be low. Retention of non-condensed H structures after autohydrolysis ranged from
60-74%, displaying adequate resistance to modification (condensation or hydrolysis) in spite
of their naked aromatic C3 and C5 positions. For V+Va, the percent of structures preserved
after autohydrolysis ranged from 65-70%, and for S+Sa, 82-94%. From this, it can be seen
that the most-affected non-condensed lignin structures in nonwood biomasses are those that
yield H and V+Va during nitrobenzene oxidation. As discussed in section 3.2.3, the pH of
the nonwood autohydrolyzate was observed to be slightly higher compared to the hardwoods
due to greater presence of raw ash (HW: pH 3.3-3.6; NW: pH 3.6-4.3). This pH difference
may contribute to the lesser extent of non-condensed lignin reactions observed across the

nonwood biomasses, indicating that autohydrolyzed nonwood lignin is of greater similarity to
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its protolignin compared to autohydrolyzed hardwood lignin’s similarity to its own
protolignin.

While it cannot be debated that the quantity of non-condensed lignin structures is lesser
in all biomasses after autohydrolysis, exact delineation between inter-lignin condensation and
structurally preferential hydrolysis cannot be provided from the data produced. With
evidence of both reactions having occurred across all biomasses, it will be extremely
important in future work to quantify non-condensed lignin structures within the lignin
solubilized into autohydrolyzate. Quantification of these structures found in solubilized
lignin will afford a complete molar balance of non-condensed lignin structures after
autohydrolysis, enabling calculation of the recovery of non-condensed structures in
autohydrolyzate. The difference between the quantity of raw non-condensed lignin structures
and those measured in both solubilized and insoluble non-condensed lignin structures will
indicate the extent of non-condensed inter-lignin condensation taking place at the tested mild
autohydrolysis condition. The challenges associated with describing autohydrolyzate lignin
lies in the current dearth of effective protocols for isolating lignin from hemicellulose-rich
hydrolyzates. A standardized protocol using a solvent-free soluble lignin isolation method is
currently under development after the outstanding results recently published by colleagues

concerning soluble lignin segregation from carbohydrates within a biorefinery process *.
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3.4.2. Lignin properties influencing the enzymatic digestibility of autohydrolyzed and
refined solids

The lignin content of autohydrolyzed solids and each respective percent delignification
(as it relates to raw lignin content) can generally be considered as the most-appropriate
metric of a pretreatment’s efficiency when the goal is downstream carbohydrate production.
Delignification is believed to be beneficial towards carbohydrate production based upon the
simple explanation that lignin removal increases carbohydrate accessibility for cellulolytic
enzymes. As previously noted, the tested autohydrolysis condition was shown to produce
different degrees of delignification across the tested biomasses. For the tested hardwoods,
raw delignification ranged from 15-19% w/w, lower than the 30-36% w/w delignification
seen from the nonwood biomasses utilized. This observation is particularly interesting when
considering the lower lignin content in the tested raw nonwoods (~21-22% w/w) versus the
tested hardwoods (~24-25% w/w). It was hypothesized originally that the magnitude of
lignin removal after autohydrolysis will positively trend with a given autohydrolyzed and
refined biomass’ enzymatic digestibility, again along the lines that there should be less lignin
present in the biomass to inhibit enzymatic saccharification. The results revealed this
hypothesis to be invalid due to no visible trend amongst hardwoods and the inverse trend
being true amongst nonwoods. Unexpectedly, a slight negative trend was discovered
between enzymatic digestibility of the pretreated nonwood solids and the percent
delignification obtained from autohydrolysis (not shown). A possible explanation for said
observation is that percent delignification fails to address changes to residual solid lignin in

biomass: so for a nonwood biomass with a greater extent of autohydrolysis-borne
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delignification, a greater penalty to carbohydrate yield occurs during downstream enzymatic
saccharification. This indicates that the absolute quantity of lignin present is not significantly
affecting carbohydrate production. Instead, it must be the properties of the lignin that exert
influences.

To further probe the observed differences between hardwood and nonwood
delignification, the relationship between para-coumaric acid and ferulic acid in raw nonwood
lignin and nonwood delignification after autohydrolysis was gauged. The lability of the
aforementioned structures during acidic pretreatments is well known, leading to the
hypothesis that these structures are contributing to the increased delignification in nonwoods
after autohydrolysis. The total quantity of para-coumarate and ferulate moieties within the
raw nonwood biomasses showed good linear correlation with delignification (R?=0.83).
However, the presence of these moieties only exhibited a minor effect on delignification of
nonwoods, despite being originally hypothesized as a major contributor to differences in
delignification. This claim is based upon the limited ranges of both linearly-related metrics
(30-36% wi/w delignification; 2-7% w/w coumarate and ferulate in lignin).

Next, we probed for a relationship between a given autohydrolyzed lignin’s non-
condensed structural composition and the ability of cellulase systems to depolymerize said
biomass’ structural carbohydrates. The total molar yield from non-condensed lignin
structures roughly correlates to the extent of inter-lignin condensation, therefore this metric is
applied to symbolize a given lignin’s extent of inter-lignin condensation. It was originally
hypothesized that pretreated biomasses wielding greater quantities of non-condensed lignin

structures would positively correlate with cellulolytic digestibility of the pretreated solids.
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Upon correlation analysis, a surprising absence of discernable trends was noted for both the
hardwoods and nonwoods tested. For hardwoods, it is possible to suggest that a greater
abundance of non-condensed syringyl (S) structures enhances enzymatic digestibility of the
pretreated solids, however, supporting such a claim is hindered by limited scatter (1.23, 1.34,
1.34 mmol S+Sa/g lignin vs. 65%, 83%, 84% w/w carbohydrate digestibility). It is
extremely important to note that our utilization of total molar yields to represent the extent of
inter-lignin condensation is not without its flaws. For example, we are limited to describing
the molar quantities of non-condensed structures on the basis of per-gram of lignin. This is
due to not knowing the average formula weight of each biomass lignin’s Cg units. Estimating
degree of condensation on a completely molar basis would afford significantly greater
accuracy, potentially elucidating unseen trends in the data analyzed.

In totality, our findings suggest that the enzymatic digestibility of autohydrolyzed
solids is affected by far greater influences than lignin content, delignification, and total
quantity of residual non-condensed lignin structures. While lignin is a major component of
lignocellulosic biomasses, its influence upon enzymatic digestibility is likely most
pronounced when considering lignin’s effects upon the physical and morphological

properties of the biomass itself.

3.4.3. Lignin properties influencing total sugar recovery from the biorefinery process
As previously defined, total percent sugar recovery is a metric which combines yields
of soluble sugars present in the separate hydrolyzates produced after autohydrolysis and after

enzymatic hydrolysis. The yield at which a biorefinery process can produce carbohydrates is
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affected not only by the process itself, but also by incoming feedstock’s tendency to
fractionate. When considering separating carbohydrates from the solid matrix of
lignocellulosic biomasses, it was originally hypothesized that a given raw biomass whose
lignin bears a greater amount of non-condensed lignin structures would result in greater total
carbohydrate recovery. This hypothesis is based on the fact that highly-condensed
protolignins are proven opponents to carbohydrate recovery, due in part to their previously-
noted inhibitory effects upon enzymatic saccharification, as well as their expected stability at
the mild autohydrolysis conditions applied.

Concerning the hardwood biomasses, Figure 3.3 displays the trends between total
sugar recoveries and the non-condensed lignin structures present in each respective raw
lignin. The inverse trend between S+Sa and V+Va yields plotted against total sugar recovery
exposes the effect that hardwood protolignin’s non-condensed S/V has on carbohydrate
recovery using the tested biorefinery process. Since the total yield of non-condensed
structures in hardwoods was similar, ~2.6-2.8 mmol/g lignin, it is difficult to conclude that
the absolute amount of non-condensed lignin structures plays much of a role in total sugar
recovery. Instead, this suggests that the monolignol constituents, their abundances, and the
manner in which they are coupled during lignin biosynthesis each contribute to total sugar
recovery from hardwood biomasses using the investigated biorefinery process.

Unfortunately for the tested nonwood biomasses, the limited range of total sugar recovery
(72-76% wiw) hinders the extrapolation of meaningful trends. Said range produces scatter
plots which do not generate any useful relationships for interpretation. The lack of trends

does suggest that such a process could merit further optimization for nonwood biomasses.
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Based upon the negative relationship between delignification and enzymatic digestibility of
pretreated solids (discussed in section 3.4.2), it can be suggested that greater yields of
carbohydrates will be obtained by reducing the intensity of autohydrolysis upon nonwoods.
This finding was surprising, as it was originally thought that the chosen conditions for
autohydrolysis (180 °C, 40 min, 10:1 liquid:solid) were sufficiently mild, no matter the raw

biomass.

4. Conclusions

Results reveal that the investigated biorefinery process for carbohydrate production is
robust to incoming biomasses and susceptible to protolignin structural differences. Solid
lignin recovery after autohydrolysis was doubly lower in nonwoods compared to hardwoods,
showcasing differences between hardwood and nonwood protolignin structure. Across all
biomasses, total yield of non-condensed lignin structures in autohydrolyzed pulps did not
clearly affect enzymatic digestibility. Delineation between inter-lignin condensation and
preferential hydrolysis mandates analysis of solubilized lignin. The S/V of hardwood non-
condensed lignin structures positively affected total sugar recovery, revealing that hardwood
protolignin’s chemical structure can greatly affect a biologically-based biorefinery process’

efficiency.
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TABLES

Table 1. Chemical composition of raw material (g / 100 g oven-dry raw material
para-
Biomass Glucan | Xylan | Galactan A:M A!L A§L Ash Ej( | Unidentified | Coumarate Fe“j'a‘e
e
Sugarcane | 423+ | 209 09+0.1 26+ 1?_'2 2;3 2;7 34'_9 6.2 52% + 0.5% +
bagasse 0.4 +0.3 0.4 01 | 00 | 01| 03 0.3% 0.2%
Wheat | 390+ | 188 | o, oo |31x 19420 S8 S 07%+ | 14%:+
straw 05 | +04 00 | 511 02 | 04| o1 0.1% 0.3%
184 | 29 | 30 | 21
. 343+ | 241 31z 520+ | 2.0%+
Switchgrass 09+0.1 * * * * 112 o o
04 | 04 0L | 53| o4 | 01| 01 0.5% 0.3%
221 | 31 | 03|20
Maple 4?6251 f%% 0.7401 3(')421' P R A 122 ; -
' = ' 02 | 01| 00|01
215 | 37 | 06 | 1.2
Sweetgum 4%* 3275 08+0.1 2(')201' + | o+ | x| 14.1 . -
' e ' 05 | 00 | 01|03
199 | 46 | 02 | 11
Nitens 4‘8%1 3%31 1.1+0.0 1(')401 + + + + 13.0 nd nd
' = ' 05 | 00 | 01|01

2 Arabinan + mannan (co-eluting monosaccharides)
b Acid-insoluble lignin (Klason lignin)

¢ Acid-soluble lignin

dExtractives

¢ %wi/w of total raw lignin

nd = not detected
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Table 2. Chemical composition of pretreated biomass and total carbohydrate
content in autohydrolyzate (g / 100 g oven-dry raw material)

) Glucan Xylan Galactan® A&M°
Biomass Si(:ellldda AILY | ASL® | Ash | Unidentified
Solid | Liquid | Solid | Liquid | Solid | Liquid | Solid | Liquid
132 14
Sugarcane | 500 | 373 | 19% | 35% | 104 | . | 07% |04x | 12x | 3% | 08| % 1
bagasse | +0.3 | 01| 00 | 00 | 02 o1 |01 | 03 | X | o0 | ® :
0.0 0.1
Wheat | 549 | 309 | 33 |43% | 93x | . | 10 [03x | 16x | 47 o7z | %] o6
sraw | £05 | 03 | 01 | 01 | 0.1 o1 |01 | 03 | E | oo |} :
0.2 0.4
13.1 0.4
. 531 | 300 | 21+ |51+ | 140% 08+ |03+ | 20¢ 06+
Switchgrass | 405 | 401 | 01 | 00 | 02 | ™ | 02 [ o1 | o2 | E | o0 | F 68
0.1 0.1
vaole | 692 | 401 | 10x | 30% | 92+ | | 06x [15x | 15¢ | 0% |oox | ig
p £04 | 03| 00 | ol | 01 00 | 04 | 01 | 5 | 00 :
20.3 0.1
665 | 375 | 23+ | 37+ | 104+ 05+ | 16+ | 05¢ 11+
Sweetgum | 405 | 400 | 02 | 00 | 01 | "™ | o1 |00 | o0 | E |02 | * 3.3
0.0 0.0
Niens | 688 | 433 | 06% |25% | 107x | | 11x |06 | 07x | 187 | 11x| a8
£02 |+02| 01 | o1 | 01 01 | o1 | o1 | 5, | o1 :

a\Weight of extensively-washed solids after autohydrolysis

b Galactan not detected in autohydrolyzed solids

¢ Arabinan + mannan (co-eluting monosaccharides)
d Acid-insoluble lignin (Klason lignin)
¢ Acid-soluble lignin

nd = not detected
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Table 3. Non-condensed lignin yields from nitrobenzene oxidation of raw and
autohydrolyzed biomass

mmol / g lignin
Biomass SIV | HIV
V+Va? S+Sa® He¢ Total
Sugarcane bagasse | 0.58+.03 | 0.87+.02 | 0.87+.02 | 232 | 15 | 15
Wheat straw 0.69+.02 | 067+.06 | 0.25+.01 | 161 | 1.0 | 04
Switchgrass 0.84+.05 | 061+.03 | 053+.01 | 198 | 0.7 | 0.6
Maple 0.78+ .01 | 1.93+.06 - 271 | 2.5 -
Sweetgum 0.57+.02 | 2.05+.05 - 2.62 | 3.6 -
Nitens 046+ .01 | 2.36 +.08 - 282 | 5.1 -
mmol / g lignin
Am%?grcrl] r;)SI Syzed siv | 1V
V+Va? S+SaP H ¢ Total
Sugarcane bagasse | 0.40+.02 | 0.82+.04 | 0.65+.01 | 1.87 | 21 | 1.6
Wheat straw 045+.04 | 055+.05 | 017+.02 | 1.17 | 1.2 | 04
Switchgrass 060+.01 | 054+.02 | 032+.02 | 146 | 09 | 0.5
Maple 046+ .01 | 1.23+.05 - 1.69 | 2.7 -
Sweetgum 045+.04 | 1.34+ .04 - 1.79 | 3.0 -
Nitens 0.25+.06 | 1.34+ .05 - 159 | 54 -

@ Vanillin + vanillic acid (170 °C, 2.5 hours)
b Syringaldehyde + syringic acid (170 °C, 2.5 hours)
¢ 4-hydroxybenzaldehyde (190 °C, 4 hours)
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Figure 1. Organic byproducts obtained in autohydrolyzate and autohydrolyzate pH.
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Figure 2. Total sugar recovery by autohydrolysis, mechanical refining, and enzymatic
hydrolysis at mild enzyme dosages (5 FPU/ oven-dry g biomass).
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CHAPTER 3. Soluble lignin recovered from biorefinery pretreatment hydrolyzate
characterized by lignin-carbohydrate complexes
Robert H. Narron, Hou-min Chang, Hasan Jameel, Sunkyu Park

ACS Sustainable Chemistry & Engineering, (in press)

Abstract

The lignin rendered soluble by lignocellulosic biorefinery pretreatment remains
insufficiently understood along the lines of molecular properties and chemical composition.
To procure a representative soluble lignin preparation, aromatic-selective adsorptive resin was
utilized. ~90% of soluble lignin could be recovered from autohydrolysis pretreatment
hydrolyzate (autohydrolyzate) produced from a hardwood and a non-wood biomass.
Adsorbate compositional characterization revealed a befuddling magnitude of carbohydrate in
selectively isolated lignin adsorbates. Quantitative structural analysis of the lignin by NMR
suggested lignin-carbohydrate complexes (LCCs) as the cause behind the pronounced
carbohydrate contents. Analyzed spectra revealed both hardwood and non-wood soluble lignin
features ~10 total LCC per 100 aromatic rings, with each lignin bearing unique LCC profiles.
In addition, native structures remained in large quantities. The improved understanding of
hydrolyzate-soluble lignin granted from this work will aid biorefinery development by

improving discourse around a biorefinery lignin source.
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1. Introduction

Efforts to sustainably produce fuels, chemicals, and materials have led to formulation
of the lignocellulosic biorefinery. Biologically-based biorefineries, which by definition
employ biotransformative unit operations (enzymatic, fermentative) are currently poised to
produce high yields of biosugars for further upgrading into higher-value products. One of
many key requirements for biorefineries at the industrial scale is successful employment of an
economically-feasible pretreatment process, required to fracture native recalcitrance towards
biotransformation. The pretreatment arsenal which one can select from to dismantle biomass’
intrinsic recalcitrance is endless.™* Unfortunately, when considering both pretreatment cost
and effectiveness, the two tend to be intimately inseparable.>® Unique amongst pretreatment
technologies is autohydrolysis, which boasts several features that afford excellent techno-
economic advantages when integrated into a biorefinery process.”® In addition to affordably
decomposing biomass in a manner that is favorable for downstream cellulolytic enzymes,
autohydrolysis also yields a liquid phase (“autohydrolyzate®) that is rich in soluble
hemicellulosic and lignin derivatives. Autohydrolyzate commands understanding due to the
presence of a significant quantity of sugars (~25 wt% of raw carbohydrates)® and a variety of
biotransformative inhibitors.

One of the aforementioned inhibitors in autohydrolyzate is solublized lignin. Total
quantities of lignin solubilized by pretreatment are conventionally back-calculated using both
biomass weight loss and diminuation in lignin content (g/100 g oven-dry “o0.d.“ lignocellulosic
solid). This quantification is useful for quantitatively describing the extent of delignification,

yet fails to describe chemical and molecular properties of the soluble lignin. Because of this,
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understanding of the molecular and chemical properties of lignin rendered soluble by
pretreatment is generally incomplete. Pretreatment hydrolyzate-soluble lignin has been
characterized based upon chemical behavior (free-radical scavenging activity, redox reagent
response) rather than chemical structure.’>'* One report successfully performed exact
quantification of an enormous variety of soluble monomeric lignin fragments found in dilute
acid pretreatment hydrolyzate from a breadth of differing biomasses.'® Importantly, previous
work found this method able to characterize only minor portions (~1-2% w/w) of the soluble
lignin in autohydrolyzate.'® This revealed autohydrolyzate-soluble lignin to be predominantly
non-monomeric.

The non-monomeric nature of autohydrolyzate-soluble lignin suggested adsorptive
materials capable of engaging aromatic chemical structures are an appropriate means of lignin
sequestration from autohydrolyzate. Investigations and reviews of adsorption treatments of
biomass hydrolyzates are available, providing useful information concerning hydrolyzate
response to various adsorptive materials. Known for adsorptive potency, activated carbon was
demonstrated as an effective adsorbent for soluble lignin, but lacked selectivity due to
carbohydrate adsorbance.’”*8 In pursuit of lignin-selective adsorptive material, Amberlite®
XAD resins presented an opportunity to semi-selectively adsorb soluble lignin plus furans
produced from carbohydrate dehydration (furfural & 5-hydroxymethylfurfural (“HMF*)).18-23
The semi-selectivity is a function of the polymeric adsorbent’s chemical composition- a novel
formulation of styrene-divinylbenzene copolymer, which engages aqueous-soluble
hydrophobic molecules through n-n‘ and van der Waal interactions. One publication suggested

XAD-adsorbed lignin from biomass hydrolyzate featured a strong presence of covalently
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linked carbohydrate segments (lignin-carbohydrate complex (“LCC*) structures).??> Despite
logical speculation, explicit proof of LCC connectivities was not provided due an absence of
spectroscopic analysis. Spectroscopic elucidation of LCCs in XAD adsorbates was succesful
in one instance, however, the adsorbate originated from a soluble fraction of ball-milled raw
biomass rather than biorefinery pretreatment hydrolyzate.?

To spectroscopically measure the extent of lignin-carbohydrate covalent connectivity
within the soluble lignin in a biorefinery hydrolyzate, first, XAD resin adsorption was
performed to isolate said lignin. After adsorbate procurement, chemical and molecular
characterization was performed. Lignin adsorbates from unlike lignocellulosic biomasses
(hardwood & non-wood) are compared throughout. The long-term goal of performing
characterization upon the investigated lignin fraction is to improve academic and industrial
discourse around hydrolyzate-soluble lignin’s permeating effects upon biorefinery processing,

either as biotransformation inhibitors or valorizable co-products.

2. Materials and methods
2.1. Raw materials and autohydrolysis pretreatment

Hardwood chips from maple (Acer rubrum) were acquired from the Tree Improvement
Program of North Carolina State University (Raleigh, NC). Sugarcane bagasse was provided
by a cane sugar manufacturer located in the State of Minas Gerais, Brazil. Prior to
autohydrolysis, non-structural extractives were removed from each biomass to nullify non-
lignin result contamination. For extraction, raw biomasses were fluxed with benzene-ethanol

solution (2:1 v:v) overnight in soxhlet extractors. Also, the quantity of extractives removed

70



was measured gravimetrically. Autohydrolysis pretreatment was performed withina 1 L alloy
reactor (Parr Model C-276, Parr Instrument Company, USA). ~50 air-dry g of biomass was
massed and loaded into the reactor, followed by addition of the appropriate amount of
deionized water to establish starting water-to-solid ratio (g:g) of 10:1 (always accounting for
biomass moisture content). Pretreatment temperature was set to 180°C with ramp-up of ~30
min. Target temperature was maintained for 40 minutes, followed by rapid thermal quenching
via ice water bath. After cooling, the reactor was emptied, and solid was separated from liquid
using vacuum filtration. After isolation of bulk autohydrolyzate, the autohydrolyzed solids
were washed with deionized water until resultant wash filtrate reached neutrality. Bulk
autohydrolyzate was passed through Gooch crucibles (fine grade) prior to experimentation to

ensure the absence of suspended solids.

2.2. Resin adsorption protocol

Amberlite® XAD16N was used for lignin adsorption from autohydrolyzate. To
prepare resin, an extensive washing procedure was conducted: 1) water-washing to remove
preservative salts, 2) methanol washing to remove adsorbed impurity, 3) water washing to
remove methanol. Prepared resins were sealed in plastic bags and kept under refrigeration
prior to use. Before resin adsorption experiments, moisture content of prepared resin was
checked using an infrared moisture balance (Sartorius MA160-1, Cole Parmer, USA) to
account for its dilution effect upon autohydrolyzate during adsorption. For adsorption

optimization, resin weight (o.d. basis) was kept constant while varying the volume of
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autohydrolyzate. After 30 minutes of low-speed mixing, the autohydrolyzate and resin
suspension were separated by vacuum filtration.

Following separation of resin and autohydrolyzate, adsorbate-bearing resin was washed
with deionized water (~10x autohydrolyzate volume) to remove un-adsorbed autohydrolyzate
solutes. Next, methanol was used to desorb adhered molecules, and the methanol solution was
collected. Desorption was considered complete once methanol filtrate reached total visual
transparency. The amount of methanol required per adsorption was ~3x the volume of starting
autohydrolyzate. Next, methanol was evaporated by rotary evaporator (Rotavapor R-303,
Buchi, USA), and the obtained solids were re-suspended into deionized water and freeze-dried
(Freezone 6, Labconco, USA) to produce handleable solid adsorbates. Solids were stored

under vacuum at 35°C over solid P2Os until constant mass prior to analysis.

2.3. UV spectrophotometry

The initial concentration of lignin in autohydrolyzate was measured as
spectrophotometric absorbance at 280 nm, accounting for dilution (Lambda XLS,
PerkinElmer, USA). Following mixing, the resin-autohydrolyzate suspension was separated
and resultant filtrate was tested for UV absorption. The decrease in UV response represents
the extent of adsorptive lignin removal from autohydrolyzate. To measure UV responses free
of furanic contribution, an aliquot of autohydrolyzate was mixed with excess sodium
borohydride overnight to reduce all solutes. After reduction, UV response was recorded. All

absorbance values reported are average of duplicate analyses.

72



2.4. Compositional analysis of lignin adsorbates

The chemical composition of adsorbates was performed using the standard protocol
provided by the National Renewable Energy Laboratory.?® ~100 mg of carefully weighed o.d.
adsorbate was subjected to 72% (w/w) sulfuric acid digestion for 1 hr, followed by dilution to
3% (w/w) H2SO4 and autoclaving for 1.5 hr. Modifications were made to acid digestion
methodology to decrease lignin adsorbate’s exposure to hot sulfuric acid. An aliquot of acid
digestate was taken to determine acid-soluble lignin quantities spectrophotometrically and
monosaccharides by liquid chromatography. For acid-soluble lignin, UV absorbance was
measured at 205 nm, accounting for dilution. The molar absorptivity coefficient 110 L g™ cm-
! was applied to convert absorbance to concentration. For monosaccharides, an HPLC system
(Agilent 1200 series, Agilent, USA) was used. In this setup, a Shodex SP-0810 column is
utilized (8x300 mm, Showa Denko, Japan) and maintained at 80 °C. Mobile phase was Milli-
Q water, flowing 0.5 mL/min for 60 minutes per sample. A refractive index detector monitored
eluents. Before injection, acid digestate samples were neutralized to pH ~6 with CaCOs and
filtered through 0.2 um nylon filters. Calibration was performed with commercial standards
of glucose, xylose, galactose, mannose, and arabinose. Due to observed co-elution of mannose
and arabinose, quantification of either saccharide is reported as the sum of both. All values

represent the average of duplicate analyses, and average standard deviation was 1.5%.

2.5. Autohydrolyzate saccharide quantification around resin adsorption
Autohydrolyzate carbohydrate concentrations (monomeric and oligomeric) before and

after resin adsorption was measured utilizing the same HPLC system used to measure
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monosaccharides in acid digestates. To describe the presence of oligomeric carbohydrates?,
autohydrolyzates were subjected to mild sulfuric acid (3% w/w) hydrolysis in autoclave for 60
minutes to produce quantifiable oligomer-derived monosaccharides.  Oligosaccharide
concentrations were then back-calculated using the difference in monosaccharide
concentrations before and after acid hydrolysis. All values represent the average of duplicate

analyses, and average standard deviation was 0.3%.

2.6. NMR experiments

All 2D-HSQC and *3C NMR spectra were acquired at 25°C using dimethyl sulfoxide-
d6 (99.9%, VWR, USA) solvent. Adsorbate concentration was ~20% w/v. 2D-HSQC was
performed first, followed by '3C upon the same sample. 2D-HSQC NMR spectra were
acquired on a 500 MHz NMR spectrometer equipped with 5 mm BBI probe (Avance, Bruker,
USA). Coupling constant ({Jc.n) of 147 Hz was applied. *C NMR spectra were acquired on
the same 500 MHz spectrometer with a different probe, 5 mm BBO. An inverse gated proton
decoupling sequence was employed for *C observation. Chromium (l11) acetylacetonate was
added to the NMR tube (0.01 M) following 2D-HSQC analysis to assist relaxation of carbon
nuclei during *C observation. Each spectra was acquired once, therefore ~5% error is

assumed.
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3. Results and discussion
3.1. Autohydrolysis of raw biomass to produce autohydrolyzate-soluble lignin

Autohydrolysis pretreatment is known to effectively hydrolyze hemicelluloses and a
portion of lignin. For lignin, there exists two known modes of degradation in acidic
mediums: acidolysis and condensation.® 2”28 Regarding the former, lignin acidolysis is
accompanied by loss of native chemical structures and decreases in molecular weight.
Concerning condensation, electrophilic aromatic substitution around reactive benzylic
carbocations occurs, resulting in increased lignin molecular weight through formation of new
aryl carbon-carbon bonds. Currently, exact delineation between hydrolysis and condensation
has been hindered by the absence of characterization of soluble lignin’s molecular properties.
This reason can be viewed as an additional motivator for better understanding
autohydrolyzate-soluble lignin, with the conundrum having been discussed in detail in our
previous publication.”

As can be seen from the chemical composition changes induced by autohydrolysis
(Table 1), hemicellulosic xylan is the carbohydrate most affected by autohydrolysis, with the
soluble portion existing in autohydrolyzate solution as xylooligosaccharides, xylose, and
furfural (depending upon pretreatment severity).’® Concerning lignin, minor decreases are
observable for both acid-soluble lignin and acid-insoluble lignin contents, suggesting that
enough hydrolysis has occurred to grant solubility to different portions of the original lignin
(maple: 15% delignification, sugarcane bagasse: 32% delignification). The differences
between hardwood and non-wood protolignin monomeric constitution and assembly are

likely driving forces behind the differing amounts of lignin removal, especially considering
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that the biomass with more raw lignin (maple) features a lesser degree of delignification. In
all, the absolute quantity of soluble lignin produced and the percentage of raw lignin it

embodies demands its characterization.

3.2. UV spectrophotometry to quantify lignin adsorbance

UV spectrophotometry was used to measure soluble lignin’s UV response and the
extent of adsorption. Table 2 displays back-calculated quantities of soluble lignin in
autohydrolyzate (from Table 1), solute UV response, and residual solute UV response post
adsorption. Furfural (dehydrated pentose) and HMF (dehydrated hexose), both of which
generate through carbohydrate dehydration during autohydrolysis, problematically exhibit UV
absorption at the absorption wavelength used to monitor soluble lignin (A=280 nm,
approximate Amax).2°> To combat lignin overestimation, autohydrolyzate solutes before and
after resin treatment were subjected to borohydride reduction to render UV-silent furfuryl
alcohols, amongst other reduced compounds. This approach was demonstrated viable in a
previous publication concerning spectrophotometric differentiation between lignin and
furans.*

Overall, removal of lignins and furans was found to be 92% for maple and 90% for
sugarcane bagasse, Table 2. Silencing furan response through reduction revealed 93% and
92% removal of lignin from maple and sugarcane bagasse autohydrolyzates, respectively.
Comparing lignin adsorption from hardwood versus non-wood autohydrolyzate, a similar
percentage of lignin is adsorbed from both autohydrolyzates despite variances in starting

soluble lignin quantities and raw biomass. At the maximum resin loading tested, a slightly
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greater quantity of un-adsorbed lignin is present in the sugarcane bagasse autohydrolyzate
(~0.5 g) over maple autohydrolyzate (~0.3 g/100g o.d. raw biomass). This suggests further
increasing resin loading may be required to achieve greater extents of lignin adsorption.
Alternatively, un-adsorbed lignin could be unobtainable regardless of resin loading due to low
extent of interaction between the remaining lignin and resin. Future work to resolve the
aforementioned speculations is to be performed, involving extensive adsorption curves and
manipulation of adsorption methodology in order to better understand the chemical properties
of the presently unadsorbed solutes. Nevertheless, adsorption yields above 90% represents
extensive soluble lignin isolation yields, especially considering the extent of soluble lignin
characterization we previously reported (< 2%).2>1® The maximum resin loading tested (10:1)

was maintained for all further lignin adsorptions.

3.3. Chemical composition of lignin adsorbates using standard and modified acid
digestion

After laboratory processing of each adsorbate into handlable lignocellulosic solids, the
first analytical assay performed was determination of adsorbate chemical composition to
quantify lignin purity. Standard compositional analysis of lignocellulosic applies two-stage
(concentrated to dilute) sulfuric acid digestion to degrade polymeric biomass fractions into
soluble and insoluble fractions for quantification.?® As seen in the first columns of Table 3,
standard compositional analysis of lignin adsorbates rendered subpar mass balances. This
value is considered as the extent of chemical composition characterization (maple: 77.3 g;

sugarcane bagasse: 65.0 g/100g o.d. adsorbate). From these underwhelming results, it was
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hypothesized that standard strong acid digestion caused excessive degradation of adsorbate
constituents, resulting in lowered mass balances. To test, the acid digestion protocol was
modified to only employ dilute acid digestion at conventional (1.5 hr) and reduced (1 hr) times.
Continuing on Table 3, it is seen that modification of acid digestion protocol slightly enhanced
mass balances (maple: 77.3-82.8 g¢/; sugarcane bagasse: 65.0-71.9 g/100g o.d. adsorbate).
Mass balance enhancements were mostly a function of improvement in carbohydrate
quantification, which was still relatively minor (e.g. maple: 46.5 g total carbohydrate at 1.5
hrs; 48.3 g total carbohydrate at 1 hr). Retention of carbohydrates with lessened acid digestion
can be attributed to decreased loss of monosaccharides to dehydration. The magnitude of
carbohydrates quantified and the ramifications of their pronounced presence in lignin
adsorbates is extensively discussed in the latter portion of this manuscript.

Apart from carbohydrates, total lignin quantification was not greatly enhanced through
acid digestion modification (33.9-35.7 & 23.6-26.1 g total lignin /100g o.d. adsorbate).
Instead, the lignin fractions quantified shifted states from solid (acid-insoluble lignin) to liquid
(acid-soluble lignin) with decreasing digestion severity. This is due to the increase in inter-
lignin condensation catalyzed by greater exposure of lignin to hot sulfuric acid. Considering
extent of characterization, the lowered mass balances afforded by conventional and modified
acid digestion protocols suggest future work aimed at quantifying biomass components not
specifically quantified during standard compositional analysis. We hypothesize that the key
components eluding quantitation and hampering mass balance are likely hemicellulosic uronic
acid substituents, hemicellulosic acetic acid substituents (if any), as well as hydroxycinnamic

acids (para-coumaric acid, ferulic acid) found in non-woods only. The presence of
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hydroxycinnamic acids in sugarcane bagasse adsorbates may also explain why its mass balance
was ~11% lower than maple’s. While furfural and HMF quantitation is also important, it is
unlikely that the quantities of hexose-derived HMF and pentose-derived furfural will
substantially aid analytical mass balance. This statement is supported by the minor relative
percent increase in carbohydrate recovery observed when lowering dilute acid digestion times

(maple: 4% improvement; sugarcane bagasse: 8% improvement).

3.4. Autohydrolyzate carbohydrate concentrations around resin adsorption

The chemical composition of the adsorbates was found to be surprisngly carbohydrate-
enriched (maple: 48.3 g; sugarcane bagasse: 48.0 g total carbohydrate/100g o.d. adsorbate).
This came in spite of the selective adsorptive medium. Given that original intent was to
selectively separate soluble hydrophobic lignin fragments from hydrophilic autohydrolyzate
solutes, oligosaccharide adsorption would indicate resin engagement of solutes not bound to
lignin. To monitor the effect of resin application upon autohydrolyzate oligosaccharide
concentrations, quantities of monosaccharides and oligosaccharides were measured around
adsorption (Table 4).

In agreement with the pronounced presence of xylan in both adsorbates, the quantity of
xylooligomers in both autohydrolyzates was found to decrease after resin application
(sugarcane bagasse: 9.0 to 5.2 g (42% decrease); maple: 6.4 to 4.3 g/100g o.d. raw biomass
(33% decrease)). Beyond xylan, a slight decrease in oligomeric glucan and arabinan + mannan
concentrations was also observed. Monosaccharide concentrations in either autohydrolyzate

was not affected by resin treatment. This was expected, as monomeric carbohydrates do not
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bear the molecular properties suitable for adherence to XAD resin. Regardless, the findings
verified that the starting autohydrolyzate solution is experiencing decreases in total
carbohydrate concentration after resin treatment. This suggests either selective adsorbance of
lignin that is enriched with chemically-attached carbohydrate domains, or, non-selective
adsorption that engages oligosaccharides. It is important to note that the methodology applied
to quantify oligosaccharide loss is indiscriminate of the aforementioned possiblities
(monosaccharide concentrations before and after acid digestion). In attempt to distinguish
between LCC adsorption and free oligosaccharide adsorption, spectroscopic analysis using

NMR was performed in effort to identify and quantify LCC structures in lignin adsorbates.

3.5. Lignin-carbohydrate complex and native inter-lignin structural quantification by
NMR analysis

NMR quantification of LCC structures was performed to provide explanation for
carbohydrate-enrichment in lignin adsorbates. The technique of combining information-rich
2D-HSQC NMR spectra with informationally-coarse 3C NMR spectra was utilized.3*? In
this method, individual signals elucidated by 2D-HSQC and their integrals are interconverted
into *C base units of number per 100 aromatic rings (#/100 Ar) to quantify structural
abundance. The following equation was used for quantification of lignin moieties:

X 2D, 13C;s
= *
100 Ar  2D;s  13Ci43-103

* 600

where X is the structure quantified, 2Dx is the integral of the 2D-HSQC signal utilized for

quantification, IS is the integral of the internal standard cluster and range utilized in 2D-HSQC
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and BC (respectively), 13Cies-103 is the integral of the aromatic region in *C spectras, and 600
is derived from 600 aromatic carbons being present per 100 aromatic rings. Each 2D-HSQC
internal standard cluster and accompanying ‘3C range utilized for quantification is explicitly
stated in the discussion around each structure quantified. For native structures, integrals
originating from C.-H. were utilized for the equation’s “X*, due to acknowledged absence of
inappropriately overlapping signals. For LCC structures, the chemical shift integral employed
is stated within each respective discussion (carbohydrate C, or side chain C,). All structurally-
representative signals and their corresponding chemical shifts in 2D-HSQC and **C spectra
were identified using reputable publications.®" Figure 1 displays the chemical structures of
each LCC and native structures quantified along with labeling acronyms, and Table 5 lists each
structure‘s individual chemical shift.

Identification and quantification of LCC structures, in addition to several native lignin
structures, was successful (Figure 2 and Table 6). Primarily, it can be observed that there is
indeed a strong presence of LCC structures in both lignin adsorbates, visible from strong
resonance of LCC signals in 2D-HSQC spectra. This provides reasonable explanation for the
significant carbohydrate quantities of both adsorbates, and confirms the postulation by
Westerberg et al.?2

The quantified LCC structures of lowest abundance were benzyl ethers. There are two
types of native benzyl ether LCC linkages: 1) benzyl ethers connecting Co of lignin to
carbohydrate primary hydroxyl groups, and 2) benzyl ethers connecting the Ca. of lignin to
carbohydrate secondary hydroxyl groups. The chemical shift integrated to quantify Ca-1° OH

benzyl ether LCCs originates from the structure’s C,-H, resonance, found at & 81.3/4.75
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ppm.32 3839 For quantification, the internal standard cluster and range utilized was: & 88-
82/5.6-3.9 ppm (2D-HSQC); & 88-82 ppm (**C). The quantities of Ca-1° OH benzyl ethers
present in maple and sugarcane bagasse adsorbates were measured to be 2.0 and 0.5 per 100
Ar, respectively. A representative signal belonging to Ca-2° OH benzyl ethers is known to
overlap with a signal belonging to (non-LCC) spirodienone moieties at & 81.2/5.1 ppm.*
Fortunately, inaccuracies caused by this overlap are not problematic due to no observable
signal at 6 81.2/5.1 ppm. From this, it can be concluded that neither native Ca-2° OH benzyl
ethers nor spirodienone structures are present in adsorbates. The relatively minor quantities of
Ca-1° OH benzyl ether LCC structures quantified indicates that the structure is either labile
during autohydrolysis, not found in great abundance within either biomass‘ protolignin, or
both.

Another form of lignin-carbohydrate complex is the uronosil ester. This ester linkage
exists between hemicellulosic uronic acid substituents and lignin’s side chain Cy. The spectral
region containing this LCC structure (6 65-62/4.0-4.5 ppm) is also populated by signals
pertaining to non-LCC esters, e.g. para-coumarates and ferulates. Due to the existence of these
structures in non-wood lignin and their general absence from hardwood lignin (except reported
para-benzoate moieties in Populus*'), we first analyzed the region in the maple spectra to
unbiasedly assign uronosil ester’s chemical shift within the acquired spectra. A single signal
was observed (8 63.0/4.22 ppm), therefore this chemical shift was assigned to uronosil esters.
This chemical shift is in agreement with the C,-H, chemical shifts noted in previous
publications characterizing LCC structures using the same NMR technique and lignin

solvent.®2383% Once the appropriate signal was identified in hardwood, the non-wood spectra
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was overlaid and a matching signal was identified (Figure 2(b)). Flanking the uronosil ester
signal in sugarcane bagasse’s 2D-HSQC spectra are several signals attributable to non-LCC
esters. These signals were not integrated, however, they likely somewhat contribute to non-
wood uronosil ester‘s signal integral due to chemical shift proximity. In addition, a separate
signal was also observed at § 61.6/4.08 ppm, pertaining to Cy acyl structures.*? Observation
of said signal is significant because it was previously reported that the two signals (uronosil
ester and Cy acyl) could not be resolved with 300 MHz NMR, but were visible with 950 MHz
NMR.3? As a reminder, 500 MHz NMR was utilized for analysis in this work. In total, we are
able to accurately report uronosil ester structural quantities due to the signal‘s resonance being
free from known interferants.

To perform quantiation of uronosil esters, the following internal standard cluster and
range was utilized: 8 65-58/5.0-2.5 ppm (2D-HSQC); & 65-58 ppm (*3C). The quantity of
uronosil esters was found to be greater in maple adsorbate (7.6) compared to sugarcane bagasse
(5.2/100 Ar). In agreement with the presence of uronosil esters in both adsorbates was
observation of chemical shifts pertaining to non-esterified and esterified 4-O-methyl-D-
glucuronic acid moieties, found at 6 97.2/5.18 ppm and & 98.9/4.70 ppm, respectively (Figure
2(c))*2. Signal intensity of the chemical shift pertaining to esterified glucuronic acid residues
is visually more intense than the signal pertaining to non-esterified glucuronic acid residues,
possibly indicating that the majority of these structures are indeed esterified to lignin. Finally,
the low mass balances achieved during chemical compositional analysis of either adsorbates
was hypothesized to be due in part to the presence of quantitation-eluding uronic acids. The

strong presence of uronosil ester LCC structures quantified is in agreement with this belief.
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Quantification of phenyl glycoside LCC structures relies upon integration over a small
and sparsely populated chemical shift range (5 104-99/4.8-5.2 ppm).3# 383 A range is scoured
for these signals (originating from C; of the attached carbohydrate) due to variance in phenyl
glycoside resonance when lignin bonds to different carbohydrates. As seen in Figure 2(c),
three signals were found in the phenyl glycoside chemical shift region, with differences in
chemical shift when comparing adsorbates. For quantitation, the internal standard cluster and
region utilized was & 103-96/5.5-3.8 ppm (2D-HSQC), § 103-96 ppm (**C). The quantity of
phenyl glycosides in either adsorbate was dissimilar, with 3.8 measured for sugarcane bagasse
and 0.6/100 Ar for maple. This wide difference could indicate that sugarcane bagasse
protolignin bears an enrichment of phenyl glycoside LCC structures. Alternatively, this may
be evidence that native hardwood phenyl glycoside structures are autohydrolysis-labile, and
those in non-wood are generally not.

In addition to quantifying the presence of lignin-carbohydrate complexes within both
adsorbates, the following native lignin structures were also observed and quantified: p-O-4’,
B-B>, B-5°, and dibenzodioxicin (DBDO) (Figure 2(a) and Table 6).3° Native structural
quantification relied upon utilization of the following internal standard cluster and range: 6 88-
82/5.6-3.9 ppm (2D-HSQC); & 88-82 ppm (**C). Signals pertaining to each structure’s Ca-Ho
resonance were integrated for quantification (Table 5). To quantify p-O-4’, the Ca signal (6
72.6/5.00 ppm) was integrated. Maple adsorbate was found to contain a higher quantity of -
O-4’ lignin structures, 33.6, compared to 13.4/100 Ar in sugarcane bagasse adsorbate. The
magnitude of B-O-4" recovered in autohydrolyzate-soluble lignin indicates that lignin

solubility is not solely a function of decreased molecular weight through native aryl-ether
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structural hydrolysis.***** Instead, it appears that native structure fragmentation coupled with
lignin-carbohydrate chemical connectivity within fragmented lignins provides a more-detailed
explanation as to why this lignin fraction was rendered. By this logic, it is also reasonable to
assume that prolonging autohydrolysis to induce major LCC cleavage could result in an
amount of soluble lignin that is lesser than what is reported at the current condition, depending
upon the extent of inter-lignin condensation versus native structure hydrolysis.> 2”2 Maple
was also found to be more enriched in B-p’ and -5’ structures compared to sugarcane bagasse.
Ca signals used for quantifying B-p’ and -5’ structures were 6 84.9/4.69 ppm and 6 86.8/5.49,
respectively.  Another significant observation was the large amount of dibenzodioxicin
(“DBDOQ”) structures quantified exclusively in sugarcane bagasse adsorbate (8.4/100 Ar). The
signal integrated to quantify DBDO (C.-H.) was only observable in sugarcane bagasse 2D-
HSQC spectra, at § 83.6/4.86 ppm.*® The pronounced presence of these structures indicates
DBDO is resistant to degradation by autohydrolysis to an unknown extent. Overall, these
findings highlight the significant quantity of native inter-lignin connections remaining in
autohydrolyzate-soluble lignin as well as the connectivity differences between

autohydrolyzate-soluble hardwood and non-wood lignins.

4. Conclusions

The fraction of lignin solubilized in autohydrolysis pretreatment hydrolyzate was
obtainable through application of aromatic-selective resin to hardwood and non-wood
autohydrolyzates. In the adsorbates, the strong presence of carbohydrates (~48 g/100g o.d.

adsorbate) merited further investigation.  Further analysis revealed the isolation of
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carbohydrates to be a function of lignin-carbohydrate complexes, totaling ~10 total LCC per
100 Ar in both adsorbates. In addition to LCC structures, a variety of native inter-lignin
linkages were also quantified (e.g. 33.6 & 13.4 $-O-4’ /100 aromatic rings). This indicates
molecular weight-lowering degredation of native lignin structures is not the only contributor
to lignin solubilization, but so too is lignin-carbohydrate connectivity within autohydrolysis-
degraded lignin. These findings elucidate new structural characteristics of the lignin fraction

solubilized by autohydrolysis pretreatment.
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TABLES

Table 1. Raw and autohydrolyzed biomass chemical compositions (g/100g o.d. raw

biomass)
Biomass Maple Sugarcane bagasse
Raw Autohydrolyzed Raw | Autohydrolyzed
Gravimetric solid yield? 100 69.2+0.4 100 59.0+0.3
Glucan 43.2 40.1 42.3 37.3
Xylan 13.0 3.0 20.9 3.5
Galactan 0.7 nd® 0.9 nd
Arabinan + mannan® 3.4 1.5 2.6 0.4
Total carbohydrate 60.3 44.6 66.7 41.2
Acid insoluble lignin 22.1 20.4 18.2 13.2
Acid-soluble lignin 3.1 0.9 2.3 0.8
Total lignin 25.1 21.3 20.5 14.0
Ash 0.3 Nd 2.7 1.4
Extractives® 2.0 - 3.9 -
Unidentified 12.3 4.8 6.2 4.1
Autohydrolyzate- 3.8, 15% 6.5, 32%
soluble lignin

& Mass of water-washed solids after autohydrolysis
b Co-eluting monosaccharides

¢ Raw benzene-ethanol extractives measured gravimetrically, but fully removed prior to raw

compositional analysis and autohydrolysis

d Back-calculated based on gravimetric yield and decrease to lignin content

¢ Not detected
" Degree of delignification (wt% of raw lignin)
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Table 2. Quantification around soluble lignin adsorption from autohydrolyzates

At\)qtohydrolyzgte Maple Sugarcane bagasse
iomass origin
Soluble lignin abundance? 3.8 6.5
Status reduced asis reduced asis
Lignin, Lignin,
UV active components Rﬁdﬁ?ﬁd furfural, Rleidlrj]?r?d furfural,
g HMF g HMF
Autohydrolyzate UV 4242 180 + 5 60 + 3 320 + 10
response
After 20:1 resin 5+0 3242 7+0 66 + 3
adsorption
After 10:1 resin 3+0 14+1 5+0 3342
adsorption
% A removal at 10:1 93% 92% 92% 90%

4 From Table 1
b Absorbance units * dilution factor
¢ X mL autohydrolyzate: 1 g 0.d. resin

Table 3. Chemical composition (g/100g) of lignin adsorbates around standard protocol
and lowered acid hydrolysis conditions

Adsorbate biomass origin Maple Sugarcane bagasse
hr 72% H>SO4 hydrolysis 1 0 0 1 0 0
hr 3% H2SO4 hydrolysis 15 15 1 15 15 1

Acid-insoluble lignin | 15.8 10.1 7.8 16.6 9.8 8.7

Acid-soluble lignin | 19.9 23.8 26.7 9.5 13.8 15.2

Total lignin | 35.7 33.9 34.5 26.1 23.6 23.9

Glucan | 2.1 2.4 2.4 5.0 5.6 5.8

Xylan | 346 | 37.8 | 39.1 31.2 35.3 38.6

Galactan | 0.2 0.4 0.5 0.1 0.2 0.2

Arabinan + Mannan | 4.7 5.9 6.3 2.6 3.2 3.4

Total carbohydrate | 41.6 46.5 48.3 38.9 44.3 48.0

Mass balance | 77.3 80.4 82.8 65.0 67.9 71.9
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Table 4. Autohydrolyzate saccharide abundances around resin adsorption (g/100g o.d.
raw biomass).

Biomass Autohydrolyzate After adsorption
Monomer | Oligomer® | Total | Monomer | Oligomer | Total

Glucan 0.6 0.5 1.1 0.6 0.4 1.0

Maple Xylan 2.9 6.5 9.4 2.9 4.3 7.2

Galactan 0.4 0.3 0.7 0.4 0.4 0.8

A+ M? 1.0 0.8 1.8 1.0 0.6 1.6

Glucan 0.4 1.5 1.9 0.4 1.4 1.8

sugarcane |y 1.4 90 | 104 | 14 5.2 6.6
bagasse

Galactan 0.3 0.5 0.8 0.3 0.5 0.8

A+M 1.3 0.9 2.2 1.3 0.3 1.6

4 Arabinan + mannan (co-eluting monosaccharides)
b Different of total and monomer

Table 5. Signal assignments for lignin structures in 2D-HSQC NMR spectra

Label dc/OH Assignment
Cs 53.1/3.49 Cg-Hp of phenylcoumaran structures (C)
By 53.7/3.05 Cs-Hpof resinol structures (B)
-OCHjs 55.9/3.73 C-H of methoxyls
A, 59.6-60.8/3.37-3.72 C,-H, of 5-O-4 structures(A)
Acyl, 61.6/4.08 C,-H, of Cy acylated side chains
UrE, 63.0/4.22 C,-H, of uronosil ester LCC (UrE)
B, 71.3/4.18 C,-H, of resinol structures (B)
Aa 72.6/5.00 Ca-Ha of -O-4 structures (A)
. Cau-Ho of benzyl ether (primary alcohol)
BE,.1 81.3/4.75 LCC (BE)
Cp-Hp of p-O-4 structures linked to G unit
As GIH) 82.5/4.27 p-Hpof (A)
D. 83.6/4.86 Cq-H, of dibenzodioxicin (DBDO) (D)
Ba 84.9/4.69 Ca-Ha of resinol structures (B)
Dp 85.8/3.90 Cp-Hp of dibenzodioxicin (DBDO) (D)
As s 86.0/4.11 Cp-Hpof p-O-4 stru((':at\L)Jres linked to S unit
Ca 86.8/5.49 Ca-Ha of phenylcoumaran structures (C)
GICA; 97.2/5.18 C: of non-esterified E;1(:-i(3-methylglucuruonlc
EGIcA; 98.9/4.70 C, of esterified 4-O-methylglucuruonic acid
PhG: 100.0-103.0/4.89-5.20 C: of phenyl glycoside LCC (PhG)
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Table 6. Quantitation of native chemical structures in lignin adsorbates (# / 100 aromatic
rings)

Biomass Origin Maple | Sugarcane bagasse
Uronosil ester (UrE) | 76 5.2
Benzyl ether? (BE) 2.0 0.5
Phenyl glycoside (PhG) | 0-6 3.8
Total LCC 10.2 95
Cy acyl (Acyly) 13 nqP
p-0-4’ (A) 336 13.4
B-p" (B) 238 0.3
B-5" (C) 15 0.7
DBDO (D) nd® 8.4

2Ca-1° OH only
b Not quantified
¢ Not detected
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Figure 1. Native and LCC structures identified and quantified with NMR spectroscopy

A: B-O-4°

B: B-p°

C: B-5°

D: Dibenzodioxicin (DBDO)
UrE: Uronosil ester LCC
BE: Benzyl ether LCC

PhG: Phenylglycoside LCC
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Figure 2. 2D-HSQC NMR spectra from sugarcane bagasse and maple adsorbates
Sugarcane bagasse: blue

Maple: red
a) Expanded aliphatic region displaying the quantified signals belonging to LCC and native

lignin structures in adsorbates
b) Zoom-in of separated Cy signals: uronosil ester and acyl ester
c) Zoom-in of phenyl glycoside signals and both esterified and non-esterified glucuronic acid

moieties.
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Chapter 4. Following a hardwood protolignin through biorefinery processing

Abstract

The effects of a biological-based biorefinery process upon protolignin properties are
described in this work. Lignin preparations were procured from a hardwood’s protolignin as
well as from the resultant lignin fractions of biorefining (pretreatment-soluble (~15%) and
cellulolytic hydrolysis-insoluble (~85%)). Two protolignin preparations were produced,
representing ~50% of protolignin. Two accompanying biorefinery lignin preparations were
also obtained, with the soluble lignin preparation being higher yield (98%) than the insoluble
lignin preparation (30%). Native substructures and phenolic hydroxyls were quantified in all
preparations using various NMR techniques. Soluble lignin was found to be heavily degraded
but contained lignin-carbohydrate complexes (“LCCs”, ~11/100 aromatic rings) and p-O-4’
substructures (43/100 aromatic rings). Insoluble lignin retained few LCCs (~1/100 aromatic
rings) and some B-O-4" (24/100 aromatic rings). Incorporation of lignin characterization into
the biorefinery process’ mass balance revealed ~50% [B-O-4’ recovery, and the majority of
LCCs quantified in protolignin (3/100g o.d. raw biomass) were recovered in autohydrolyzate-
soluble lignin (2/100g o.d. raw biomass). These findings demonstrate the specific effects of

biorefining upon the studied hardwood’s protolignin.
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1. Introduction

Lignocellulosic biorefinery processes continue to warrant investigation in spite of a
general absence of implementation at the industrial scale. This is in part due to the bleak
economic prospects derived from technoeconomic analyses of hypothetical industrial-scale
biorefinery processes.’® Economic complications arise from biorefinery process’ current
dependence upon carbohydrate-derived products as the main source of revenue. A decline in
demand for cellulosic (2" generation) ethanol plus a lack of well-developed alternative
valorization pathways for carbohydrates is to blame. To overcome this financial hindrance,
focus has shifted towards upgrading non-carbohydrate biorefinery process streams into co-
products in order to generate additional revenue streams.*® It is believed that co-product
valorization will provide significant security to a given industrial biorefinery’s financial
positioning.

A prime candidate for co-product valorization is biorefinery lignin, which has
garnered interest due to its relative abundance and enticing chemical and molecular
properties. However, monetizing biorefinery lignin presents an entirely new series of
challenges to biorefinery scheming due to its significant heterogeneity. Our recent findings
were able to relate the quantity and variety of non-condensed aromatic ring structures in
hardwood lignins to the carbohydrate output of a biological biorefinery process (pretreatment
and cellulolytic hydrolysis).” Said findings demonstrated that different protolignins
subjected to identical biorefinery processing render lignin-rich process streams with varying

chemical composition (g carbohydrate and g lignin /100 g oven-dry “o.d.” raw biomass) and
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disparate molecular properties. This variability adds significant financial risk to biorefinery
investment when considering feedstock availability over prolonged time periods.

Prior to having the ability to address the effects of varying biomass feedstocks (i.e.
varying protolignins) upon biorefinery lignin valorization, it is first necessary to
systematically analyze how such biorefinery processing transforms the properties of a single
protolignin. Sweetgum (L. styraciflua) was chosen due to its exhibition of median results in
our previous cross-species work.” The process investigated is a technically feasible process
which employs sequential autohydrolysis pretreatment and mechanical refining prior to
cellulolytic hydrolysis.”® Said process ultimately yields both a soluble (minor) and an
insoluble (major) lignin stream. Until recently, complete analysis of biorefinery lignin was
hindered by the difficulty in isolating the soluble lignin fraction in pretreatment hydrolyzate
(“autohydrolyzate™) for characterization. However, our recent research effort successfully
isolated and characterized the lignin soluble in autohydrolyzate with both selectively and
strong isolation yields (~90%).%*° Apart from the portion of lignin solubilized during
pretreatment is that which remains insoluble throughout pretreatment and cellulolytic
biotransformation. This lignin fraction represents the bulk of lignin produced by the
biorefinery process, therefore its efficient utilization is imperative to maximize lignin
contribution to economics. Previous characterization of this lignin fraction indicated an
unknown extent of inter-lignin condensation. Additional characterization was not performed,
leaving room for further elucidative insoluble lignin characterization

In order to comprehensively understand the effects of biorefinery processing upon a

given biomass’ protolignin, we began with isolation and characterization of representative

99



lignin preparations from the raw hardwood biomass. With protolignin characterization in
hand, representative lignin preparations were procured from autohydrolyzate (soluble lignin)
and cellulolytic hydrolysis residue (insoluble lignin). Both biorefinery lignin preparations
were characterized, and informed comparisons were made between the properties of
protolignin and biorefinery lignins, including framing characterization results within the
process’ mass balance. All lignin preparations were characterized for preparation purity,
preparation yield (sample representativeness), inter-lignin chemical linkages, and hydroxyl
functionalities. The goal of this work is to definitively understand the properties of
biorefinery lignin fractions as they relate to a given protolignin source to assist lignin

valorization efforts.

2. Materials and methods
2.1. Raw biomass and protolignin isolation

Hardwood chips from sweetgum (Liquidambar styraciflua) were obtained from the
Tree Improvement Program at North Carolina State University (Raleigh, NC, USA). Wood
chips were milled by Wiley mill to produce woodmeal. Additional wood chips were retained
for biorefinery processing. Woodmeal and wood chips were extracted overnight in a soxhlet
extractor with 2:1 (V) benzene-ethanol solution. The quantity of extractives in woodmeal
was measured gravimetrically around extraction. Only extractive-free wood chips and
woodmeal were used for experimentation.

A planetary ball mill (Pulverisette 7 premium line, Fritsch, Germany) was used to

enable protolignin extraction. 2g of air-dried extractive-free woodmeal was added to each
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ball mill capsule in addition to nine ZrO; balls. Samples were milled at 600 rpm for 6 hrs,
with 30 minutes of instrument cool-down per 15 minutes of milling. After milling,
woodmeal was dried in a vacuum oven at 35 °C over solid P2Os until constant mass. Next,
dried woodmeal was subjected to extraction using 96% 1,4-dioxane/4% water solvent
(volume %). Solid and extract were separated using vacuum filtration and Gooch crucibles
(fine grade). Extraction was considered complete once resultant solvent filtrate reached
complete visual transparency. Next, extracted solids were oven-dried at 105 °C until
constant mass to remove residual solvent. Once dried, the material was subjected to high-
dosage (20 FPU / o0.d. g) cellulolytic hydrolysis at 50 °C. An enzyme cocktail of Cellic
CTec2 (Novozymes, Denmark) and Cellic Htec2 (1/9 volume of Ctec2) was applied in an
acetate buffer system (pH ~5). ~180 rpm of system agitation was utilized. Following 72 hr
of cellulolytic hydrolysis, remaining solids were extensively washed with deionized water to
remove free protein and buffer. Washing was considered complete once wash water filtrate
reached neutrality. Washed solids were then dried in vacuum oven as before. Dried solids
were again extracted with the same solvent and methodology as was applied for the first
extraction. Both extract solutions were evaporated by rotary evaporator (Rotavapor® R-300,
Buchi, USA), re-suspended into deionized water then frozen, and finally freeze-dried
(FreeZone 6, Labconco, USA) to produce solids. All crude protolignin extracts were stored
in vacuum oven until constant mass prior to purification or characterization. To measure
gravimetric yield of crude protolignin preparations, the mass of extracted solids relative to

the un-extracted mass was recorded (i.e. weight 10ss).
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2.2. Protolignin purification

Crude protolignin preparations were purified using a dissolution-precipitation
method. First, samples were dissolved into 90% acetic acid/10% water solution. After
complete dissolution, lignin-containing solution was precipitated drop-wise into excess
deionized water (20x). Precipitates were collected using vacuum filtration, and washed with
deionized water until wash water filtrate reached neutrality. Precipitates were allowed to air
dry, and next were stored in vacuum oven until constant mass prior to characterization. To
measure loss of preparation yield induced by purification, the mass of purified solids was

measured relative to original crude solid mass.

2.3. Biorefinery processing

Autohydrolysis pretreatment was performed upon extractive-free woodchips ina 1L
heated Parr reactor (Parr Instrument Company, USA). Pretreatment temperature was set to
180 °C with ~30 minutes of temperature ramp-up. Pretreatment lasted for 40 mins at
temperature, followed by rapid thermal quenching in an ice water bath. After sufficient
cooling, autohydrolyzed solids were separated from autohydrolyzate using vacuum filtration.
Bulk autohydrolyzate obtained was filtered again using Gooch crucibles (fine grade) to
ensure removal of suspended solids. Dually-filtered autohydrolyzates were bottled and kept
in a refrigerator at 4 °C prior to further handling. Autohydrolyzed solids were washed with
deionized water to remove residual autohydrolyzate until wash water filtrate reached
neutrality. The mass of washed solids (accounting for moisture) relative to the mass of the

original woodchips was recorded to obtain gravimetric solid yield.

102



Washed autohydrolyzed solids were next mechanically refined for 6000 revolutions
using a laboratory PFI mill. After refining, the solids were subjected to the same cellulolytic
hydrolysis protocol applied to woodmeal. After 72 hrs of incubation with enzymes, the
solids were extensively washed with deionized water to remove free protein and buffer
solution until wash water filtrate reached neutrality. The residual solids were air-dried and

then stored in vacuum oven until constant mass prior to lignin extraction.

2.4. Obtaining biorefinery lignin preparations

Autohydrolyzate-soluble lignin was obtained from autohydrolyzate using Amberlite®
XAD16N adsorptive resin (Dow Chemical Company, USA). Autohydrolyzate (free of
suspended solids) was mixed with a known amount of resin to create autohydrolyzate-to-
resin ratio of 10:1 (o.d. g resin:mL autohydrolyzate). After 30 minutes of low speed mixing,
resin and solution were separated by vacuum filtration. Adsorbate-containing resin was
subjected to water washing to remove un-adsorbed autohydrolyzate solutes. Next, methanol
was poured over the captured resin until methanol filtrate reached complete visual
transparency. Methanol consumption was ~3x the amount of starting autohydrolyzate.
Methanol solution with adsorbates was evaporated and freeze-dried in the same manner as
protolignin preparations. Solid adsorbates were kept in vacuum oven until constant mass
before characterization. To measure extent of lignin adsorption, an aliquot of
autohydrolyzate and resin-treated autohydrolyzate were reduced using sodium borohydride to

gather a lignin-only UV response. UV absorption at 280 nm was measured (Lambda XLS,
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PerkinElmer, USA), and the difference in UV response was taken as the extent of lignin
adsorption.

Dried cellulolytic hydrolysis-insoluble solids were extracted identically to protolignin
preparations. Lignin-containing solvent was then handled in the same manner as previously
noted. In addition, the preparation was purified by the same methodology used with both

protolignin preparations.

2.5. Compositional analysis

The chemical composition of woodmeal, autohydrolyzed solids, and all lignin
preparations was performed using the standard protocol provided by the National Renewable
Energy Laboratory.!* ~100 mg of carefully weighed o.d. adsorbate was subjected to 72%
(w/w) sulfuric acid digestion for 1 hr, followed by dilution to 3% (w/w) H.SO4 and autoclaving
for 1.5 hr. Per previous work, lignin from autohydrolyzate was only subject to 1 hr of 3%
H>S0O4 digestion to preserve dehydration-prone carbohydrates.!® An aliquot of acid digestate
was taken to determine acid-soluble lignin quantities spectrophotometrically and
monosaccharides by liquid chromatography. For acid-soluble lignin, UV absorbance was
measured at 205 nm, accounting for dilution. The molar absorptivity coefficient 110 L g™ cm-
! was applied to convert absorbance to concentration. For monosaccharides, an HPLC system
(Agilent 1200 series, Agilent, USA) was used. In this setup, a Shodex SP-0810 column is
utilized (8x300 mm, Showa Denko, Japan) and maintained at 80 °C. Mobile phase was Milli-
Q water, flowing 0.5 mL/min for 60 minutes per sample. A refractive index detector monitored

eluents. Before injection, acid digestate samples were neutralized to pH ~6 with CaCOs and

104



filtered through 0.2 um nylon filters. Calibration was performed with commercial standards
of glucose, xylose, galactose, mannose, and arabinose. Due to observed co-elution of mannose
and arabinose, quantification of either saccharide is reported as the sum of both. All values

represent the average of duplicate analyses, and average standard deviation was 2.3%.

2.6. Lignin preparation characterization

To estimate molecular weight of the biorefinery lignin preparations, a published
method utilizing size-exclusion chromatography (Shimadzu, Japan) calibrated to polystyrene
standards was applied.’> The system was equipped with HR1 and HR5E Styragel columns
(Waters, USA) and dual detectors, which are a SPD-20A UV/Vis and a RID-10A refractive
index. The oven maintained 35°C and the wavelength for the UV detector was set to 280 nm.
Samples were modified by acetylation prior to injection to ensure total solubility in the mobile
phase, tetrahydrofuran. Acetylation involves dissolution of lignin preparation into pyridine,
addition of excess acetic anhydride, and 72 hrs of reaction time in darkness. The acetylation
slurry was poured over deionized ice and left to settle overnight. Solid precipitate was
collected via vacuum filtration and washed excessively with deionized water. After washing,
samples were stored in a vacuum oven until constant mass. Prior to injection, the acetylated
lignins were dissolved into tetrahydrofuran at an approximate concentration of 0.5 mg
acetylated lignin per mL tetrahydrofuran and finally filtered through 0.2 um nylon filters. The
mobile phase flow rate was set to 0.7 mL/min. The calibration curve utilized for estimating
molecular weight was based on twelve polystyrene dispersions (PSS ReadyCal-Kit, Polymer

Standards Service, Germany).
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Quantification of hydroxyl groups utilizing 3P NMR was performed utilizing an
established method.*** ~40 mg of lignin sample was massed directly inside of a 5 mm NMR
tube. After dissolution and internal standard addition, 100 uL of organophosphitylating agent
(2-chloro-4,4,5,5-tetramethyl-1,2,3-dioxaphospholane; 95%, Sigma-Aldrich, USA) was
introduced and the sample immediately subjected to observation by *'P NMR. The chemical
shifts generated from organophosphitylation were recorded using a 300 MHz NMR
spectrometer at 25 °C equipped with a 5mm QNP probe (Avance, Bruker, USA).

All 2D-HSQC and *C NMR spectra were acquired at 25°C using dimethyl sulfoxide-d6
(99.9%, VWR, USA) as a solvent. The concentration of lignin in each sample was ~20% w/v.
2D-HSQC was performed first, followed by *C upon the same sample. Chromium (111)
acetylacetonate (99.99%, Sigma-Aldrich, USA) was added to the NMR tube (0.01 M)
following 2D-HSQC analysis to assist in relaxation of carbon nuclei during *C observation.
2D-HSQC NMR spectra were acquired on a 500 MHz NMR spectrometer equipped with 5
mm BBI probe with Z-axis gradient (Avance, Bruker, USA). A coupling constant (*Jc-n) of
147 Hz was applied. Quantitative 3C NMR spectra were acquired on the same 500 MHz
spectrometer with a different probe than before: 5 mm BBO probe with Z-axis gradient. An

inverse gated proton decoupling sequence was applied.

3. Results and discussion
3.1. Protolignin isolation
The isolation scheme for procurement of protolignin preparations is visualized in

Figure 1. As can be seen, two protolignin isolation techniques were employed to enable
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addressment of preparation characteristics attributable to isolation methodology. A
necessary step in protolignin isolation, planetary ball milling of lignocellulosic material
enables lignin solubility in lignin-friendly solvents through degradation of native lignin to the
point of solubility. Following milled wood lignin (*“MWL”) extraction, the remaining
insoluble material was next subjected to high-dosage cellulolytic hydrolysis to render an
additional lignin fraction extractable via carbohydrate scission.!® The newly extractable
lignin (cellulolytic enzyme lignin, “CEL”), while still having been subjected to ball milling,
bears a lessened extent of ball mill-borne degradation. For this reason, results from the two
protolignin preparations are subject to more informed characterization and discussion
compared to analysis of a single protolignin preparation isolated following multiple steps of

solubility-rendering operations.®

3.2. Raw hardwood and protolignin preparation chemical composition

Displayed in Table 1 is the chemical composition of raw hardwood alongside the
chemical compositions of each protolignin preparation. Preparation yield (or preparation’s
protolignin representativeness) was calculated based upon the gravimetric mass of each
isolate procured (g preparation/100g total raw lignin) and isolate lignin purity (wt% total
lignin). First, it can be seen that the employed ball milling time (6 hr) enabled extraction of a
38% representative MWLc preparation. This value is well over 20%, previously identified as
a benchmark yield based upon another work’s conclusion that ~20% preparations are
sufficiently representative of raw lignin (however, only based on wood and protolignin

preparation syringyl-to-guaiacyl ratio).!®* CELc preparation yield was found to be 19%, also
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in proximity to the previously described protolignin preparation benchmark. Additional ball
milling time would certainly have enabled higher preparation yield values for both MWLc
and CELc, but at the expense of additional degradation. For this reason, ball milling time
was not extended. It is possible that <6 hr of ball milling could also have satisfied the yield
benchmark, however, such experiments were un-performed based upon the observed yield
loss induced by purification.

Purification of each crude preparation was performed due to carbohydrates (either
free or chemically-attached to lignin) also being extractable by the employed lignin solvent
(96% 1,4-dioxane/4% water solvent, volume %). Separation of unbound carbohydrates
enables stronger lignin resonance on NMR spectra, of significant benefit to substructure
quantification. While the purification step was successful in lowering preparation
carbohydrate contents (MWLc: 16.2 g total carbohydrate, MWLp: 5.9¢ total
carbohydrate/100g o.d. solid), it also resulted in decreases to preparation yield. The decrease
was most pronounced for MWL (38% to 23%), but was also experienced by CEL (19% to
16%). We suspect this phenomenon to be a function of lignin-carbohydrate complexes
(“LCCs”) present in both crude preparations. It is likely that the purification methodology
resulted in some LCC-bearing lignins avoiding precipitation during the applied purification
process. To confirm this hypothesis, LCC substructure quantification was performed on both
MWLc and MWLp, due to MWLc being the most negatively affected by the employed
purification operation.

It is also important to address the extent of uncharacterized components within each

characterized solid. The amount of uncharacterized components in raw woodmeal, MWLc,
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and CELc was 14.1 wt%, 15.4 wt%, and 11.4 wt% (respectively). This value is
disappointing yet reproducible, suggesting notable quantities of components not specifically
enumerated during conventional compositional analysis. It is our hypothesis that additional
quantitation of hemicellulosic uronic acid and acetic acid substituents would result in
lowered quantities of uncharacterized components. In agreement with our hypothesis that the
aforementioned carbohydrate-linked moieties are leading to the high quantities of
uncharacterized components, it can be observed that the quantity of un-characterized
components decreased following carbohydrate-targeting purification. Specifically, the
amount of uncharacterized components in MWLp and CELp was 7.2 wt% and 3.1 wt%

(respectively), much lower than 15.4 wt% (MWLc) and 11.4 wt% (CELCc).

3.3. Quantitation of protolignin preparation hydroxyl groups

Table 2 displays the quantity and variety of hydroxyl functional groups in both
purified lignin preparations. No significant difference was observable between aliphatic
hydroxyl quantities in MWLp and CELp. In addition, the presented aliphatic hydroxyl
quantities are inflated by the presence of carbohydrates in the purified preparations. For this
reason, Table 2 also contains aliphatic hydroxyl quantities in units of mmol/g solid, in
acknowledgement of carbohydrate infiltration. It can be speculated that carbohydrates
remaining in purified protolignin preparations (MWLp: 5.9 wt% total carbohydrate; CELp:
6.5 wt% total carbohydrate) are directly or indirectly linked to lignin through LCC
substructures. This speculation will be evaluated through substructure quantification with

NMR.
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Concerning phenolic hydroxyls, it is first important to explain the logic behind the
labels listed for each type of phenolic hydroxyl. The chemical shift of organophosphoryl-
derivatized phenolic hydroxyls is most affected by adjacent substituents (aromatic C3 or C5).
It was recently concluded that the spectral region pertaining to syringyl (“S”) phenolic
hydroxyls, which feature dual methoxyl groups, can also contain chemical shifts produced
from condensed guaiacyl (“G”) phenolic hydroxyls.}* Condensed G lignin structures feature
dual substitution as well, however, the substituents are one methoxyl group and one carbon-
carbon bond. For this reason, phenolic hydroxyls are reported based upon the defining
characteristics of their chemical shift range, i.e. bonding at aromatic C3 and C5.

The most notable difference between MWLp and CELp is the difference in total
phenolic hydroxyl groups, measured as 1.8 and 1.1 mmol/g total lignin for MWLp and
CELp, respectively. Phenolic hydroxyl groups are generally produced through degradation
of native ether-containing substructures, in addition to those formed during biosynthesis. In
agreement with previous discussion concerning the degradative effects of ball milling,
MWLp features ~40% more phenolic hydroxyl groups compared to CELp. This supports
previous discussion around the extent of ball mill-induced degradation within the MWL
preparation versus the CEL preparation. Nevertheless, the amounts of phenolic hydroxyls

measured in CELp are also likely artifacts of ball milling.

3.4. Native substructure quantification with combined 2D-HSQC and *C NMR analysis
Native substructures were identified with 2D-HSQC and quantified utilizing both 2D-

HSQC and 3C NMR spectra from the protolignin preparations, as described in other
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publications.*”*® Within the quantification method, signals separated by the 2D-HSQC
observation are individually integrated and interconverted into *3C base units of #/100
aromatic rings (#/100 Ar). Table 3 is a list of 2D-HSQC chemical shifts related to individual
positions within native lignin substructures, as well as those produced by aromatic ring
structures. Chemical shifts were identified from reputable publications concerning
substructure chemical shift elucidation and substructure quantification.!8-22

Figure 2 displays the 2D-HSQC (with substructure identification) and *C spectra
obtained from MWLp and CELp. Most substructures denoted in Table 3 were identifiable,
with the exception of LCC structures and hemicellulosic uronic acids (non-esterified and
esterified). The absence of these signals is in agreement with previously speculated LCC
removal during the applied purification protocol. For this reason, MWLc 2D-HSQC and *3C
were also acquired to confirm speculation about LCC’s fate around purification. The
absence of significant LCC resonance from MWLp and CELp suggests the majority of
carbohydrates quantified in either preparation (~6 g total carbohydrate/100 g o.d. solid) are
indirectly bound to lignin through a minor amount of LCC substructures, which fail to
strongly resonate with 500 MHz NMR due to inherently low quantities.
Figure 3 displays LCC signal-containing regions from 2D-HSQC spectra, with MWLc
signals overlaid upon MWLp. All three LCC substructures not distinctively resonating on
MWLp 2D-HSQC spectra are more distinguishable on the 2D-HSQC spectra acquired from
MWLc. It is important to note that the signal resonating at 6c/61 81.2/5.13 is known to be an
overlapped signal containing resonance from Ca of spirodienone substructures and Ca of

benzyl ether LCCs with attachment to secondary hydroxyls of carbohydrate.*® Due to this
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overlap, the signal was also visible in MWLp spectra due to the presence of spirodienones.
To account for the overlap, spirodienone substructures must be quantified using resonance
from Cp, allowing the aforementioned benzyl ether LCC substructures to be semi-quantified
using the overlapped signal integral minus the spirodienone Cf resonance integral. In
conclusion, the presence of LCC signals in MWLc supports the hypothesis that the
purification methodology utilized resulted in inadvertent LCC removal, resulting in
preparation yield loss. This conclusion was also drawn in another work which sought to
maximize protolignin characterization using protolignin preparations.*® To obtain

protolignin LCC quantities, quantification was also performed upon MWLc.

3.5. Native substructure quantification using combined 2D-HSQC and *3C spectra

The following equation was used for quantification of lignin substructures:

X 2D, 13C;s

= 600
100 Ar 2Dy * 13C163-103 )

where X is the substructure being quantified, 2Dy is the integral of the 2D-HSQC signal used
for structural quantification, IS the integral cluster or region for 2D-HSQC and 3C
(respectively), ¥Cigs-103 is the integral of the aromatic region of C spectra, and 600 is
derived from 600 aromatic carbons per 100 aromatic rings. Computed values are viewed as
the quantity/percentage of substructures per lignin unit. Unless otherwise noted in
discussion, Ca substructure signals are integrated for quantitation. In addition, non-

condensed S/G ratio was measured utilizing the following equation:
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2DS(2,6)+2D

(
S/G: 2

s’(z,s))

where 2Ds or c denotes the aromatic signals integrated for evaluation of the ratio between S
and G aromatic ring structures. Finally, substructure quantities denoted as not detected (nd)
failed to distinctively resonate in separated fashion at any spectral contour. For the
substructures labeled as not quantified (ng), their computed values were less than 0.5/100 Ar.
All integrals relating in substructure values of <0.5/100 Ar were rejected based upon
instrument insensitivity. While the 500 MHz NMR used for this work is powerful, we do not
feel able to accurately quantify structures whose signal integrals are so minor, especially
considering that analysis was not performed in duplicate. In addition, reported substructure
quantities have been rounded to the ones place to reflect this. Quantitation of non-condensed
S/G and native substructures is shown in Table 4.

Substructure quantification in protolignin preparations revealed several
distinguishable differences between protolignin preparations attributable to differences in
procurement. First, it can be seen that purification of MWLc mostly resulted in losses to
uronosil ester LCC substructures, as well as preparation non-condensed S/G. This confirms
prior discussion regarding the loss of preparation yield associated with the applied
purification methodology. The decrease in non-condensed S/G (MWLc: 2.7; MWLp: 2.0)
also indicates that the (predominantly uronosil ester) LCCs removed through purification are
associated with S lignin structures. This finding is significant in that it attributes uronosil
ester LCC substructures to a specific monolignol constituent (S). Surprisingly, total p-O-4’

abundance was found to not differ between MWLc and MWLp, suggesting that removal of
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LCC structures does not result in significant re-distribution of 3-O-4’ structures, despite the
loss in preparation yield. Minor native substructures (B-p’, B-5’, spirodienone) were each
slightly higher following purification, confirming that the carbohydrate-removing
purification did indeed render MWLp with higher protolignin representativeness, based upon
elevated native substructure quantities.

Comparing MWLp to CELp, first it can be seen that the non-condensed S/G of CELp
is the same value as was represented in MWLc. This indicates that CELp is more
representative of protolignin non-condensed S/G. Next, p-O-4’ abundance was much higher
in CELp compared to either MWL preparation. This is in agreement with previous
discussion concerning the extent of ball milling degradation imparted upon each respective
lignin preparation. Clearly, ball milling exerts great influence upon p-O-4’ abundance.
However, as noted before, the increased -O-4’ values in CELp are still likely
underestimations of their abundance in protolignin due to the application of planetary ball
milling. Regardless, the results prove that independently isolated CEL preparations are more
representative of protolignin B-O-4’ content compared to MWL preparations. Beyond B-O-

4’, no significant difference in substructure abundance could be observed.

3.6. Autohydrolysis mass balance of sweetgum’s chemical components

Autohydrolysis is recognized as a favorable pretreatment for biorefinery processing
due to its low-cost implementation and enabling effects upon downstream cellulolytic
saccharification.”® 2324 The lignocellulose constituent most affected by the water-only

pretreatment is hemicellulose, in addition to a portion of lignin. At elevated temperatures,
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cleavage of labile hemicellulosic acetyl substituents is incited, doping the starting water with
acetic acid to create a mildly acidic medium. The ensuing mildly acidic solution facilitates
hydrolysis of hemicellulosic glycosidic bonds. Native ether- and ester-containing lignin
substructures are also subject to hydrolysis (ether hydrolysis commonly referred to as
acidolysis®>2%), depending on pretreatment severity. The autohydrolysis conditions utilized
(180 °C, 40 min, 10:1 liquid:solid) are seen as moderate based upon works focusing upon
time-temperature relationship of biomass and autohydrolysis outcome.?® 2-28 Additionally,
these conditions enabled high cellulolytic saccharification yields at low enzyme dosages (5
FPU/o.d. g solid), the focus of a previous work.” Table 5 contains the chemical compositions
of raw sweetgum woodmeal (from Table 1), the resultant residue from autohydrolysis, and
quantities of both soluble sugars and lignin in autohydrolyzate.

Results from Table 5 demonstrate that hydrolysis of hemicellulosic carbohydrates
(mostly xylan) is greatly induced by autohydrolysis pretreatment (raw: 15.7 g xylan; residue:
3.7 g xylan/100g o.d. raw biomass). In addition, a minor portion of lignin is rendered
soluble, found to be 3.8g soluble lignin/100g o.d. raw biomass, or ~15 wt% of total raw
lignin. As mentioned previously, the majority of the investigated biorefinery’s lignin
remains solid throughout biorefinery processing, yet a minor fraction is rendered soluble in
autohydrolyzate. To understand lignin’s properties in both autohydrolyzate and post-
enzymatic hydrolysis residue, two lignin preparations were procured- one from
autohydrolyzate and the other from the solid residue remaining after cellulolytic hydrolysis.

Both biorefinery lignin isolation protocols are graphically displayed in Figure 4.
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3.7. Isolation of biorefinery lignin fractions

Autohydrolyzate-soluble lignin (~15 wt% total raw lignin) was selectively
adsorbed utilizing an aromatic-selective resin, Amberlite® XAD16N. This resin engages
hydrophobic solutes in aqueous medium through n-n’ and van der Waal’s intermolecular
forces. Said intermolecular interactions enable a selective separation methodology that
renders adsorbates free from unbound mono- and oligosaccharides. Development of the
adsorption protocol and characterization of lignin adsorbates obtained from different
biomasses is the focus of a previous work'?, intended to obtain representative
autohydrolyzate-soluble lignin preparations for characterization. For this work, the same
adsorption protocol and yield determination methodology are applied to sweetgum
autohydrolyzate. Lignin adsorbate is appropriately labeled as “XADL”, reflecting its mode
of isolation.

Autohydrolyzed solids (containing ~85 wt% total raw lignin) were subjected to
further biorefinery processing to produce biorefinery residual solids (insoluble material from
sequential pretreatment and cellulolytic hydrolysis). A key difference between the
biorefinery processing applied in this work and that which is described in our previous work’
is a pronounced increase in cellulase cocktail dosage (20 FPU vs. 5 FPU/o0.d. g solid). The
reasoning behind the enzyme charge adjustment was to create an extractable lignin fraction
that can be treated as a CEL preparation. For this reason, lignin preparations from
cellulolytic hydrolysis residues are labeled as “AHCEL”. Chemical composition of XADL
and AHCEL lignin preparations, as well as preparation yields, are displayed in Table 6 and

Table 7.
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The first item to address is the approach towards quantifying soluble lignin isolation
through adsorption to XAD16N resin (Table 6). Reduction of autohydrolyzate solutes with
borohydride (NaBH4) enables acquisition of a lignin-only UV response at 280 nm. This is
made possible by reduction of UV-active furan aldehydes in autohydrolyzate to UV-silent
furan alcohols, leaving the remaining absorbance attributable to lignin. This technique was
proven successful in another work which monitored lignin and furan aldehyde quantities in a
similar solution.?® From the results shown in Table 6, significant lignin adsorption occurred,
rendering nearly lignin-free autohydrolyzate. This means the autohydrolyzate-soluble lignin
preparation (XADL) possesses almost complete representativeness. Continuing to Table 7, it
can be seen that the chemical composition of XADL is remarkably carbohydrate-enriched
(47.2 g xylan, 57.1 g total carbohydrate/100g o.d. solid adsorbate). This result is in
agreement with our previous work observing carbohydrate-enrichment in XAD16N
adsorbates from autohydrolyzate. The conclusion of said work revealed carbohydrate
enrichment to be a function of high quantities of LCC substructures. Similar abundancy of
LCC substructures is expected to be quantifiable in the autohydrolyzate-soluble lignin
preparation generated in this effort. Also, the amount of uncharacterized components in
XADL (14.09/100g o.d. solid adsorbate) suggests notable quantities of quantitation-eluding
hemicellulosic substituents are present within the adsorbate. This is consistent with previous
observation and discussion around the extent of unidentified chemical components in
protolignin preparations.

The approach to quantifying preparation yield from residual solid biorefinery lignin is

the same as it was for protolignin preparation procurement. Unlike protolignin preparations
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which have been subjected to planetary ball milling, the solids which AHCEL is procured
from have only undergone biorefinery processing. Because of this, the obtained lignin
preparations are solely representative of changes induced to lignin from biorefining.
AHCEL preparation yields were determined using the amount of lignin in starting
autohydrolyzed solids (21.4 g/100g o.d. solid) and the preparation’s gravimetric yield, with
correction for carbohydrates. We have assumed that the quantity of lignin in autohydrolyzed
solids remains constant throughout mechanical refining and cellulolytic hydrolysis.
Preparation yields of AHCELc and AHCELp were found to be 34% and 30% (respectively)
of autohydrolysis-insoluble lignin. As with CELp, only minimal yield loss was observable
during AHCEL purification (4%). For this reason, AHCELp is the only AHCEL preparation
subject to characterization. Unfortunately, there is currently no published research aimed at
relating preparation yield from pretreated material to preparation representativeness.
Because of this, the large amount of un-extractable lignin (~65% of autohydrolyzed solid
lignin) necessitates future work to maximize preparation yield from autohydrolyzed solid
lignin. However, this is likely only achievable through implementation of degradative
planetary ball milling or mild acidolysis to produce enzyme mild acidolysis lignin
preparations (“EMAL”).331 Concerning AHCEL chemical compositions, the high total
lignin content of AHCELc and AHCELp (82.7 & 90.4 wt% total lignin) are the result of the
material having undergone hemicellulose-affecting pretreatment and cellulolytic hydrolysis.
For this reason, a quantifiable presence of LCC substructures is not expected. Finally,

accompanying purification is the observation of decreasing amounts of uncharacterized
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components (AHCELc: 6.0% unidentified; AHCELp: 3.1% unidentified). This observation

is congruent with similar observations made during protolignin preparation purification.

3.8. Hydroxyl group quantitation and molecular weight estimation of biorefinery lignin
preparations

Table 8 displays the quantities of hydroxyl functional groups measured in both
biorefinery lignin fractions and approximate molecular mass of each. First, it can be seen
that the amount of aliphatic hydroxyls significantly varies between XADL and AHCELp. As
discussed during protolignin preparation hydroxyl quantification, XADL’s carbohydrate
content (57.1 g total carbohydrate/100g o0.d. adsorbate) exerts strong influence on the
quantity of aliphatic hydroxyl groups measured (28.5 mmol/g total lignin in adsorbate).
When quantification is re-computed in terms of mmol per g solid, aliphatic hydroxyl
quantities in XADL drastically decrease, attributable to the preparation’s relatively low lignin
content (28.9 g/100g o.d. adsorbate). Such computation has only a minor effect on AHCELp
aliphatic hydroxyl quantities due to its minimal carbohydrate constitution (6.5 g total
carbohydrate/100g o.d. solid). Comparing phenolic hydroxyl groups, XADL possesses
~40% more phenolic hydroxyls than AHCELp. Because formation of phenolic hydroxyl
groups is associated with native substructure acidolysis, the magnitude of phenolic hydroxyls
measured in XADL suggests that autohydrolyzate-soluble lignin is significantly more
degraded than the lignin that remains insoluble throughout biorefinery processing. However,
the lower phenolic hydroxyl quantities in AHCELp are not a full assessment of residual solid

lignin’s phenolic functionality. This is because said preparation represents 30% of the
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original autohydrolyzed lignin. It is possible that the un-extractable lignin possesses more
phenolic functionality, but it was not isolatable by the applied methodology. Possible
explanations for non-extractability could be minimal substructure degradation induced by
autohydrolysis, inter-lignin condensation induced by autohydrolysis, or most likely, a
combination of both. Regarding phenolic hydroxyl profiles, both preparations are dominated
by C3 & C5 bound phenolic hydroxyls. As mentioned earlier, this can only be taken to
indicate that the most abundant phenolic hydroxyl group in either preparation hails from both
S lignin structures and condensed G lignin structures. However, measurement of non-
condensed S/G by NMR should enable some differentiation between which phenolic
functionality is more prominent in either biorefinery lignin preparation.

Molecular mass was only estimated for biorefinery lignin preparations because
protolignin preparation molecular masses are exclusively a function of isolation
methodology. However, as stated, biorefinery lignin preparations are solely altered by
biorefinery processing itself. This enables informative evaluation of the molecular mass for
considering the extent of molecular degradation. Prior to discussion, however, it is
important to address the language used around the molecular mass estimation method
applied, specifically the word “estimation”. The size-exclusion chromatograph utilized in
this work requires sample derivatization (hydroxyl acetylation) to enable mobile phase
(tetrahydrofuran) solubility, resulting in derivatized molecules that are of higher mass
compared to the originals. Secondly, the instrument is calibrated to polystyrene standards.
While polystyrene does bear aromatic moieties akin to lignin, it is otherwise decidedly non-

lignin when factoring in its linearity and homogeneity. Therefore usage of polystyrene as a
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calibration standard can be appropriately challenged. These two reasons cause us to address
the molecular mass values measured as estimates, and the resulting molecular mass values
have been rounded to the hundreds place to reflect estimation.

The approximate molecular mass of biorefinery lignin preparations is also included in
Table 9. The low molecular mass estimated for XADL (Mwn: 400, Mwu: 800 g/mol) agrees
with previous discussion around its extent of degradation. In combination with phenolic
hydroxyl quantities, it is clear that XADL (98% representative) is a strongly degraded lignin
fraction that mostly exists in the form of dimers, trimers, and minor oligomers. Of great
significance, monomeric lignin fragments were found to only comprise ~1-2% of
autohydrolyzate-soluble lignin in our previous work.*> For AHCELYp, its molecular mass
(Mwi: 1600, Mwy,: 8700) is estimated to be much higher than XADL. As discussed, the
estimated mass of AHCELp does not sufficiently embody the original lignin’s molecular
mass (~30% representative). However, this data point does provide a “high water mark” for
residual lignin’s molecular mass, meaning that the un-extractable lignin (~70%) can be
considered to have Mwy, of > 8700 g/mol. This also indicates that the un-extracted lignin is
largely in-tact, or it contains notable amounts of condensed lignin structures (molecular mass

magnifiers). As before, it is most likely a combination of both aforementioned possibilities.

3.9. Native substructure quantification in biorefinery lignin preparations using 2D-
HSQC and 3C NMR
Figure 5 displays the substructure-labeled 2D-HSQC spectra (with 3C spectra

embedded) of both biorefinery lignin preparations, and Table 9 contains substructure
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quantification. Structural identification and quantification was performed in an identical
manner to protolignin substructure quantification. Greater differences can be visualized
when comparing spectra from both biorefinery lignin preparations. First, several signals
attributable to carbohydrates are only visible in XADL 2D-HSQC spectra.?? These signals
heavy presence in XADL and absence from AHCELp is best explained by the carbohydrate
content of each respective biorefinery lignin preparation. Next, most substructure signals
from XADL are at a slightly difference chemical shift than those in AHCELp. The low
molecular mass and relatively low polydispersity of XADL (compared to AHCELp) best
explains the observable chemical shift differences. LCC substructures are distinctively
resonating on XADL 2D-HSQC spectra, however, they were found at lower contours than
what is displayed in Figure 5. Additional variation between XADL and AHCELp is best
explained by quantification of substructure abundance and non-condensed S/G ratios, Table
0.

The non-condensed S/G ratios of XADL and AHCELp were found to be 6.8 and 3.4
(respectively), indicating that the high quantities of C3 & C5 bound phenolic hydroxyls in
both preparations are mostly associated with S aromatic structures. One can also visually
interpret this result, based on the strong S aromatic signal resonance versus puny G
resonance. The quantified non-condensed S/G values indicate preferential reactivity of S
structures during autohydrolysis or loss of G structures through inter-lignin condensation
reactions. Both of the aforementioned possibilities induce higher S/G. The higher non-
condensed S/G of XADL versus AHCELp does indicate that S structures are subject to the

greatest amount of autohydrolysis-induced degradation when considering previous data
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establishing XADL to be the more degraded biorefinery lignin fraction (in terms of
molecular mass & phenolic functionality). Our suggested preferential S reactivity is in
conflict with a conclusion drawn by Matsumoto et al?®, which suggested that S lignin is more
resistant to acidolysis than G lignin based on model compound studies. Importantly, said
work does draw a caveat that many other factors control lignin lability during acidolysis.
Concerning other lability factors, it seems native uronosil ester LCC substructures are
associated with S lignin units (Table 4). The strong presence of uronosil esters in XADL
(8/100 Ar) could potentially explain XADL’s high S/G ratio (6.8).

LCC substructures are clearly contributors to XADL solubility in autohydrolyzate
(~11 total LCC/100 Ar). Support for this claim can be found in the significantly greater
amount of total p-O-4" substructures in XADL (43/100 Ar) versus AHCELp (24/100 Ar).
Pronounced B-O-4’ abundancy in XADL suggests p-O-4’ degradation resulting in lowered
lignin molecular mass is not the only reason for lignin solubility.®*-* Instead, it appears that
degraded lignin’s chemical connectivity to polar carbohydrates also contributes, resulting in a
soluble lignin portion that is largely non-monomeric® yet sufficiently hydrophilic. This
conclusions was also drawn in our previous work characterizing autohydrolyzate-soluble
lignin.’® For AHCELp, lowered B-O-4’ abundance does indicate that acidolysis has
occurred, in agreement with XADL’s high phenolic functionality and lowered molecular
mass. Apart from LCC and B-O-4’ contents, it was found that spirodienone structures do not
survive autohydrolysis due to absence of substructural resonance in both biorefinery lignin
preparations. No other significant difference between XADL and AHCELp substructure

quantities was identifiable.
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3.10 Biorefinery mass balance of lignin characteristics

A summative dataset regarding the flow of different lignin properties around a
biorefinery’s mass balance is shown in Table 10, with all units defined per 100g of o.d. raw
biomass. The intent behind compilation of such a table was to track the flow of lignin
characteristics described in this work throughout the investigated biorefinery process. Values
were formulated using preparation yield and yield’s relation to lignin quantities per 100g of
0.d. raw biomass. The unit weight of sweetgum lignin was assumed to be 200g/Cg unit, to
enable conversion of NMR data (#/100 Ar) to units per 100g o.d. raw biomass.

Total phenolic hydroxyl quantities obtained from the biorefinery lignin preparations
were found to be ~40 mmol/100g o.d. raw biomass. This is evidence of significant
substructure degradation having occurred during autohydrolysis. As discussed before, the
amount of phenolic hydroxyls in protolignin preparations (~14 mmol/100g o.d. raw biomass
(MWLp + CELp)) are mostly attributable to planetary ball milling. It can be seen from these
results that autohydrolysis induces significantly more chemical degradation in lignin than
planetary ball milling. As previously bemoaned, it will be necessary to isolate additional
lignin fractions from cellulolytic hydrolysis residue to understand total phenolic functionality
of cellulolytic hydrolysis-insoluble residue. However, the possible isolation steps that may
render additional lignin extractability will inherently produce phenolic hydroxyl groups not
generated exclusively by the biorefinery process.

Before discussion, it is important to note that values present (per 100g o.d. raw
biomass) are mostly a function of preparation yield. This must be considered before

claiming definitive conclusions about the entirety of protolignin or biorefinery insoluble
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lignin. Absolute quantities of non-condensed S and G units were derived from each lignin
preparation’s S/G ratio. The protolignin preparations were found to contain 50 mmol non-
condensed S units (MWLc + CELp), translating to ~65-75% non-condensed S structures.
The sum of non-condensed S structures quantified in biorefinery lignin preparations was
found to be 16 (XADL) and 25 (AHCELp) mmol/100g o.d. raw biomass. These summate to
41 mmol/100g o.d. raw biomass, or ~82% recovery of quantified non-condensed S structures.
This suggests only minor acidolysis of S units, however this cannot be definitively claimed
based upon the limited yields of all lignin preparations (with the exception of XADL).
Differently, the sum of G structures quantified in biorefinery lignin preparations was only 9
mmol/100g o.d. raw biomass, or ~50% of the amount quantified in protolignin preparations
(18 mmol/100g o.d. raw biomass (MWLc + CELp). The notable loss of G abundance in
biorefinery lignin preparations indicates loss of these structures through inter-lignin
condensation is indeed occurring. This is likely contributing to the restriction of extractable
lignin from cellulolytic hydrolysis residue. To understand the exact extent of inter-lignin
condensation, it will be necessary to quantify the absolute total amount of non-condensed
lignin structures in raw sweetgum, autohydrolyzate-soluble lignin, and cellulolytic residue
(not using lignin preparations). Our previous work’ performed nitrobenzene oxidation
(destructive quantification of non-condensed lignin structures) upon wood and cellulolytic
hydrolysis residue, and the results also suggested inter-lignin condensation. Future work
must seek to incorporate quantitation of non-condensed lignin structures in autohydrolyzate-
soluble lignin (XADL went previously un-isolated) into a mass balance similar to what is

presented in Table 10. From this, it will be possible to precisely enumerate the extent of
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inter-lignin condensation around G (major) and S (minor) aromatic structures that is induced
by autohydrolysis.

B-O-4’ substructures are lost during autohydrolysis, however, not as significantly as
predicted. The amounts measured in MWLc + CELp come to 30 $-O-4’/100 g o.d. raw
biomass, but only represent ~54% of protolignin. To our surprise, the amount of 3-O-4’
recovered in XADL (8 p-0O-4’/100g o.d. raw biomass) is nearly a third of that. The same
amount can be found in AHCELp, summating to 16 3-O-4’/100g o0.d. raw biomass recovered
in biorefinery lignin preparations. This indicates roughly half of the original 3-O-4’
substructures quantified could be recovered after autohydrolysis. It is likely that additional
unreacted B-O-4" exists in the un-extractable part of protolignin and cellulolytic hydrolysis
residue. However, un-extractable 3-O-4’ substructures in cellulolytic hydrolysis residue may
be condensed to other lignin aromatic rings at the Ca position, as inter-lignin condensation
around reactive benzylic carbocations does not result in loss of B-O-4’ substructures. The
only structural loss during inter-lignin condensation is aliphatic hydroxyl groups, replaced by
carbon-carbon bonds. Finally, the amount of LCC structures in protolignin preparations was
not very high, ~3/100g o.d. raw biomass. Despite this amount being minimal, the majority of
what was quantified in protolignin was recovered in XADL (~2/100g o.d. raw biomass). As
previously mentioned, chemically-attached carbohydrates are likely solubility-promoters for

the autohydrolyzate-soluble portion of sweetgum lignin.
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4. Conclusions

Protolignin preparations were prepared from (hardwood) sweetgum with total
protolignin representativeness of ~54%. From these preparations, the quantities of phenolic
functionalities and native substructures was determined. Purification of the MWL
preparation resulted in quantifiable loss of LCC substructures. The lost substructures were
located in the original crude MWL, mostly as uronosil esters associated with syringyl lignin
structures. Subjection of sweetgum to biorefinery processing rendered ~15% of its lignin
soluble in autohydrolyzate, with the remainder insoluble throughout the process. A highly
representative autohydrolyzate preparation was procured (98% representativeness), which
was found to contain high amounts of directly and indirectly chemically-bound
carbohydrates, as well as native substructures. About a third of the insoluble lignin could be
isolated as a CEL preparation, and was found to contain lower -O-4" character than
autohydrolyzate-soluble lignin. After incorporation of lignin preparation characterization
into the investigated biorefinery process’ mass balance, it was found that ~50% of the
originally quantified 3-O-4’ substructures were recovered in biorefinery lignin preparations.
The sum of this effort demonstrates the properties to expect from hardwood biorefinery
lignin when developing valorization methods for either autohydrolyzate-soluble lignin or

cellulolytic hydrolysis residual lignin.
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TABLES

Table 1. Chemical composition and isolation yields of raw sweetgum and protolignin
reparations (g/100g o.d. solid)

Protolignin Milled wood lignin Cellulolytic enzyme
Raw (“MWL") lignin (“CEL”)
Chemical woodmeal Crude Purified Crude Purified
component (MWLc) | (MWLp) (CELc) (CELp)
Glucan 40.2 2.7 2.0 4.3 2.5
Xylan 15.7 7.2 1.2 4.0 1.3
Galactan 0.8 2.0 0.8 3.6 1.1
Arabinan + Mannan? 2.2 4.3 1.9 3.2 1.6
Total carbohydrate 58.9 16.2 5.9 15.1 6.5
Acid-insoluble lignin 21.5 67.7 86.6 70.1 90.1
Acid-soluble lignin 3.7 0.7 0.3 3.2 0.3
Total lignin 25.2 68.4 86.9 73.3 90.4
Extractives® 1.2 - - - -
Ash 0.6 nd® nd 0.2 nd
Uncharacterized 14.1 154 7.2 11.4 3.1
Gravimetric solid yield® - 55.2+25|270+0.6 | 254+22 | 18.3+0.3
Protolignin prgpazatlon ) 38% 93%% 19% 16%
percent yield

& Co-eluting monosaccharides
b Measured gravimetrically and removed prior to further experimentation
¢g isolate / 100g total raw lignin
dwt% of total raw lignin, based on gravimetric yield and corrected for carbohydrate content

¢ Not detected
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Table 2. Sweetgum protolignin preparation hydroxyl group abundancies

Protolignin
preparation
MW.Lp CELp

Hydroxyl groups?
Aliphatic OH 7.2+0.3,59°|75+0.2, 6.5
C3 & C5 bound phenolic OH 09+0.1 0.5+0.0
C3 or C5 unbound phenolic OH 0.7+0.0 05+0.0
C3 & C5 unbound phenolic OH 0.2+0.0 0.1+£0.0
Total phenolic OH 1.8 1.1

mmol/g total lignin in solid
b mmol/g solid

Table 3. 2D-HSQC signal assignments for lignin substructures and aromatic rings

Label dc/OH Assignment
Cp 53.1/3.49 Cs-Hp of phenylcoumaran substructures (C)
Bg 53.7/3.05 Cg-Hg of resinol substructures (B)
-OCHjs 55.9/3.73 C-H of methoxyls
A, 59.6-60.8/3.37-3.72 C,-H, of 5-O-4 substructures(A)
Dp 59.8/2.78 Cp-Hg of spirodienone substructures (D)
Acyl, 61.6/4.08 C,-H, of Cy acylated side chains
UrE, 63.1/4.28 C,-H, of uronosil ester LCC (UrE)
B, 71.3/4.18 C,-H, of resinol substructures (B)
Aa 72.6/5.00 Ca-Ha of -O-4 substructures (A)
BE. 81.1/4.54 Co-H, of benzyl eth(e;E(EEI)mary alcohol) LCC
BE.., 81.1/5.13 Co-H of benzyl ethe(rl'3 (éeé(i())ndary alcohol) LCC
D. 81.1/5.13 Cq-H,, of spirodienone substructures (D)
Ag GIH) 82.5/4.27 Cp-Hp of p-O-4 substructures linked to G unit (A)
A, 83.1/5.25 Ca-Ha of -O-4 substructures with a carbonyl (A”)
Ba 84.9/4.69 Ca-Ha of resinol substructures (B)

As s 86.0/4.11 Cs-Hgpof p-O-4 substructures linked to S unit (A)
Ca 86.8/5.49 Ca-Ha of phenylcoumaran substructures (C)
GlcA: 97.2/5.18 C, of non-esterified 4-O-methylglucuruonic acid

EGIcA; 98.9/4.70 C; of esterified 4-O-methylglucuruonic acid
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Table 3 (continued)

PhG:1 100'0'205’60/ 4.89- C1 of phenyl glycoside LCC (PhG)
S26 104.1/6.74 C26-H26 in etherified syringyl units (S)
S'26 106.6/7.32 C26-H26 in syringyl units with Ca=0 groups (S')
G2 110.3/6.91 C2-H; in guaiacyl units (G)
Gs 114.4/6.72 Cs-Hs in guaiacyl units (G)
G's 118.7/7.33 Cs-Hs in guaiacyl units with C,=0 groups (G')
Gs 119.0/6.82 Ce-He in guaiacyl units (G)
H26 127.8/7.22 C26-H26 in p-hydroxyphenyl units (H)

Table 4. Native substructure quantities for sweetgum protolignin preparations (#/100

Ar)
Substructure MWLc | MWLp | CELp

Non-condensed S/G 2.7 2.0 2.7

B-O-4’ (A) 40 39 47

B-O-4’ with Ca carbonyl (A’) 1 2 1
Total B-O-4’ (A + A’) 41 41 48

B-p’ (B) 4 5 4

B-5’ (C) 2 3 3

Spirodienone (D) ng° 2 2

Cy acyl (Acyly) 1 1 1

Uronosil ester (UrE) 5 1 1

Benzyl ether, 1° OH (BE1°) 1 nd® nd

LCC | Benzyl ether, 2° OH? (BE2°) nq nd nd
Phenyl glycoside (PhG) ng ng ng

Total LCC ~6 ~1 ~1

& Semi-quantitative
b Not quantified
¢ Not detected
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Table 5. Raw and autohydrolyzed sweetgum chemical composition, autohydrolyzate

carbohydrate and lignin concentrations (g/100g o0.d. raw biomass)

. Autohydrolyzed
Chemical component | Raw Solid Liquid
Glucan 40.2 | 37.5 2.3
Xylan 15.7 | 3.7 10.4
Galactan 08 | nd 0.5
Arabinan + Mannan® | 2.2 | 1.6 0.5
Total carbohydrate | 58.9 | 42.8 13.7
Acid-insoluble lignin | 21.5 | 20.3 -
Acid-soluble lignin | 3.7 | 1.1 -
Total lignin 25.2 | 21.4 | 3.8% 15.1%°
Extractives® 1.2 - -
Ash 06 | 0.1 -
Uncharacterized 141 ] 3.3 -

& Co-eluting monosaccharides

b Removed prior to autohydrolysis

¢ Back-calculated
4 wt% of total raw lignin

Table 6. Autohydrolyzate-soluble lignin (XADL) adsorption yield

Soluble lignin abundance

3.8 g/100g 0.d. raw biomass

Reduced autohydrolyzate UV response 43+ 0 AU at 280 nm

Reduced post-adsorption
autohydrolyzate UV response

1+0AUat 280 nm

Soluble lignin adsorption yield

98% of AU,
3.7 g/100g 0.d. raw biomass
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Table 7. Chemical composition of XADL and AHCEL preparations (g/100g o.d. solid),
AHCEL preparation yields

Biorefinery lignin
preparation

XADL | AHCELc | AHCELp
Chemical component
Glucan 3.5 3.1 2.5
Xylan 47.2 2.3 13
Galactan 0.7 3.5 1.1
Arabinan + Mannan? 5.7 2.2 1.6
Total carbohydrate 57.1 11.1 6.5
Acid-insoluble lignin 7.1 80.8 90.1
Acid-soluble lignin 21.8 1.9 0.3
Total lignin 28.9 82.7 90.4
Ash nd 0.2 nd
Uncharacterized 14.0 6.0 3.1
Gravimetric solid percent yield® - 41.0+£05|326%0.1
Preparation percent yield 98%° 34%° 30%

2 Co-eluting monosaccharides
b g isolate/100g total lignin in autohydrolyzed solids

¢ From Table 6, calculable from loss in autohydrolyzate-soluble lignin UV response after

adsorption

4 wt% of total lignin in autohydrolyzed solids, based on gravimetric yield and corrected for

carbohydrate content
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Table 8. Sweetgum biorefinery lignin preparations hydroxyl group quantities and

approximate molecular masses

Biorefinery lignin
preparation
XADL AHCELp
Hydroxyl groups?
Aliphatic OH 285+ 1.0,8.3° 41+0.3,3.8°
C3 & C5 bound phenolic OH 3.7+£0.3 22+0.1
C3 or C5 unbound phenolic OH 1.2+0.0 0.7+0.0
C3 & C5 unbound phenolic OH 04+0.0 0.1+0.0
Total phenolic OH 5.3 3.0
Mw,® | Mwyw? | PDI® | MW, | Mwy, | PDI
Molecular mass (g/mol) 400 | 800 | 2.0 | 1600 | 8700 | 5.4

mmol/g total lignin in solid

® mmol/g solid

¢ Number averaged molecular mass
dWeight averaged molecular mass
¢ Polydispersity index (Mwu/Mwn)

Table 9. Native substructure quantities for sweetgum biorefinery lignin preparations

(#/100 Ar)
Substructure XADL | AHCELp
Non-condensed S/G 6.8 34
B-O-4’ (A) 42 23
B-O-4" with Ca carbonyl (A”) 1 1
Total B-O-4’ (A + A’) 43 24
B-p* (B) 4 3
B-5" (C) 2 3
Spirodienone (D) ndP nd
Cy acyl (Acyl,) 1 nd
Uronosil ester (UrE) 8 ng
Benzyl ether, 1° OH (BE1°) 2 1
LCC Benzyl ether, 2° OH? (BE2°) nq° nd
Phenyl glycoside (PhG) 1 nd
Total LCC ~11 ~1
& Semi-quantitative
b Not detected
“Not quantified
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Table 10. Biorefinery mass balance of sweetgum lignin properties (X / 100g o.d. raw
biomass)
Raw Biorefinery
Lignin property Cellulolytic
Wood | MWLc | MWLp | CELp | Autohydrolyzate | XADL | hydrolysis | AHCELp
residue
Total raw_llgnln . | 100% ) ) ) 15% ) 85% )
representativeness
Lignin preparation - 38% | 23% | 16% - 98% - 30%
representativeness
Total lignin, g 25.2 9.6 5.8 4.0 3.8 3.7 214 6.4
Phenolic hydroxyl, ) Amd 10 4 _ 20 ) 19
mmol
Non-pondensed S i 35 19 15 i 16 i 25
units, mmol°®
Non-(_:ondensed G i 13 10 5 i 2 i 7
units, mmol®¢
Total B-O-4’, # - 20 12 10 - 8 - 8
Total LCC, # - 3 <1 <1 2 - <1

awt% of total raw lignin
b Wt% of lignin in starting stream

¢ Derived from preparation S/G

4 Not measured
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FIGURES

Sweetgum woodmeal
Extractive-free
1. Planetary ball milling (6 hr)
2. Dioxane/water extraction
Workup Liquid/Selid
Crude milled Insoluble
wood lignin woodmeal
“MWLc”
Purification 1. Cellulolytic hydrolysis
2. Dioxane/water extraction
Purified milled — -
L Liquid/Solid
wood lignin Workup
“MWLp”
Crude . Insoluble
cellulolytic woodmeal
enzyme lignin
“CELc”
Purification
Purified
cellulolytic
enzyme lignin
“CELp”

Figure 1. Protolignin preparation procurement protocol
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Figure 3. LCC signals from 2D-HSQC spectra of MWLc and MWL p

Blue: MWLc

Red: MWLp

a) Region containing uronosil ester LCC signals

b) Region containing benzyl ether LCC signals

¢) Region containing phenyl glycoside LCC and uronic acid signals
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Figure 4. Isolation protocols for autohydrolyzate-soluble and cellulolytic hydrolysis-

insoluble lignin
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Chapter 5. Biorefinery mass balance of lignin properties across six botanically diverse

lignin sources

Abstract

A large database of protolignin and biorefinery lignin properties was compiled
through isolation and characterization of lignin preparations. This information was
implemented into lignin’s mass balance through the investigated biorefinery process, with
respect to each individual biomass’ response to the operations (autohydrolysis pretreatment,
cellulolytic hydrolysis). For hardwoods, clear trends were observable between protolignin
S/G and the ensuing properties of biorefinery lignin. Hardwood residual solid lignin was
more condensed and more acidolyzed if it contained a greater abundance of G aromatic
structures. Similar analysis of non-wood behavior was less elucidative, as no clear trends
between individual lignin properties and chemical behavior could be drawn. However, inter-
lignin condensation was quantifiable through loss of non-condensed G aromatic structures.
In addition, ~60% of non-wood B-O-4’ was acidolyzed, resulting in liberation and eventual
solubilization of hydroxycinammic acids and lignin molecules containing LCC and DBDO
substructures. The sum of this effort provides a better understanding of how protolignin
influences the properties of biorefinery lignin, and specifically denotes the properties of the

two biorefinery lignin fractions produced by the investigated biorefinery process.
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1. Introduction

Industrial implementation of biorefinery processes has stalled, mostly due to a decline
in cellulosic ethanol’s selling price and a lack of feasible alternative routes for carbohydrate
valorization.12 Alternative routes for carbohydrate valorization include either biocatalytic or
inorganic catalytic conversion of carbohydrates into products such as succinic acid®*,
levulinic acid® >, lactic acid®, as well as others.” In contrast, another approach to achieving
successful industrial biorefinery implementation is valorization of biorefinery lignin to
supplement the limited value output provided by ethanol sales.2> Our recent research
efforts'* 161 have focused exclusively on achieving a more detailed understanding of the
chemical and molecular properties of biorefinery lignins in effort to assist in biorefinery
lignin valorization.

Valorization of biorefinery lignin is impeded by lignin’s heterogeneity, which is
further amplified through biorefinery processing (relative to protolignin). This includes
existence of several lignin-containing process streams (process configuration dependent),
with heterogeneous lignin in each respective stream. Specifically, biorefinery lignins are
comprised of a distribution of lignin molecules with various molecular weights, functionality,
and chemical bonding patterns. Further complicating the matter of heterogeneity is
acknowledgement that highly similar feedstocks will likely be unavailable over long periods
of time. It is not feasible to assume that an industrial-scale biorefinery, processing tons of
biomass per day, will have consistent access to the same feedstocks year-round. For this
reason, it will be imperative for biorefineries to be flexible in processing conditions with

respect to various starting materials. It is important to understand the effects of feedstock
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variation on biorefinery lignin properties, in hopes of eventually developing an approach to
tune biorefinery processes around maximizing the output value per unit of original
lignocellulosic material.

This manuscript sextuples our previous work®®, which utilized raw lignin
(protolignin) preparations and biorefinery lignin preparations from a single biomass source to
describe lignin’s chemical and molecular properties as a result of the investigated biorefinery
process. Now such analysis is expanded to include six biomasses, to address the effects of
feedstock variation upon biorefinery lignin’s characteristics. The biorefinery process chosen
for continued investigation is a biological-based process, which utilizes sequential
autohydrolysis and mechanical refining pretreatment prior to cellulolytic enzyme hydrolysis.
Upon the previously studied hardwood protolignin, this process was found to render two
lignin fractions: one which is solubilized by autohydrolysis (~15 wt% of total raw lignin),
and the other remaining insoluble throughout the entire process (~85 wt% of total raw
lignin). Autohydrolysis-soluble lignin was described as strongly degraded based upon its
solubility, supported by its strong recoverability, low molecular mass, high phenolic
functionality, and prevalent lignin-carbohydrate chemical connectivity. It is important to
note that only a minor portion of this “strongly degraded” lignin is comprised of monomeric
lignin fragments?®, i.e. lignin fragments without unit-linking chemical substructures. The
insoluble lignin, which was not fully isolatable (~30% yield from insoluble lignin), bears low
quantities of B-O-4’ substructures, limited phenolic hydroxyl functionality, as well as a broad
range of molecular masses. Implementation of the properties quantified from both

protolignin and biorefinery lignin preparations into the biorefinery process’ mass balance
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enabled evaluation of both functional group changes and recovery of chemical structures.
Similar analysis around several potential biorefinery feedstocks will enable adressment of the
effect of varying starting biomasses upon biorefinery lignin’s properties with respective to
each individual protolignin.

Six varying lignocellulosic biomasses (3 hardwoods and 3 non-woods) were
subjected to identical protolignin isolation protocols, biorefinery processing, and biorefinery
lignin isolation protocols. All protolignin and biorefinery lignin preparations procured were
characterized for lignin purity, preparation representativeness, hydroxyl functionality, and
native inter-lignin substructures. After result compilation, all the data was framed into the
biomass-specific biorefinery mass balances. From this information, trends were able to be
drawn between biorefinery lignin properties as a function of different starting materials. The
cumulative result of this effort will guide biorefinery development in terms of more-informed
lignin valorization evaluation, process feedstock selection, and process tuning around

different feedstocks.

2. Materials and methods
2.1. Raw materials

The moisture content of each sample was measured by the weight difference before
and after drying in a convective oven at 105 °C until constant mass was achieved. All raw
materials were air-dried at room temperature for two weeks to establish constant moisture
content. Hardwood chips from maple (Acer rubrum) and sweetgum (Liquidambar styraciflua)

were provided by the Tree Improvement Program at North Carolina State University (Raleigh,
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NC, USA). Nitens (Eucalyptus nitens) woodchips were graciously supplied by Celulosa
Arauco y Constitucion (Arauco, Chile). All wood chips were screened according to
Scandinavian Pulp, Paper, and Board Testing Committee SCAN-CM 40:01, collecting all
chips below (and including) the large accept chip classification for experimentation. The non-
woody biomasses: sugarcane bagasse, wheat straw, and switchgrass (Panicum virgatum), were
each obtained from unique sources. Our supply of sugarcane bagasse was catered by a
sugarcane manufacturer located in southeastern Brazil. Wheat straw was purchased at home-
improvement retailer Lowe’s (Raleigh, NC, USA). Finally, switchgrass was generously gifted
for experimentation from a nearby farm in southern Wake County, North Carolina. All
nonwoods were hand-cut into 2-3 cm size while retaining all small particles. After cutting, all
feedstocks were stored in plastic bags. In addition, part of the feedstocks were ground by a
Wiley Mill (Model No. 4, Thomas Scientific, USA), and the meals were screened to particle
size between 20-40 mesh. The screened meals were used for compositional analysis and
protolignin preparation isolation. Finally, all biomasses (including produced meals) were
subject to non-structural extractives removal through soxhlet extraction using 2:1 (v) benzene-
ethanol solution. The mass of extractives in raw biomass was gravimetrically recorded,
however, extractives were absent from all biomasses prior to any biorefinery processing or

characterization.

2.2. Protolignin preparation isolation
A planetary ball mill (Pulverisette 7 premium line, Fritsch, Germany) was used to

enable protolignin extraction. 2g of air-dried extractive-free meal was added to each ball mill
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capsule in addition to nine ZrO; balls. Samples were milled at 600 rpm for 6 hrs, with 30
minutes of instrument cool-down per 15 minutes of milling. After milling, the meal was
dried in a vacuum oven at 35 °C over solid P.Os until constant mass. Next, dried meal was
subjected to extraction using 96% 1,4-dioxane/4% water solvent (volume %). Solid and
extract were separated using vacuum filtration and Gooch crucibles (fine grade). Extraction
was considered complete once resultant solvent filtrate reached complete visual transparency.
Next, extracted solids were oven-dried at 105 °C until constant mass to remove residual
solvent. Once dried, the material was subjected to high-dosage (20 FPU / o0.d. g) cellulolytic
hydrolysis at 50 °C. An enzyme cocktail of Cellic CTec2 (Novozymes, Denmark) and Cellic
Htec2 (1/9 volume of Ctec2) was applied in an acetate buffer system (pH ~5). ~180 rpm of
system agitation was utilized. Following 72 hr of cellulolytic hydrolysis, remaining solids
were extensively washed with deionized water to remove free protein and buffer. Washing
was considered complete once wash water filtrate reached neutrality. Washed solids were
then dried in vacuum oven as before. Dried solids were again extracted with the same
solvent and methodology as was applied for the first extraction. Both extract solutions were
evaporated by rotary evaporator (Rotavapor® R-300, Buchi, USA), re-suspended into
deionized water then frozen, and finally freeze-dried (FreeZone 6, Labconco, USA) to
produce solids. All crude protolignin extracts were stored in vacuum oven until constant
mass prior to purification or characterization. To measure gravimetric yield of crude
protolignin preparations, the mass of each solid relative to the original solid’s mass was

recorded (i.e. weight loss). The entire protocol is graphically displayed in Figure 1.
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2.3. Biorefinery processing

Autohydrolysis pretreatment was performed upon extractive-free biomass ina 1L
heated Parr reactor (Parr Instrument Company, USA). Pretreatment temperature was set to
180 °C with ~30 minutes of temperature ramp-up. Pretreatment lasted for 40 mins at
temperature, followed by rapid thermal quenching in an ice water bath. After sufficient
cooling, autohydrolyzed solids were separated from autohydrolyzate using vacuum filtration.
Bulk autohydrolyzate obtained was filtered again using Gooch crucibles (fine grade) to
ensure removal of suspended solids. Dually-filtered autohydrolyzates were bottled and kept
in a refrigerator at 4 °C prior to further handling. Autohydrolyzed solids were washed with
deionized water to remove residual autohydrolyzate until wash water filtrate reached
neutrality. The mass of washed solids (accounting for moisture) relative to the mass of the
original biomass was recorded to obtain gravimetric solid yield.

Washed autohydrolyzed solids were next mechanically refined for 6000 revolutions
using a laboratory PFI mill. After refining, the solids were subjected to the same cellulolytic
hydrolysis protocol applied to woodmeal. After 72 hrs of incubation with enzymes, the
solids were extensively washed with deionized water to remove free protein and buffer
solution until wash water filtrate reached neutrality. The residual solids were air-dried and

then stored in vacuum oven until constant mass prior to lignin extraction.

2.4. Obtaining biorefinery lignin preparations
Autohydrolyzate-soluble lignin was obtained from autohydrolyzate using Amberlite®

XAD16N adsorptive resin (Dow Chemical Company, USA). Autohydrolyzate (free of
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suspended solids) was mixed with a known amount of resin to create autohydrolyzate-to-
resin ratio of 10:1 (o.d. g resin:mL autohydrolyzate). After 30 minutes of low speed mixing,
resin and solution were separated by vacuum filtration. Adsorbate-containing resin was
subjected to water washing to remove un-adsorbed autohydrolyzate solutes. Next, methanol
was poured over the captured resin until methanol filtrate reached complete visual
transparency. Methanol consumption was ~3x the amount of starting autohydrolyzate.
Methanol solution with adsorbates was evaporated and freeze-dried in the same manner as
protolignin preparations. Solid adsorbates were kept in vacuum oven until constant mass
before characterization. To measure extent of lignin adsorption, an aliquot of
autohydrolyzate and resin-treated autohydrolyzate were reduced using sodium borohydride to
gather a lignin-only UV response. UV absorption at 280 nm was measured (Lambda XLS,
PerkinElmer, USA), and the difference in UV response was taken as the extent of lignin
adsorption.

Dried cellulolytic hydrolysis-insoluble solids were extracted identically to protolignin
preparations. Lignin-containing solvent was then handled in the same manner as previously
noted. In addition, the preparation was purified by the same methodology used with both
protolignin preparations. A visualization of biorefinery lignin preparation procurement is

shown in Figure 2.

2.5. Preparation purification
Crude lignin preparations (with the exception of XADL, which went unpurified) were

purified using a dissolution-precipitation method. First, samples were dissolved into 90%
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acetic acid/10% water solution. After complete dissolution, lignin-containing solution was
precipitated drop-wise into excess deionized water (20x). Precipitates were collected using
vacuum filtration, and washed with deionized water until wash water filtrate reached
neutrality. Precipitates were allowed to air dry, and next were stored in vacuum oven until
constant mass prior to characterization. To measure loss of preparation yield induced by

purification, the mass of purified solids was recorded relative to original crude solid mass.

2.6. Compositional analysis

The chemical composition of each meal, autohydrolyzed solid, and all lignin
preparations was performed using the standard protocol provided by the National Renewable
Energy Laboratory.?® ~100 mg of carefully weighed o.d. adsorbate was subjected to 72%
(w/w) sulfuric acid digestion for 1 hr, followed by dilution to 3% (w/w) H.SO4 and autoclaving
for 1.5 hr. Per previous work, lignin from autohydrolyzate was only subject to 1 hr of 3%
H>S04 digestion to preserve dehydration-prone carbohydrates.!” An aliquot of acid digestate
was taken to determine acid-soluble lignin quantities spectrophotometrically and
monosaccharides by liquid chromatography. For acid-soluble lignin, UV absorbance was
measured at 205 nm, accounting for dilution. The molar absorptivity coefficient 110 L g™ cm-
! was applied to convert absorbance to concentration. For monosaccharides, an HPLC system
(Agilent 1200 series, Agilent, USA) was used. In this setup, a Shodex SP-0810 column is
utilized (8x300 mm, Showa Denko, Japan) and maintained at 80 °C. Mobile phase was Milli-
Q water, flowing 0.5 mL/min for 60 minutes per sample. A refractive index detector monitored

eluents. Before injection, acid digestate samples were neutralized to pH ~6 with CaCO3 and
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filtered through 0.2 um nylon filters. Calibration was performed with commercial standards
of glucose, xylose, galactose, mannose, and arabinose. Due to observed co-elution of mannose
and arabinose, quantification of either saccharide is reported as the sum of both. All values

represent the average of duplicate analyses, and average standard deviation was 3.4%.

2.7. Lignin preparation characterization

To estimate molecular weight of the biorefinery lignin preparations, a published method
utilizing size-exclusion chromatography (Shimadzu, Japan) calibrated to polystyrene standards
was applied.?! The system was equipped with HR1 and HR5E Styragel columns (Waters,
USA) and dual detectors, which are a SPD-20A UV/Vis and a RID-10A refractive index. The
oven maintained 35°C and the wavelength for the UV detector was set to 280 nm. Samples
were modified by acetylation prior to injection to ensure total solubility in the mobile phase,
tetrahydrofuran. Acetylation involves dissolution of lignin preparation into pyridine, addition
of excess acetic anhydride, and 72 hrs of reaction time in darkness. The acetylation slurry was
poured over deionized ice and left to settle overnight. Solid precipitate was collected via
vacuum filtration and washed excessively with deionized water. After washing, samples were
stored in a vacuum oven until constant mass. Prior to injection, the acetylated lignins were
dissolved into tetrahydrofuran at an approximate concentration of 0.5 mg acetylated lignin per
mL tetrahydrofuran and finally filtered through 0.2 um nylon filters. The mobile phase flow
rate was set to 0.7 mL/min. The calibration curve utilized for estimating molecular weight was
based on twelve polystyrene dispersions (PSS ReadyCal-Kit, Polymer Standards Service,

Germany).
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Quantification of hydroxyl groups utilizing 3P NMR was performed utilizing an
established method.?>2® ~40 mg of lignin sample was massed directly inside of a 5 mm NMR
tube. After dissolution and internal standard addition, 100 uL of organophosphitylating agent
(2-chloro-4,4,5,5-tetramethyl-1,2,3-dioxaphospholane; 95%, Sigma-Aldrich, USA) was
introduced and the sample immediately subjected to observation by *'P NMR. The chemical
shifts generated from organophosphitylation were recorded using a 300 MHz NMR
spectrometer at 25 °C equipped with a 5mm QNP probe (Avance, Bruker, USA).

All 2D-HSQC and *C NMR spectra were acquired at 25°C using dimethyl sulfoxide-d6
(99.9%, VWR, USA) as a solvent. The concentration of lignin in each sample was ~20%
w/v. 2D-HSQC was performed first, followed by *3C upon the same sample. Chromium
(111) acetylacetonate (99.99%, Sigma-Aldrich, USA) was added to the NMR tube (0.01 M)
following 2D-HSQC analysis to assist in relaxation of carbon nuclei during **C observation.
2D-HSQC NMR spectra were acquired on a 500 MHz NMR spectrometer equipped with 5
mm BBI probe with Z-axis gradient (Avance, Bruker, USA). A coupling constant (}Jc-n) of
147 Hz was applied. Quantitative 3C NMR spectra were acquired on the same 500 MHz
spectrometer with a different probe than before: 5 mm BBO probe with Z-axis gradient. An

inverse gated proton decoupling sequence was applied.

All structurally-representative signals and their corresponding chemical shifts in 2D-
HSQC and 3C spectra were identified using reputable publications.?*?° The following

equation was used for quantification of lignin substructures:

154



X 2D, 13C;s

= 600
100 Ar 2Dy * 13C163-103 )

where X is the substructure being quantified, 2Dx is the integral of the 2D-HSQC signal used
for structural quantification, IS is the integral cluster or region for 2D-HSQC and 3C
(respectively), *Cies-103 is the integral of the aromatic region of *3C spectra, and 600 is
derived from 600 aromatic carbons per 100 aromatic rings. Computed values are viewed as
the quantity/percentage of substructures per lignin unit. Unless otherwise noted in
discussion, Ca substructure signals are integrated for quantitation. In addition, non-

condensed S/G ratio was measured utilizing the following equation:

2DS(2,6)+2D

S/ _ ¢ 2
G~ (2Dge)+ 2D 1))

s! (2,6))

where 2Ds or ¢ denotes the aromatic signals integrated for evaluation of the ratio between
S and G aromatic ring structures. For non-woods, H/G was estimated using the same
previously described equation except for implementation of H signals in the denominator.
Finally, substructure quantities denoted as not detected (nd) failed to distinctively resonate in
separated fashion at any spectral contour. For the substructures labelled as not quantified (ng),
their computed values were less than 0.5/100 Ar. All integrals relating in substructure values

of <0.5/100 Ar were rejected based upon instrument insensitivity.
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3. Discussion
3.1. Analytical approach

In acknowledgement of the significant differences between non-wood lignin and
hardwood lignin, this manuscript is divided into two sections which focus individually upon
each trio of hardwoods and non-woods analysed. Discussion will begin with interpretation of
inter-trio differences in protolignin extractability, functionality, and inter-lignin substructural
profiles and abundance. Next, lignin redistribution due to biorefinery processing is addressed
and compared. Lignin preparations from both lignin-containing process streams are then
characterized along the same lines as were protolignin preparations. Finally, implementation
of all lignin preparation’s measured properties into individual biorefinery mass balances is
discussed, in attempt to tease out the underlying protolignin properties most influential upon

biorefinery lignin.

3.2. Hardwood protolignin

Due to hardwood’s relatively lower complexity in comparison with non-woods, the
first set of biomasses discussed is hardwoods. Starting on Table 1, it can be seen that the three
hardwoods tested (maple, sweetgum, Eucalyptus nitens (nitens)) bear highly similar quantities
of raw lignin (25.2, 25.2, 24.5 g total lignin/100g oven-dry “o0.d.” raw biomass). Because of
this, it will be important to look beyond lignin content to understand how these lignin sources
will respond to biorefinery processing.

The two protolignin preparations sequentially isolated from woodmeal combined to

represent 41%, 39%, and 36% (wt% of total raw lignin) of maple, sweetgum, and nitens
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protolignin (respectively, Table 2). The slightly lower protolignin extractability for nitens
versus maple and sweetgum begins to elucidate nitens as an outlier compared to maple and
sweetgum, however, such claims are not able to be made solely based upon ~3-4% lower
protolignin extractability. It is important to note that CELp from nitens contains a much higher
carbohydrate content (12.3g total carbohydrate/100g CELp) relative to other protolignin
preparations (~6-9g total carbohydrate/100g protolignin preparation). For this reason, it is
possible to assume that nitens CELp will likely contain greater quantities of LCC substructures,
relative to other hardwood protolignin preparations. Unfortunately, the total representativity
of nitens protolignin preparations (36%) does not enable this assessment to be made for the
entire nitens protolignin relative to maple and sweetgum protolignin.

Quantitation of aliphatic and phenolic hydroxyl groups in hardwood protolignin
preparations is shown in Table 3. Aliphatic hydroxyl groups were seen to be slightly higher in
CELp preparations versus MWLp. As discussed in our previous work'®, this quantitation is
infiltrated by the presence of carbohydrates in each preparation. For this reason, it is not useful
to compare these numbers for describing lignin’s aliphatic hydroxyls (attributable to the “side-
chain” of C9 units). For total phenolic hydroxyl groups, the amounts were seen to be higher
in all MWLp preparations. This is due to the greater extent of degradation induced by ball
milling in this preparation as opposed to CELp. However, it is also important to note that the
phenolic hydroxyl groups in CELp are also derived from ball milling, due to the preparations
being isolated sequentially. Each preparation contained more C3 & C5 bound phenolic
hydroxyl groups compared to C3 or C5 bound phenolic hydroxyls (with the exception of

sweetgum CELp), however, the inability to specifically assign these values to syringyl “S” or

157



guaiacyl “G” structures prohibits further interpretation of this information to produce phenolic
hydroxyl S/G ratios.?®

Native substructure quantities and non-condensed S/G ratios of the hardwood
protolignin preparations are shown in Figure 4. The non-condensed S/G ratios of all CELp
preparations were found to be higher compared to MWLp (CELp: 2.1, 2.7, 3.7; MWLp: 1.4,
2.0, 3.0). This indicates that CEL preparations, rendered extractable through scission of
carbohydrates, contain a greater abundance of non-condensed S structures compared to the
lignin rendered extractable exclusively from ball milling. The same trend was observed for
total B-O-4’ substructures, with CELp bearing ~7-11 more than MWLp. This is most likely
due to degradation of B-O-4" substructures during ball milling, with the insoluble lignin (but
extractable following CEL protocol) being constituted by a greater amount of these
substructures. As mentioned in the discussion around phenolic hydroxyls, ball milling still
exerted effects (albeit lesser) upon the CELp preparations, therefore the quantities of f-O-4’
substructures provided in Table 4 are still likely underestimates of what is actually present in
the whole protolignin structure. No significant differences in B-p’ or -5’ substructure
quantities could be deduced from all protolignin preparations, which can be explained by these
substructures not existing in high quantities within each protolignin. If there were more -’
or B-5" in each protolignin, it would be reasonable to expect some sort of substructural
differentiation between the two protolignin isolation protocols (MWL and CEL). Finally, the
amount of LCC substructures in each protolignin preparation is minor, with most possessing
~1% uronosil ester substructures. However, it is important to point out that maple MWLp

contained the greatest abundance of uronosil esters (2/100 Ar) as well as a quantifiable amount
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of benzyl ethers (with primary carbohydrate alcohol attachment, 1/100 Ar). This data, however
minor, can be interpreted to suggest that maple protolignin bears slightly greater LCC
abundance compared to sweetgum and nitens. Finally, the high carbohydrate content of nitens
CELp did not translate to a significant difference in LCC substructure quantities. This can be
taken to indicate that the minor amount of LCCs present (1/100 Ar) bear longer chains of
carbohydrates attached via LCC. The purification protocol applied enables such a suggestion,

as it is assumed to remove all un-bound carbohydrates from the crude protolignin preparation.

3.3 Hardwood biorefinery processing
3.3.1. Autohydrolysis of hardwoods

Chemical composition of each hardwood after autohydrolysis pretreatment is shown in
Table 5. Each biomass exhibited a similar amount of total solids yielded and solid
carbohydrate recovery. Lignin solubilization was nearly identical for maple and sweetgum
(3.9 and 3.8 g soluble lignin/100 g o.d. raw biomass, ~15% of total raw lignin), however, the
amount of lignin solubilized from nitens was slightly greater. 4.7g soluble lignin/100g o.d.
raw biomass was measured for nitens, representing ~19% of total raw lignin. This can be
interpreted as another indication that the protolignin structure of nitens is unlike sweetgum and
maple’s.

The percent of adsorbable autohydrolyzate-soluble lignin (“XADL”) was very high for
all species (93%, 98%, 99% recovery of autohydrolyzate-soluble lignin) (Table 6). However,
two significant observations can be made. First, the amount of un-adsorbed lignin was greatest

for maple. This suggests a difference in the chemical structure of maple autohydrolyzate-
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soluble lignin compared to the others, when considering both 1) the amount recoverable from
sweetgum (98% recovery, same quantity of soluble lignin) and 2) maple CELp was constituted
with the greatest amount of LCC substructures (compared to other protolignin preparations).
We interpret this finding to indicate that the remaining ~7% of maple autohydrolyzate-soluble
lignin is sufficiently hydrophilic via LCC connectivity to avoid adsorption to the utilized
hydrophobic solute-targeting resin.t” 30-31

Chemical composition of each XADL preparation was, expectedly, carbohydrate-
enriched (48.2, 57.1, and 39.6 g total carbohydrate/100 g adsorbate). Our previous works*" 9
encountered similar carbohydrate-enrichment, which was best explained by adsorbate’s
prominent degree of lignin-carbohydrate chemical connectivity. A difference between
adsorbates was observable, specifically concerning the amount of total lignin in each
adsorbate. Maple and sweetgum, which bear 34.4 and 29.0 wt% total lignin (respectively),
possess lower lignin than was quantifiable in nitens adsorbate (47.9 wt% total lignin). In fact,
nitens adsorbate was the only adsorbate which was comprised of more lignin than carbohydrate
(by mass). This further indicates nitens as demonstrative of outlier behaviour, which was

suggested in previous discussion.

3.3.2. Biorefinery processing of autohydrolyzed hardwood solids

Autohydrolyzed solids were subjected mechanical refining followed by high-dosage
(20 FPU/o.d. g solid) cellulolytic hydrolysis to render an extractable portion of lignin that is
akin to protolignin CEL. The procurable lignin is appropriately labelled “AHCEL”. We have

made the assumption that the lignin content of autohydrolyzed solids remained constant
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throughout both mechanical refining and cellulolytic hydrolysis. Preparation yields from
cellulolytically-hydrolyzed solids were calculated from autohydrolyzed lignin abundance, and
are shown in Table 7. AHCELp preparation yield was 25%, 30%, and 42% for maple,
sweetgum, and nitens (respectively). The difference in lignin extractability was greatest when
comparing nitens to maple and sweetgum. Still, the range of lignin extractabilities does
indicate differences in chemical and molecular properties of the whole autohydrolyzed lignin.
Nitens’ strong extractability can be interpreted to indicate that it has undergone the most native
substructure degradation, resulting in more-extractable low molecular weight lignin molecules.
Alternatively, this observation could suggest that nitens has undergone the least amount of
extraction-hampering inter-lignin condensation, which results in lignin molecules with
significantly greater molecular mass following said chemical reaction. By this logic, the range
of extractabilities may also indicate that maple has undergone the most inter-lignin
condensation, and nitens the least. Finally, chemical composition of each AHCELp
preparation was highly similar, each bearing significant lignin contents and minor
carbohydrate constituency. This is in line with the effects caused by biorefinery processing,

which targets carbohydrate fractions.

3.3.3. Hardwood biorefinery lignin preparation characterization

Aliphatic hydroxyl quantities in hardwood biorefinery lignin preparations (Table 8)
remain contaminated with carbohydrate-derived response. Non-lignin response is especially
visible in XADL, which has exacerbated aliphatic hydroxyl quantities of ~14-29 mmol/g total

lignin in XADL. The heightened carbohydrate contents of hardwood XADL are the cause for
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these unrealistically high values. AHCELp, which contains much lower carbohydrate, still
contains enough for the reported aliphatic hydroxyl amounts (~4 mmol/g total lignin in
AHCELp) to be beyond what is theoretically possible. For this reason, aliphatic hydroxyl
groups remain unconsidered in terms of significant conclusions, and will not be included in
the mass balance fitting of quantified lignin characteristics.

Total phenolic hydroxyl groups in both biorefinery lignin preparations were greater
than protolignin preparations. In addition, greater variation between types of phenolic
hydroxyls can be observed. First, total phenolic hydroxyls in XADL ranged were equal in
maple and sweetgum (5.3 mmol/g total lignin in XADL), and nitens contained a much lower
phenolic hydroxyl abundance (3.4 mmol/g total lignin in XADL). This can be taken to indicate
that nitens XADL is of higher molecular mass than maple and sweetgum XADL, because
genesis of phenolic hydroxyl groups is a function of native substructure degradation. By the
same logic, maple and sweetgum XADL should be highly similar in molecular mass, based on
phenolic hydroxyl abundance. The profile of phenolic hydroxyls in XADL demonstrated an
abundance of C3 & C5 bound phenolic hydroxyls. This was also observable in AHCELp
preparations. Unfortunately, lack of discrimination between S and G phenolic hydroxyls by
this analysis disallows this to indicate which structure is more prevalent. For AHCELp, total
phenolic hydroxyl amounts ranged from ~3-4 mmol/g total lignin in AHCELp. This amount
was lower than XADL in all cases except for nitens. However, the limited isolation yield of
AHCELp (25%, 30%, 42% representativity) does not rule out the possibility of additional

phenolic hydroxyl functionality in the un-extractable lignin.
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Estimated molecular mass of biorefinery lignin preparations is provided in Table 9.
First, it can be seen that XADL from maple and sweetgum are indeed highly similar in
molecular mass (400 Mw,, 800 Mwy,), as previously speculated when discussing phenolic
hydroxyls. XADL from nitens was also found to be significantly higher in approximate
molecular mass (800 Mw,, 1100 Mwy), which also supports previous speculation.
Importantly, each XADL fraction is orders lower in molecular mass compared to AHCELp.
AHCELp estimated molecular masses ranged from ~7900-9200 g/mol (Mwuy). This proves
that XADL is a much more degraded fraction of lignin, with the degradation induced by
autohydrolysis pretreatment. It is important to note that these values demonstrate the
distribution of lignin molecules present in each preparation, therefore polydispersity
(Mww/Mwy) can be taken as a metric of lignin heterogeneity. Based on the results, it is
conceivable that the less polydisperse XADL fractions, which are easily isolated by the applied
method, would be more valorizable based upon the limited differences between lignin
molecules. In addition, XADL’s water-solubility may be a significant advantage for
development of biorefinery lignin co-products.

Native substructure abundancies of hardwood biorefinery lignin preparations is
displayed in Table 10. First, it can be seen that the non-condensed S/G of all XADL
preparations were quite high (4.9, 6.6, 6.8). This demonstrates that the C3 and C5 bound
phenolic hydroxyl moieties measured in XADL are likely derived from S aromatic structures.
Maple XADL, with the lowest non-condensed S/G (4.9), is comprised of much more G
structures than sweetgum and nitens. For AHCELp, S/G was lower than XADL but still far

from unity (2.6, 3.4, 4.6). This logically explains XADL’s S enrichment, where the lignin
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found in cellulolytic hydrolysis residue (represented by AHCELp) has undergone a loss of S
structures during autohydrolysis. The total amount of B-O-4’ substructures in XADL (34-
46/100 Ar) was much greater than what was measured in AHCELp (18-24/100 Ar). Said
observation suggests that the heavily degraded autohydrolyzate-soluble lignin (well
represented by XADL) is dimeric-to-oligomeric in molecular structure, with native linkages
remaining between lignin units. AHCELp’s lower p-O-4’ character is representative of
solubilization of B-O-4’ substructures. It is important to note that the un-extracted lignin from
cellulolytic hydrolysis residue likely also contains B-O-4 character, however, some of these
substructures are likely condensed with aromatic ring structures at the Ca position. It is likely
due to this condensation that limited lignin extractability occurred.

As with protolignin preparations, no significant differences between biorefinery lignin
preparations could be found in the amounts of B-p’ and B-5" substructures. Significantly,
however, was the quantities of LCC substructures observed exclusively in XADL. Total LCC
quantities in XADL ranged from 7-11/100 Ar. This finding is in line with previous work’s
conclusions that such connectivity is assisting in the dimeric-to-oligomeric lignin’s solubility.
Finally, AHCELp from maple displayed a greater LCC character compared to the other
hardwoods, however minor it may be (2/100 Ar). A similar observation was made in maple
protolignin preparations, concluding that there is LCC *“enrichment” in maple relative to
sweetgum and nitens. This enrichment is derived from a greater presence of benzyl ether LCC

substructures (with attachment to carbohydrate primary hydroxyls).
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3.3.4. Biorefinery mass balance of hardwood lignin preparation properties

Tables 11, 12, and 13 display the incorporation of the measured properties in each
hardwood lignin preparation into the mass balance of the investigated biorefinery process.
Prior to discussion, it is imperative to note that two factors contribute most to the obtained
quantities (normalized per 100g o.d. raw biomass). The first factor is the actual value
measured. The second factor, perhaps most important, is the preparation yield (original lignin
representativeness). It is not valid to claim that the characterization information provided is
representative of the entirety of each respective original lignin, however, relative similarities
in preparation yields across hardwoods enables discussion around the subset of lignin which
was extractable.

Phenolic hydroxyls were generated in great abundance through biorefinery processing.
With 11-15 mmol phenolic hydroxyl/100g o.d. raw biomass measured in protolignin
preparations, this amount was quantified to be much greater in biorefinery lignin preparations
(36-47 mmol/100g o.d. raw biomass). This demonstrates the chemical degradation effects of
biorefinery processing upon hardwood lignin. Nitens AHCELp is observed to contribute the
most to phenolic hydroxyl contents amongst all biorefinery lignin preparations, best explained
by the preparation’s high yield (42%), as the phenolic hydroxyl quantity of said preparation
was not significantly higher than what was procured from maple and sweetgum (3.7 vs. 3.0
and 3.2 mmol total phenolic hydroxyl/g total lignin in AHCELp).

The abundances of non-condensed S and G units, derived from preparation S/G ratio,
demonstrate scrutable behavior around biorefinery processing. As indicated by all hardwood

lignin preparation’s S/G, each was S enriched to different extents. The total amount of non-

165



condensed S units quantifiable across hardwood protolignin preparations was 33-34
mmol/100g o.d. raw biomass. After biorefinery processing, this amount increased to 34-54
mmol/100g o.d. raw biomass. This indicates that a greater amount of S units were liberated
through biorefinery processing compared to protolignin isolation. However, as noted in
discussion around preparation yield’s effect upon the applied quantitation, this data could be
more elucidative if higher protolignin preparation yields had been obtained. This could be
achievable through increased ball milling times, solvent adjustment, abandonment of
purification protocol®, or utilization of a more degradative protolignin isolation protocol
(enzyme mild hydrolysis lignin®2-3%). One conclusion can be drawn concerning non-condensed
S structures: inter-lignin condensation of non-condensed S units appears to be unquantifiable
from the data sets procured across all hardwood species studied. This conclusion is supported
by the increased abundance of non-condensed S structures in biorefinery lignin preparations
versus protolignin preparations.

Unlike non-condensed S structures, non-condensed G structural quantities were quite
affected by autohydrolysis. Quantities of non-condensed G structures, measured as 11-19
mmol/100g o.d. raw biomass in protolignin preparations, fell to 9-10 mmol/100g o.d. raw
biomass after biorefinery processing. Across hardwoods, the greatest loss to non-condensed
G recovery was found in maple (52% recovery), followed by sweetgum (60% recovery), and
finally, nitens (91% recovery). This is an absolute indicator of inter-lignin condensation
occurring to native non-condensed G aromatic structures, with maple and sweetgum
experiencing the greatest degree of inter-lignin condensation. A similar trend is also visible in

AHCELp preparation yields, where maple (25% yield), sweetgum (30% vyield), and nitens
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(42% vyield) demonstrate a strong linear correlation (R?=0.99) between non-condensed G
recovery and lignin extractability from cellulolytic hydrolysis residue (Figure 3). Higher
degrees of inter-lignin condensation result in higher molecular weight lignin molecules, which
tend to demonstrate insolubility in lignin-friendly solvents. Finally, nitens appears to lack
proclivity for inter-lignin condensation amongst its non-condensed G structures (~10% loss),
which is perhaps explainable by its protolignin’s great degree of S enrichment.

B-O-4’ substructure quantities, similar across hardwood protolignin preparations (20-
24/100g o.d. raw biomass), were found to decrease in different extents following biorefinery
processing. The combined amount of recovered B-O-4’ substructures from biorefinery lignin
preparations was 12-18/100g o.d. raw biomass, representing ~50-90% p-O-4" recovery. A
large range in B-O-4’ recovery suggests B-O-4’ acidolysis is most prominent in maple (50%
recovery), followed by sweetgum (76% recovery), and least in nitens (90% recovery). This
indicates that maple’s degree of inter-lignin condensation is not specifically related to degree
of B-O-4’ acidolysis. Instead, it seems that the exaggerated loss of both non-condensed G
structures and B-O-4" substructures in maple appears to be a result of competing degradative
reactions: 1) acidolysis around B-O-4’ substructures containing at least one non-condensed G
constituent, and 2) inter-lignin condensation involving non-condensed G structures. Part of
this claim is supported by the conclusions drawn by Matsumoto et al**, who demonstrated that
non-condensed G structures are more prone to acidolysis than non-condensed S structures.
Finally, no significant conclusions could be drawn from re-distribution of LCC substructures.
However, it is clear that autohydrolyzate-soluble lignin (well-represented by XADL) is

enriched with the LCCs that were minor substructures in each respective protolignin.
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The cumulative sum of these findings mostly indicates that hardwood lignin’s
biorefinery degradation patterns are most influenced by protolignin S/G, which defines the
availability of inter-lignin condensable or acidolysis-reactive G units. The differences in S/G
are relatable to inter-lignin condensation around G structures (Figure 3) as well as §-O-4’
recovery (Figure 4). These results indicate that protolignin with higher G character undergoes
a greater amount of both acidolysis as well as inter-lignin condensation. In contrast, the highest
S/IG protolignin, nitens, demonstrated minor losses to non-condensed G units, p-O-4
substructures, and provided cellulolytic hydrolysis residue with the greatest amount of
extractable lignin. In all, it can be concluded that biorefinery processing of high S/G hardwood
species render heavier but less polydisperse autohydrolyzate-soluble lignins, as well as a
cellulolytic hydrolysis residue with less condensed lignin structures, which contain in-tact

native substructure character.

3.4. Non-wood protolignin

As mentioned in previous discussion, non-wood protolignin is acknowledged to be less
comprehensible compared to hardwood protolignin. This is explainable by several traits
exclusive to non-wood protolignin. Such distinct characteristics include the presence of para-
coumaric acid and ferulic acid, which are lignin-like in chemical structure and may or may not
be chemically attached to the protolignin structure. Next, hardwood lignins also contain 4-
hydroxyphenyl aromatic rings, referred to as non-condensed or condensed “H” structures.

Finally, dibenzodioxicin substructures (“DBDQO”) are present within various non-wood
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protolignins to varying extents. This substructure’s unique aromatic carbon-carbon
connectivity and dual aryl ether bonds can further complicate lignin reactivity.

Revisiting Table 1, all three non-woods contain mostly similar amounts of lignin,
ranging from 20.5-22.3 wt% total lignin. This range is slightly greater than what was measured
in hardwood. Based on previous elucidation of the wide range of hardwood lignin responses
in spite of similar lignin contents, a similar range of results is to be expected for non-woods.
Beginning with non-wood protolignin preparation yields (Table 14), MWLp yields were found
to be 17%, 20%, and 25% for wheat straw, switchgrass, and sugarcane bagasse (respectively).
For CELP, preparation yields were 17%, 23%, and 30% for wheat straw, sugarcane bagasse,
and switchgrass (respectively. The cumulative sum of protolignin preparation yields was 38%
(wheat straw), 48% (sugarcane bagasse), and 50% (switchgrass). Identifying itself as an
outlier, sugarcane bagasse required 10 hr of ball milling (6 hr all others) to obtain MWLp
preparation yields greater than 6% (6 hrs) and 13% (8 hrs) (data not tabulated). In stark
difference, 6 hrs of ball milling rendered MWLp preparation yields of 17% (wheat straw) and
30% (switchgrass). This observation already alludes to the vast differences in protolignin
structure across the investigated non-wood biomasses.

Hydroxyl group quantitation in non-wood protolignin preparations is displayed in
Table 15. As discussed around hardwood lignin aliphatic hydroxyls, the quantities obtained
from non-wood protolignin preparations (MWLp: 4.7-6.7 mmol/g total lignin in preparation;
CELp: 6.3-6.8 mmol/g total lignin in preparation) are disfigured by the presence of
carbohydrates. For this reason, aliphatic hydroxyl quantities in non-wood protolignin

preparations, as well as in biorefinery lignin preparations, will not be further discussed.
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However, phenolic hydroxyl groups, which are exclusive to lignin, are demonstrative of
phenolic hydroxyl abundance and distribution. Within the MWLp preparations, total phenolic
hydroxyl was found to be highest in sugarcane bagasse (3.0 mmol/g total lignin in MWLp)
compared to wheat straw and switchgrass (1.7-1.8 mmol/g total lignin in MWLp). This may
indicate that sugarcane bagasse protolignin bears an enrichment of free phenolic hydroxyls,
however, the effect of additional ball milling time most likely rendered the observed phenolic
hydroxyl enrichment. Of significance, sugarcane bagasse bears significant enrichment of C3
& C5 unbound phenolic hydroxyls compared to the other non-wood protolignin preparations.
This functional group is solely attributable to non-condensed H structures and para-coumaric
acid, therefore it can be expected that further characterization will reveal sugarcane bagasse to
bear an enrichment of H structures and/or para-coumaric acid. CELp preparations were found
to contain 1.5-2.3 mmol phenolic hydroxyl/g total lignin in each respective preparation. This
amount was slightly lower compared to MWLp preparations (with the exception of wheat
straw). Sugarcane bagasse CELp also contained an enrichment of C3 and C5 unbound
phenolic hydroxyls, confirming that sugarcane bagasse protolignin uniquely bears an
abundance of H structures and/or para-coumaric acid that is dissimilar to wheat straw and
switchgrass protoligin.

Non-condensed S/G, H/G, and substructural quantification from non-wood protolignin
preparations (Table 16) rendered several biomass-specific characteristics. Non-condensed S/G
was highest in sugarcane bagasse (1.1-1.2), versus wheat straw and switchgrass (0.7 and 0.4-
0.5, respectively). Non-condensed H/G in sugarcane bagasse was also significantly higher

compared to the others (1.5 & 1.8 versus 0.3-0.5). This confirms that sugarcane bagasse bears
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non-condensed H enrichment derived through both non-condensed H aromatic structures and
para-coumaric acid. Based on the elevated non-condensed S/G and H/G ratios in sugarcane
bagasse protolignin preparations, it can be insinuated that the biomass bears very little non-
condensed G constituency. For switchgrass and wheat straw, small differences in each
respective non-condensed H/G and S/G suggests a lack of significant monolignol enrichment.

Quantification of para-coumaric acid and ferulic acid revealed that sugarcane bagasse
is significantly more enriched in para-coumaric acid (20 & 29/100 Ar) compared to the other
non-wood biomasses (6-14/100 Ar). For this reason, the non-condensed H/G enrichment in
sugarcane bagasse is due in part to the strong presence of para-coumaric acid moieties. Ferulic
acid displayed a minor presence across all non-wood protolignin preparations, ranging from 2-
5/100 Ar. Because para-coumaric acid was more prevalent than ferulic acid in all protolignin
preparations, it can be suggested that para-coumaric acid is the predominant hydroxycinnamic
acid produced during non-wood protolignin biosynthesis.

Total B-O-4" varied relatively insignificantly across all non-wood protolignin
preparations, with wheat straw demonstrating the greatest f-O-4’ character (30, 31/100 Ar)
and sugarcane bagasse demonstrating the least (23, 25/100 Ar). Similar to hardwood, -B’ and
B-5’ substructures are minor constituents of non-wood protolignin. However, the amount of
B-5" measured is slightly higher in non-woods (3-5/100 Ar) than what was measured in
hardwoods (2-4/100 Ar). DBDO presents itself in varying amounts across the non-wood
protolignin preparations. However, the structure consistently appears nearly-exclusively in
CELp preparations (2-7/100 Ar) compared to MWLp preparations (0-1/100 Ar). These results

reveal DBDO to be best represented by CEL preparations, suggesting that the methodology for
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CEL procurement specifically renders DBDO enrichment. It can be logically speculated that
DBDO near-exclusive presence in CELp will also correlate with an increase LCC substructure
abundance. However, results revealed this speculation untrue, with the amount of total LCC
substructures in MWL (5-11/100 Ar) being greater than CELp (4-9/100 Ar) in all non-wood
protolignin preparations. Therefore it can be concluded that CELp’s DBDO enrichment is due
to an unknown factor, having ruled out enhanced LCC substructure quantities being

responsible.

3.5 Non-wood biorefinery processing
3.5.1. Autohydrolysis of non-woods

Chemical compositions of each non-wood biomass following autohydrolysis is
displayed in Table 17. First, it can be seen that a range of solid mass yields occurs (53g, 559,
599 solid recovery for switchgrass, wheat straw, and sugarcane bagasse (respectively)). This
may be in part due to the greater amount of autohydrolyzate-soluble lignin released during
autohydrolysis of switchgrass (7.6 g), followed by wheat straw (6.7 g), and finally sugarcane
bagasse (6.5 g autohydrolyzate-soluble lignin/100g o.d. raw biomass). Another possibility for
sugarcane bagasse’s heightened solid recovery may be due to structurally-incorporated
inorganic ash exerting a buffering effect upon autohydrolyzate pH.>® As shown, sugarcane
bagasse retains over twofold the amount of inorganic ash (1.7 g) than wheat straw (0.7 g) and
switchgrass (0.4 g/100g o.d. raw biomass).

Table 6 displays the extent of adsorbable non-wood autohydrolyzate-soluble lignin.

The strongest degree of adsorption occurred in wheat straw autohydrolyzate, producing an
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XADL preparation with 98% representativeness. Next was switchgrass (94% adsorption)
followed by sugarcane bagasse (92% adsorption). Chemical composition of the non-wood
XADL preparations is tabulated in Table 18. As expected, these too also bear significant
carbohydrate enrichment, ranging from 36-48 g total carbohydrate/100g 0.d. XADL. With
knowledge that these are due to the presence of LCC substructures, it is also feasible to
hypothesize that sugarcane bagasse (47.9 g) will bear the greatest LCC character, followed by
switchgrass (46.9 g), and finally, wheat straw (36.4 g total carbohydrate/100g o.d. XADL).
The total lignin contents of XADL preparations did vary across the non-woods. Specifically,
the XADL with the most total lignin was wheat straw (35.4 g), followed by switchgrass (29.7
g), and finally, sugarcane bagasse (23.8 g/100g 0.d. XADL). Lignin content of each adsorbate
was found to not correlate with the amounts of autohydrolyzate-soluble lignin produced per
gram o.d. raw biomass. Finally, the amount of uncharacterized components was much higher
for non-wood XADL than hardwood. We hypothesize this to be due to non-wood-exclusive
hydroxycinnamic acids avoiding explicit quantitation during conventional compositional

analysis.

3.5.2. Biorefinery processing of autohydrolyzed non-wood solids

Chemical composition and preparation yields of AHCELp preparations derived from
non-woods is displayed in Table 18. The total lignin abundance in each was very high in
similarity to hardwood AHCELp. Specifically, AHCELp total lignin contents ranged from
~86-90 g total lignin/100g o.d. AHCELp. Diminished carbohydrate abundances were also

observed in non-wood AHCELp, with wt% total carbohydrate ranging from 5-6%. The
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dominant remaining carbohydrate was xylan, with switchgrass AHCELp containing the
greatest xylan quantity (3.8 g) compared to wheat straw (2.5 g) and sugarcane bagasse (2.3 ¢
xylan/100g o.d. AHCELp). This suggests that this xylan was both resistant to autohydrolysis
as well as cellulolytic enzyme hydrolysis (including hemicellulose). For that reason, it can be
suggested that the LCC substructures quantified in AHCELp either directly or indirectly

include xylan.

3.5.3. Non-wood biorefinery preparation characterization

A range of total phenolic hydroxyl quantities was measurable across non-wood XADL
preparations (4.3-7.3 mmol total phenolic hydroxyl/g total lignin in XADL) (Table 19).
Sugarcane bagasse XADL again demonstrated significant enrichment of C3 and C5 unbound
phenolic hydroxyls compared to other preparations. This suggests that the abundance of these
functional groups measured in the protolignin preparations was not exclusively related to
extended ball milling times. Instead, it appears that the protolignin itself bears enrichment of
non-condensed H phenolic hydroxyls and/or para-coumaric acid. Phenolic hydroxyl
quantities were mostly similar in non-wood AHCELp, with recorded values of 2.9 mmol
(wheat straw and switchgrass) and 3.6 mmol (sugarcane bagasse) total phenolic hydroxyl/g
total lignin in AHCELp. As with protolignin and XADL, sugarcane bagasse AHCELp does
contain a greater amount of C3 and C5 unbound phenolic hydroxyls compared to other non-
wood AHCELp preparations.

Molecular mass estimates (Table 20) revealed some distinguishing factors for certain

XADL and AHCELp preparations. Concerning XADL, weight-averaged molecular mass
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ranged from 1000-2000 g/mol, with wheat straw being greatest mass and sugarcane bagasse
the lowest. This range perfectly correlates with the total phenolic hydroxyl abundancy in each
XADL preparation (Figure 5), demonstrating a strong relationship between non-wood
autohydrolyzate lignin’s phenolic functionality and weight-averaged molecular mass. A
similar relationship was visible for hardwood XADL, however, the absence of a range of
phenolic hydroxyls and XADL Mwy, prohibited useful correlation of this information. As
discussed in previous sections, the presence of phenolic hydroxyls in biorefinery lignin
preparations is due to degradation of ether-containing native substructures. Therefore it can
be assumed that sugarcane bagasse XADL will contribute the least to native substructure
recovery amongst the non-wood XADLS.

Table 21 contains non-condensed S/G and H/G of all non-wood biorefinery lignin
preparations, as well as quantities of native substructures. First, sugarcane bagasse continues
to demonstrate its non-condensed H and para-coumaric acid enrichment (H/G = 7.0, 18-20
para-coumaric acid/100 Ar). Non-condensed S/G was found not to vary across XADL
preparations, however, it does vary across AHCELp. The non-condensed S/G ratios across
AHCELp preparations are measured to be 0.7 (switchgrass), 1.3 (wheat straw), and 2.3
(sugarcane bagasse). As noted during protolignin discussion, sugarcane bagasse demonstrated
a native non-condensed S enrichment with respect to the other non-woods. This observation
holds true when evaluating the sugarcane bagasse lignin isolated from cellulolytic hydrolysis
residue.

As touched on in the previous paragraph, the quantities of para-coumaric acid and

ferulic acid wildly varied between preparations as well as between biomasses. For XADL,
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para-coumaric acid was measured to be only 4 for wheat straw, yet as high as 20 (sugarcane
bagasse) and 22/100 Ar (switchgrass). Ferulic acid was also dominant in XADL, ranging from
11-18/100 Ar across XADL preparations. The total amount of hydroxycinnamic acids in
XADL preparations demonstrates that a significant amount of these structures are liberated
into autohydrolyzate during autohydrolysis, likely contributing to overall autohydrolysis-
caused delignification. Interestingly, wheat straw XADL exclusively favors ferulic acid, in
contrast to para-coumaric acid prevalence throughout all other XADL and AHCELp
preparations. Hydroxycinnamic acids were less present in AHCELp preparations, however,
para-coumaric acid was still found to enrich sugarcane bagasse AHCELp (18/100 Ar). This
is further demonstrative of sugarcane protolignin biosynthesis promoting production of a
significant quantity of these structures.

Total B-O-4" character did not vary significantly across both XADL and AHCELp
preparations, 10-16/100 Ar. Implementation of these values into a mass balance will produce
more informative evaluation of the migration of non-wood B-O-4’ substructures around
biorefinery processing. DBDO again revealed itself to be prevalent in AHCELp (1-4/100 Ar),
and especially within XADL (2-8/100 Ar). The abundance of DBDO in autohydrolyzate-
soluble lignin is especially interesting considering its naturally condensed 5-5’ bond, which is
typically viewed as an insoluble structure. As discussed around DBDO’s exclusive enrichment
in CELp, DBDO quantities in XADL do not directly correlate with any specific LCC
substructural abundance nor the total sum of quantified LCC substructures. DBDO’s strong
inclusion in CELp and XADL still remains unexplained. LCC substructures were abundant in

all non-wood biorefinery lignin preparations (8-14) with the exception of wheat straw
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AHCELp (3/100 Ar). This indicates that non-wood LCC substructures are resilient to
degradation by autohydrolysis. However, it cannot be definitely said they total recovery of
LCC substructures is observed. This information will be obtained after implementation of non-

wood protolignin and biorefinery lignin preparations into the process’ mass balance.

3.5.4. Biorefinery mass balance of non-wood lignin preparation properties

Fitting of all the previously discussed non-wood protolignin and biorefinery lignin
properties into each respective biomass’ biorefinery mass balance is found in Table 22, Table
23, and Table 24. As observed during similar analysis of hardwood lignin, the phenolic
hydroxyl quantities are significantly higher in biorefinery lignin preparations relative to each
respective protolignin preparation. This is best explained as chemical degradation of aryl-ether
substructures to liberate new phenolic hydroxyls, something that is better induced by
autohydrolysis than planetary ball milling.

Quantities of non-condensed S structures in biorefinery lignin preparations (15-22
total) were greater than what was quantifiable in the protolignin preparations (13-16 total mmol
non-condensed S/100g o.d. raw biomass). Liberation of non-condensed S structures through
biorefinery processing was also observed in the hardwood biomasses, leading to a greater
quantity of non-condensed S structures being quantifiable from biorefinery lignin preparations
versus protolignin preparations. A similar phenomenon is observable for the hardwoods, albeit
to a lesser extent. In similarity, non-condensed H structures were greater than what was
quantified from protolignin preparations, however to a very significant extent. Specifically,

the units quantifiable in protolignin preparations summated to 8-23 mmol/100g o.d. raw
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biomass. In stark contrast, the amount quantifiable in biorefinery lignin preparations ranged
from 24-39 mmol/100g o.d. raw biomass. This suggests a phenomenon similar to non-
condensed S units also occurs for non-condensed H units, i.e. liberation of aromatic structures
not isolatable using the applied protolignin isolation protocol. Finally, a range of non-
condensed G structures were lost from biorefinery lignin preparations that were quantifiable
in protolignin preparations. Specifically, recovery of non-condensed structures was 63% for
switchgrass, 67% for sugarcane bagasse, and 83% for wheat straw. This is an indicator of
inter-lignin condensation also occurring in non-wood non-condensed G units, akin to what was
observable in the hardwoods.

No significant difference in para-coumaric acid distributions could be identified across
the non-wood lignin preparations. Recovery of para-coumaric acid was 100% in both
sugarcane bagasse and wheat straw, and the amount quantified in switchgrass biorefinery
lignins was actually higher than what could be found in its protolignin preparations. This
indicates that para-coumaric acid is not involved in a quantifiable amount of inter-lignin
condensation, suggesting that it is mostly inert with respect to said degradative chemical
reaction. Concerning ferulic acid, a large amount was liberated and found soluble in each
XADL preparation. Based on both hydroxycinnamic acid’s displayed behaviour, it appears
that autohydrolysis results in either liberation or cleavage of lignin-hydroxycinnamic acid
bonds, resulting in the production of soluble (but inert) para-coumaric and ferulic acid. A
similar hypothesis can be drawn for the behavior of DBDO substructures, which are found in
highest abundance in XADL preparations. For this reason, it is possible to assume that DBDO

is chemically attached to low molecular weight lignin fragments, or is associated with a

178



network of autohydrolysis-labile bonds that render lignin molecules containing DBDO
substructures soluble. LCC substructures also dominate XADL, representing the majority of
LCC substructures quantifiable across both protolignin and biorefinery lignin preparations.
The hydrophilic nature of chemically attached carbohydrates seems to promote lignin
solubility. This solubility promotion is likely greater when the LCC includes a particularly
long carbohydrate chain, or when the lignin molecule attached is minor in degree of
polymerization (dimer, trimer, etc.).

B-O-4" demonstrated greater instability in non-woods than was observable in
hardwoods. Across all non-wood biomasses, recovery of -O-4’ substructures ranged from
56-62%. The presence of non-condensed S structures did not protect -O-4" from acidolysis
as was observable in nitens (hardwood). Instead, p-O-4" acidolysis must be occurring mostly
around H-containing -O-4’ structures, and possibly even S-containing B-O-4’ substructures.
Acidolysis of B-O-4’ could be rendering greater amounts of non-condensed H and S structures
quantifiable after biorefinery processing due to the decrease in molecular mass, which enables
characterization of a greater amount of biorefinery lignin compared to protolignin.

Totalling the findings of Tables 22-24, it is surmisable that the behavior of non-wood
lignin around biorefinery processing is not as clearly understood as hardwood. While there is
an observable interplay between inter-lignin condensation (measured only for G structures)
and B-O-4’ acidolysis, specific patterns with respect to both cannot be drawn from the compiled
data. This is because no trends were observable between residual lignin extractability nor
recovery of non-condensed aromatic structures. What is certain, however, is that

autohydrolysis results in major liberation of non-condensed H structures and minor liberation
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of non-condensed S structures. In addition, significant amounts of para-coumaric acid and
ferulic acid, as well as lignin molecules bearing LCC and DBDO substructure enrichment, are
rendered soluble within autohydrolyzate. Based on these findings, it appears that the only
labile substructure identified (B-O-4"), results in the release of lignin fragments with said

substructures in-tact.

4. Conclusions

A wealth of lignin characterization data acquired from protolignin and biorefinery
lignin preparations was compiled into the biorefinery’s mass balance with respect to each
individually tested biomass. The findings from such analysis almost definitively elucidated
how hardwood protolignin influences biorefinery lignin properties.  Protolignin non-
condensed S/G was identified as the key driving force towards lignin reactivity during
autohydrolysis, with lower S/G hardwoods demonstrating evidence of increased inter-lignin
condensation and acidolysis compared to higher S/G hardwoods. This suggest that the more
degraded (both acidolyzed and condensed) lignin will be present for a biorefinery process using
hardwoods with low S/G. This degradation will influence lignin’s applicability in different
valorization schemes. For non-woods, no clear conclusion could be drawn in spite of
observation of inter-lignin condensation around G structures and acidolysis of B-O-4’
substructures. It was found that a significant amount of hydroxycinnamic acids, LCCs, and
DBDO substructures are liberated from lignin during autohydrolysis, suggesting their

attachment to the observed acidolyzed -O-4’ substructures.
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TABLES

Table 1. Chemical composition of six lignocellulosic biomasses

Biomass
Sggarcane Wheat Switchgrass | Maple | Sweetgum | Nitens
. agasse straw
Chemical
component
Glucan 42.3 39.0 34.3 43.2 40.2 44 4
Xylan 20.9 18.8 24.1 13.0 15.7 14.3
Galactan 0.9 1.2 0.9 0.7 0.8 1.1
Arabinan + 2.6 31 31 3.4 2.2 14
Mannan
Total carbohydrate 66.7 62.1 62.4 60.3 58.9 61.2
Ac'dl'ig‘:i"r:“b'e 18.2 19.4 18.4 21 | 215 19.9
Acid-soluble lignin 2.3 2.9 2.9 3.1 3.7 4.6
Total lignin 205 22.3 21.3 25.2 25.2 24.5
Extractives® 3.9 1.9 2.1 2.0 1.2 1.1
Ash 2.7 5.6 3.0 0.3 0.6 0.2
Uncharacterized 6.2 8.1 11.2 12.2 14.1 13.0

& Co-eluting monosaccharides
b Measured gravimetrically, removed prior to compositional analysis
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Table 2. Chemical composition and preparation yields of hardwood protolignin

reparations

Blomass Maple Sweetgum Nitens
Chemical MWLp | CELp | MWLp | CELp | MWLp | CELp
component
Glucan 2.0 2.8 2.0 2.5 1.5 3.2
Xylan 3.3 1.2 1.2 1.3 2.0 2.3
Galactan 0.7 1.0 0.8 1.1 1.6 2.6
Arabinan + Mannan? 2.2 2.1 1.9 1.6 3.6 4.2
Total carbohydrate 8.2 7.1 5.9 6.5 8.7 12.3
Acid-insoluble lignin 825 | 86.0 | 866 | 90.1 | 833 | 76.6
Acid-soluble lignin 0.3 0.2 0.3 0.3 0.4 0.3
Total lignin 82.8 86.2 86.9 90.4 83.7 76.9
Uncharacterized 9.0 6.7 7.2 3.1 7.6 10.8
Gravimetric solid yield® 24.6 23.8 27.0 18.3 26.1 18.8
Protolignin preparation percent yield® | 20% | 21% 23% 16% 22% 14%

4 Co-eluting monosaccharides
b Preparation mass relative to lignin in meal

¢ Preparation yield (corrected for carbohydrates, wt% of total raw lignin)

Table 3. Hydroxyl group functional abundance of hardwood protolignin preparations

Blomass Maple Sweetgum Nitens
MWLp | CELp | MWLp | CELp | MWLp | CELp

Hydroxyl group?

Aliphatic OH 6.8 7.3 7.2 7.5 7.6 8.5
C3 & C5 bound phenolic OH 0.8 0.7 0.9 0.5 0.7 0.6
C3 or C5 unbound phenolicOH | 0.7 0.5 0.7 0.5 0.6 0.4
C3 & C5 unbound phenolic OH 0.1 0.1 0.2 0.1 0.1 0.0
Total phenolic OH 1.6 1.3 1.8 1.1 1.4 1.0

mmol/g total lignin in solid
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Table 4. Native substructure quantities from hardwood protolignin preparations (#/100

Ar)
Substructure Maple Sweetgum Nitens
MWLp | CELp | MWLp | CELp | MWLp | CELp
Non-condensed S/G 1.4 2.1 2.0 2.7 3.0 3.7
B-O-4° 38 50 39 47 40 50
B-O-4’ with Ca carbonyl 2 1 2 1 2 1
Total $-O-4’ 40 51 41 48 42 51
B-p’ 4 3 5 4 4 3
B-5° 4 3 3 3 2 2
Spirodienone 1 2 2 2 2 2
Cy acyl 2 1 1 1 1 1
Uronosil ester 2 1 1 1 2 1
Benzyl ether, 1°
OH 1 nd nd nd nd nd
Lee Be”Zy(')iltah er, 2 nd® nq nd nd nd nd
Phenyl glycoside nq° ng ng ng ng ng
Total LCC 3 1 1 1 2 1
4 Semi-quantitative

b Not detected
®Not quantified (<0.5/100 Ar)
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Table 5. Autohydrolyzed hardwood chemical composition, autohydrolyzate
carbohydrate and lignin concentrations (g/100 g o0.d. raw biomass)

Chemical component _Mapl_e . S\_/veetg_um_ _Niten_s .
Solid | Liquid | Solid | Liquid | Solid | Liquid
Solid yield? 69.2 - 66.5 - 68.8 -
Glucan 401 | 10 |375| 23 |433| 0.6
Xylan 3.0 9.2 3.7 | 104 | 25 | 10.7
Galactan nd | 0.6 nd 0.5 nd 1.1
Arabinan + Mannan® | 1.5 1.5 1.3 05 | 0.6 0.7
Total carbohydrate | 44.6 | 12.3 | 425 | 13.7 | 46.4 | 13.1
Acid-insoluble lignin | 20.4 - 20.3 - 18.7 -
Acid-soluble lignin | 0.9 - 1.1 - 1.1 -
Total lignin 213 | 3.9° | 214 | 3.8° | 198 | 4.7°
Ash nd - 0.1 - nd -
Uncharacterized® | 4.8% - 3.8% - 3.8% -

4 Mass of extensively-washed autohydrolyzed solids
b Co-eluting monosaccharides
cwt% of extensively-washed autohydrolyzed solids

4 Not detected

¢ Obtained by back-calculation

Table 6. Autohydrolyzate-soluble lignin (XADL) adsorption yields

Biomass

Sugarcane
bagasse

Wheat
straw

Switchgrass

Maple

Sweetgum

Nitens

Soluble lignin
abundance?

6.5

6.7

7.6

3.9

3.8

4.7

Reduced
autohydrolyzate UV
response

60

98

104

42

43

50

Reduced post-
adsorption
autohydrolyzate UV
response

Soluble lignin
adsorption yield®

92%

98%

94%

93%

98%

99%

A =280 nm
aFrom Table 7
b o4 of absorbance lost
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Table 7. Chemical composition of hardwood biorefinery lignin preparations, AHCELp

reparation yields

Biomass Maple Sweetgum Nitens
. XADL | AHCELp | XADL | AHCELp | XADL | AHCELp
Chemical component

Glucan 2.4 2.4 3.5 2.5 1.6 1.9
Xylan 39.1 1.2 47.2 1.3 33.5 1.2
Galactan 0.5 1.3 0.7 1.1 0.4 1.7
Arabinan + Mannan? 6.3 2.4 5.7 1.6 4.0 2.5
Total carbohydrate 48.2 7.3 57.1 6.5 39.6 7.3
Acid-insoluble lignin 7.8 91.5 7.1 90.1 7.8 92.4
Acid-soluble lignin 26.6 0.2 21.8 0.3 40.1 0.2
Total lignin 34.4 91.7 29.0 90.4 47.9 92.6
Ash nd¢ nd nd nd nd nd
Uncharacterized 17.4 1.0 13.9 3.1 12.5 0.1
Gravimetric solid yield® - 27.3 - 32.6 - 45.3
Preparation percent yield® - 25% - 30% - 42%

4 Co-eluting monosaccharides

b Preparation mass (Wt% of autohydrolyzed lignin)
¢ Preparation yield (corrected for carbohydrates, wt% of autohydrolyzed lignin)

4 Not detected

Table 8. Hydroxyl group functional abundance of hardwood biorefinery lignin

reparations

Biomass Maple Sweetgum Nitens
XADL | AHCELp | XADL | AHCELp | XADL | AHCELp
Hydroxyl group?
Aliphatic OH 27.9 4.0 28.5 4.1 13.8 3.5
C3&C5 bgL:_I’I]d phenolic 37 29 3.7 29 57 29
C3orC5 un(b)oi_tlmd phenolic 14 0.9 19 0.7 0.6 0.7
C3&C5 ungcl)_llmd phenolic 0.2 0.1 0.4 0.1 0.1 01
Total phenolic OH 5.3 3.2 5.3 3.0 3.4 3.7

mmol/g total lignin in solid
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Table 9. Estimated molecular mass of hardwood biorefinery lignin preparations

Biomass

Maple Sweetgum Nitens
XADL | AHCELp | XADL | AHCELp | XADL | AHCELp
Molecular mass
Mw,? 400 1700 400 1600 800 1500
Mwy® 800 7900 800 8700 1100 9200
PDI¢ 2.0 4.6 2.0 5.4 1.3 6.1

4g/mol

b Number-averaged molecular mass
¢Weight-averaged molecular mass
dpolydispersity index (Mww/Mwn)

Table 10. Native substructure quantities for hardwood biorefinery lignin preparations

(#/100 Ar)
Substructure Maple Sweetgum Nitens
XADL | AHCELp | XADL | AHCELp | XADL | AHCELp
Non-condensed S/G 4.9 2.6 6.8 3.4 6.6 4.6
B-O-4 33 21 42 23 43 17
B-O-4’ with Ca carbonyl 1 1 1 1 3 1
Total $-O-4’ 34 22 43 24 46 18
B-p’ 3 3 4 3 2 2
B-5° 2 4 2 3 2 2
Cy acyl 1 nd® 1 nd ng nd
Uronosil ester 8 1 8 nq 6 nq
Benzyl ether, 1°
OH 2 1 2 1 1 1
LCC Benzyloe:?er, 2 ngb nd ng ng ng nd
Phenyl glycoside nq nd 1 nd nq nd
Total LCC 10 2 11 1 7 1

4 Semi-quantitative
b Not quantified (<0.5/100 Ar)
“Not detected
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Table 11. Biorefinery mass balance of maple lignin properties (X / 100g 0.d. raw

biomass)
Raw Biorefinery
Lignin property Ce||u|0|yt_ic
Wood | MWLp | CELp | Autohydrolyzate | XADL | hydrolysis | AHCELp
residue
Total rawlllgnm 100% ) ) 15% i 85% i
representativeness
Lignin prep_aratlon ) 20% 21% ) 93% ) 25%
representativeness
Total lignin, g 25.2 5.0 5.3 3.9 3.6 21.3 5.3
Phenolic hydroxyl, ) 8 7 i 19 i 17
mmol
Non-(_:ondensed S ) 15 18 i 15 i 19
units, mmol
Non-gondensed G ) 10 9 i 3 i 7
units, mmol
Total p-O-4", # - 10 14 - 6 - 6
Total LCC, # - 1 <1 - 2 - 1
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Table 12. Biorefinery mass balance of sweetgum lignin properties (X / 100g o.d. raw

biomass)
Raw Biorefinery
Lignin property Ce||u|0|yt_ic
Wood | MWLp | CELp | Autohydrolyzate | XADL | hydrolysis | AHCELp
residue
Total rawlllgnm 100% ) i 15% i 85% i
representativeness
Lignin preparatlon ) 23% 16% ) 98% ) 30%
representativeness
Total lignin, g 25.2 5.8 4.0 3.8 3.7 21.4 6.4
Phenolic hydroxyl, ) 10 4 i 20 i 19
mmol
Non-(_:ondensed S ) 19 15 i 16 i o5
units, mmol
Non-gondensed G ) 10 5 i 5 i 7
units, mmol
Total p-O-4", # - 12 9 - 8 - 8
Total LCC, # - <1 <1 - 2 - <1
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Table 13. Biorefinery mass balance of nitens lignin properties (X / 100g o.d. raw

biomass)
Raw Biorefinery
Lignin property Ce||u|0|yt_ic
Wood | MWLp | CELp | Autohydrolyzate | XADL | hydrolysis | AHCELp
residue
Total rawlllgnm 100% ) ) 19% i 81% i
representativeness
Lignin prep_aratlon ) 220 14% ) 99% ) 42%
representativeness
Total lignin, g 24.5 5.4 34 4.7 4.7 19.8 8.3
Phenolic hydroxyl, ) 8 3 i 16 i 31
mmol
Non-(_:ondensed S ) 20 13 i 20 i 34
units, mmol
Non-gondensed G ) 7 4 i 3 i 7
units, mmol
Total p-O-4", # - 11 9 - 11 - 7
Total LCC, # - 1 <1 - 2 - <1
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Table 14. Chemical composition and preparation yields of non-wood protolignin

reparations

Blomass Sggarcane Wheat straw Switchgrass
agasse
Chemical MWLp | CELp | MWLp | CELp | MWLp | CELp
component
Glucan 1.0 1.7 0.6 1.8 2.3 1.0
Xylan 11.6 8.0 0.9 7.3 2.8 2.4
Galactan 0.4 0.8 1.1 0.6 0.8 1.3
Arabinan + Mannan? 1.9 2.9 0.8 2.2 1.5 1.5
Total carbohydrate 14.9 13.4 3.4 11.9 7.4 6.2
Acid-insoluble lignin 68.9 81.2 94.9 84.2 81.5 89.2
Acid-soluble lignin 0.4 0.3 0.1 0.0 0.0 0.1
Total lignin 69.3 81.5 95.0 84.2 81.5 89.3
Uncharacterized 15.8 5.1 1.6 3.9 11.1 4.5
Gravimetric solid yield® 36.1 28.3 17.3 25.0 24.8 33.3
Protolignin p;;aé)l?jzatlon percent 2504 2304 17% | 21% | 20% | 30%

& Co-eluting monosaccharides

b Preparation mass relative to lignin in meal (g preparation/100 g total raw lignin)
¢ Preparation yield (corrected for carbohydrates, wt% of total raw lignin)

Table 15. Hydroxyl group functional abundance of non-wood protolignin preparations

Blomass | sygarcane bagasse | Wheat straw Switchgrass
MWLp | CELp | MWLp | CELp | MWLp | CELp

Hydroxyl group?
Aliphatic OH 6.7 6.4 4.7 6.7 6.3 6.8
C3 & C5 bound phenolic OH 0.8 0.4 0.6 0.5 0.5 0.3
C3 or C5 unbound phenolic OH 0.7 0.5 0.7 0.7 0.7 0.6
C3 & C5 unbound phenolic OH 1.5 1.4 0.5 0.6 0.5 0.6
Total phenolic OH 3.0 2.3 1.8 1.8 1.7 15

mmol/g total lignin in solid
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Table 16. Native substructure quantities from non-wood protolignin preparations

(#/100 Ar)
Substructure Sugarcane bagasse Wheat straw Switchgrass
MWL p CELp MWL p CELp MW.Lp CELp
Non-condensed S/G 1.2 1.1 0.7 0.7 0.5 0.4
Non-condensed H/G 15 1.8 0.3 0.4 0.4 0.5
para-Coumaric acid 20 29 9 11 14
Ferulic acid 2 3 2 4 3 5
B-O-4° 25 23 30 29 26 27
B-0O-4" with Ca carbonyl 1 ng 1 1 1 1
Total B-O-4’ 26 23 31 30 27 28
B-p’ ngP nq 1 1 1 1
B-5 3 3 5 4 5 4
Spirodienone ng 1 1 1 1 1
Dibenzodioxicin 1 6 nd 2 1 7
Cy acyl 1 1 2 2 2 1
Uronosil ester 8 8 3 3 6 5
Benzyl ether, 1°
OH 1 nd 1 nd 1 nd
LCC Benzyloe:?er, 2 nde nd nq nq nq nd
Phenyl glycoside 2 1 1 1 3 1
Total LCC 11 9 5 4 10 6

4 Semi-quantitative

b Not quantified (<0.5/100 Ar)

®Not detected
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Table 17. Autohydrolyzed non-wood chemical composition, autohydrolyzate
carbohydrate and lignin concentrations (g/100 g o0.d. raw biomass)

Chemical component Sugarcane bagasse | Wheat straw | Switchgrass
Solid Liquid | Solid | Liquid | Solid | Liquid
Solid yield? 59.0 - 54.9 - 53.1 -
Glucan 37.3 1.9 309 | 33 |300]| 21
Xylan 3.5 10.4 4.3 9.3 5.1 14.0
Galactan nd’ 0.7 nd 1.0 nd 0.8
Arabinan + Mannan® | 0.4 1.2 0.3 16 | 0.3 2.0
Total carbohydrate 41.2 14.2 355 | 152 | 354 | 18.9
Acid-insoluble lignin | 13.2 - 14.9 - 13.1 -
Acid-soluble lignin 0.8 - 0.7 - 0.6 -
Total lignin 14.0 6.5° 156 | 6.7° | 13.7 | 7.6°
Ash 1.7 - 0.7 - 0.4 -
Uncharacterized® 3.6% - 5.6% - 6.7% -

4 Mass of extensively-washed autohydrolyzed solids

b Co-eluting monosaccharides
cwt% of extensively-washed autohydrolyzed solids

4 Not detected

¢ Obtained by back-calculation
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Table 18. Chemical composition of non-wood biorefinery lignin preparations, AHCELp

reparation yields

Biomass

Sugarcane

Wheat straw Switchgrass
bagasse
. XADL | AHCELp | XADL | AHCELp | XADL | AHCELp
Chemical component

Glucan 5.8 0.7 4.5 0.7 4.2 0.9
Xylan 38.6 2.3 27.8 2.5 37.9 3.8
Galactan 0.2 0.9 0.7 0.9 0.3 1.0
Arabinan + Mannan? 3.4 0.5 3.4 0.5 4.5 0.6
Total carbohydrate 47.9 4.5 36.4 4.6 46.9 6.3
Acid-insoluble lignin 8.7 88.9 10.7 88.7 12.8 85.8
Acid-soluble lignin 15.2 1.1 24.7 0.6 16.9 0.4
Total lignin 23.8 90.0 35.4 89.4 29.7 86.2
Ash ndd 0.1 nd 0.2 nd nd
Uncharacterized 28.2 5.4 28.1 5.8 23.4 7.5
Gravimetric solid yield® - 45.6 - 33.9 - 47.3
Preparation percent yield® ] 41% i 30% i 41%

4 Co-eluting monosaccharides

b Preparation mass (Wt% of autohydrolyzed lignin)
¢ Preparation yield (corrected for carbohydrates, wt% of autohydrolyzed lignin)

4 Not detected

Table 19. Hydroxyl group functional abundance of non-wood biorefinery lignin

reparations

Biomass

Sugarcane

Wheat straw Switchgrass
bagasse

Hydroxyl group® XADL | AHCELp | XADL | AHCELp | XADL | AHCELp
Aliphatic OH 41.3 2.8 20.9 3.9 29.4 4.7
C3&C5 bgL:_I’I]d phenolic 26 15 16 13 18 19
C3orC5 un(b)oi_tlmd phenolic 26 0.8 19 10 23 11
C3&C5 ungcl)_llmd phenolic 21 13 0.8 06 16 06
Total phenolic OH 7.3 3.6 4.3 2.9 5.7 2.9

mmol/g total lignin in solid
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Table 20. Estimated molecular mass of non-wood biorefinery lignin preparations

Blomass |  sygarcane bagasse Wheat straw Switchgrass
XADL | AHCELp | XADL | AHCELp | XADL | AHCELp
Molecular mass
Mwin° 600 1900 900 1500 700 1900
Mwy,© 1000 11000 2000 9000 1500 10900
PDI 1.7 5.8 2.2 6.0 2.1 5.7

4g/mol

b Number-averaged molecular mass
¢Weight-averaged molecular mass
dpolydispersity index (Mww/Mwn)

Table 21. Native substructure quantities for non-wood biorefinery lignin preparations

(#/100 Ar)
Sugarcane .
Substructure bagasse Wheat straw Switchgrass
XADL | AHCELp | XADL | AHCELp | XADL | AHCELp

Non-condensed S/G 1.0 2.3 1.0 1.3 0.9 0.7
Non-condensed H/G 7.0 2.4 2.3 0.4 4.5 0.5
para-Coumaric acid 20 18 4 22 10
Ferulic acid 18 1 11 4 16 3
B-O-4 13 13 13 16 10 14

B-0O-4" with Ca carbonyl ngP 1 ng 1 ng 1
Total B-O-4’ 13 14 13 17 10 15

B-p’ ng ng 1 1 ng 1

B-5° 1 4 2 6 2 7
Dibenzodioxicin 8 4 2 1 7 4

Cy acyl nq nd°® ng ng ng nd
Uronosil ester 5 6 2 1 6 3
Benzyloti_t'her, 1 ng nd 1 1 ng 1
Benzy(l)ﬁ? er, 2 ng nd ng nd ng nd

Phenyl glycoside 4 2 5 1 8 4

Total LCC 9 8 8 3 14 8

4 Semi-quantitative
b Not quantified (<0.5/100 Ar)
“Not detected
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Table 22. Biorefinery mass balance of sugarcane bagasse lignin properties (X / 100g o.d.

raw biomass)

Raw Biorefinery
Lignin property N0n- Ce||u|0|yt_ic
wood MWLp | CELp | Autohydrolyzate | XADL | hydrolysis | AHCELp
residue
Total rawlllgnm 100% ) i 3206 i 68% i
representativeness
Lignin preparation ) 2504 23% i 92% i 41%
representativeness
Total lignin, g 20.5 5.1 4.7 6.5 6.0 13.9 5.7
Phenolic hydroxyl, ) 15 11 i m i 21
mmol
Non-(_:ondensed S i 9 7 i 4 i 13
units, mmol
Non-gondensed G ) 8 7 i 4 i 6
units, mmol
Non—qondensed H ) 11 12 i 26 i 13
units, mmol
para-Coumaric ) 6 8 i 7 i 6
acid, #
Ferulic acid, # - 1 1 - 6 - <1
Total B-O-4", # - 7 6 - 4 - 4
Dibenzodioxicin, # - <1 2 - 3 - 1
Total LCC, # - 3 2 - 3 - 3
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Table 23. Biorefinery mass balance of wheat straw lignin properties (X / 100g o.d. raw

biomass)
Raw Biorefinery
Lignin property N0n- CeIIUIOIyIEiC
wood MWLp | CELp | Autohydrolyzate | XADL | hydrolysis | AHCELp
residue
Total raw_llgnm 100% i i 30% i 70% i
representativeness
Lignin prep_aratlon ) 17% 21% ) 98% ) 30%
representativeness
Total lignin, g 22.3 3.8 4.7 6.7 6.6 15.6 4.7
Phenolic hydroxyl, ) 7 8 i 28 i 14
mmol
Non-(_:ondensed S ) 7 9 i 9 i 13
units, mmol
Non-gondensed G ) 1 12 i 9 ) 10
units, mmol
Non—gondensed H ) 3 5 i 20 ) 4
units, mmol
para-Coumaric ) 1 2 i 1 ) 2
acid, #
Ferulic acid, # - <1 1 - 4 - 1
Total B-O-4", # - 7 8 - 5 - 4
Dibenzodioxicin, # - 0 1 - 1 - <1
Total LCC, # - 1 1 3 - 1
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Table 24. Biorefinery mass balance of switchgrass lignin properties (X / 100g o.d. raw
biomass)

Raw Biorefinery
Lignin property N0n- Ce||u|0|yt_ic
wood MWLp | CELp | Autohydrolyzate | XADL | hydrolysis | AHCELp
residue
Total rawlllgnm 100% ) i 34% i 66% i
representativeness
Lignin preparation ) 20% 30% i 94% i 41%
representativeness
Total lignin, g 21.3 4.3 6.4 7.3 6.9 13.7 5.6
Phenolic hydroxyl, ) 7 10 i 39 i 16
mmol
Non-(_:ondensed S i 6 7 i 5 i 10
units, mmol
Non-gondensed G ) 13 19 i 6 i 14
units, mmol
Non—qondensed H ) 5 9 i 27 i 7
units, mmol
para-Coumaric ) 3 5 i 8 i 3
acid, #
Ferulic acid, # - 1 2 - 6 - 1
Total B-O-4", # - 6 10 - 4 - 5
Dibenzodioxicin, # - <1 2 - 3 - 1
Total LCC, # - 2 2 - 5 - 2
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FIGURES

Sweetgum woodmeal
Extractive-free
1. Planetary ball milling (6 hr)
2. Dioxane/water extraction
Workup Liquid/Solid
Crude milled Insoluble
wood lignin woodmeal
“MWLe”
Purification 1. Cellulolytic hydrolysis
2. Dioxane/water extraction
Purified milled m— -
.. Liquid/Solid
wood lignin Workup
“MWILp"
Crude . Insoluble
cellulolytic woodmeal
enzyme lignin
“CELe”
Purification
Purified
cellulolytic
enzyme lignin
“CELp"

Figure 1. Protolignin preparation procurement protocol

Autohydrolyzate Autohydrolyzed solids
1. Mechanical refining
XADI16N resin adsorption 2. Cellulolytic hydrolysis
3. Dioxane/water extraction
1. Desorption Solid/Liquid Solid/Liquid
\T
2. Workup Workup
Solid lignin Lignin-free Insoluble Crude
a(}sorba}e autohydrolyzate residue cellulolytic
4D enzyme lignin
“AHCELc”
Purification
Purified
cellulolytic
enzyme lignin
“AHCELp™

Figure 2. Isolation protocols for autohydrolyzate-soluble and cellulolytic hydrolysis-
insoluble lignin
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Figure 3. Correlation between hardwood AHCEL p preparation yield and recovery of
non-condensed G structures across hardwood lignin preparations
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Figure 4. Correlation between recovery of non-condensed G structures and recovery of
B-O-4’ substructures across hardwood lignin preparations
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Figure 5. Correlation between non-wood XADL’s weight-averaged molecular mass and

total phenolic hydroxyl functionality
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Chapter 6. Conclusions

An impactful literature review was performed in order to evaluate the state of
knowledge around biorefinery pretreatment’s effects upon biorefinery lignin properties. It
was confirmed from reviewed sources that lignins subjected to more severe pretreatment
(acidic or alkaline) are generally less useful for valorization. This was based upon the
increased prominence of inter-lignin condensation. Pretreatment dampening to increase

lignin’s valorizability was prescribed.

Six different biomasses were funneled in identical manner through a biorefinery
process at the laboratory scale. The process includes pretreatment using sequential mild
autohydrolysis and mechanical refining, followed by low-dosage cellulolytic hydrolysis. The
process was found to render strong degrees of saccharification yields, yet different yields
were obtained from the botanically diverse feedstocks. The mass balance of all biomass
components throughout said process was assembled to identify the exact quantities of
carbohydrates and lignin produced by the investigated process upon a single biomass. In
effort to relate the range of carbohydrate output to differences in protolignin, a lignocentric
approach to carbohydrate generation was adopted. In this, several lignin properties
(delignification, degree of condensation, non-wood hydroxycinnamic acid abundance, and
more) were compared with saccharification results in attempt to identify the protolignin
properties most influential upon carbohydrate output. Finally, it was concluded that
hardwood species with higher S/V ratios resulted in greater carbohydrate output, attributable

to the minor degree of inter-lignin condensation experienced by such hardwoods.
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Comprehensive analysis of biorefinery lignin fractions was previously hindered by a
lack of elucidative characterization of the lignin rendered soluble by autohydrolysis
pretreatment. This fraction, however minor (~15 wt% of raw hardwood lignin, ~30 wt% of
raw non-wood lignin), contains significant information regarding lignin degradation induced
by autohydrolysis. An aromatic-selective resin was applied to selectively withdraw the
soluble lignin from the autohydrolyzate solution matrix. Laboratory processing was
employed to render the originally soluble lignin into a solid lignin preparation, which could
then be subjected to a suite of analyses previously un-performable on bulk autohydrolyzate.
Characterization of this lignin revealed its molecular weight to be a reflection of its strong
degradation. However, the degree of degradation halted prior to generation of monomeric
lignin fragments. Instead, the soluble lignin was revealed to be dimeric-oligomeric with
solubility assistance from lignin-carbohydrate complex substructures. These findings shed

light on a biorefinery lignin fraction that went previously uncharacterized to this extent.

Lignin preparations were procured from a single hardwood’s biorefinery lignin
fractions as well as from its protolignin. Comprehensive analysis was performed upon all
lignin preparations, resulting in specific description of each lignin preparation’s hydroxyl
functionality, molecular weight, and native substructural abundance. The characterization
data was then framed into the biorefinery mass balance, and the recovery and/or re-
distribution of different lignin structures and functionalities were tracked. Biorefinery
processing was found to induce a strong degree of chemical degradation upon lignin,

resulting in a distribution of fragmented lignin molecules locatable both in autohydrolyzate
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as well as in the process’ resultant residues. Degradation of 3-O-4’ substructures by
acidolysis-type reactions were noted, as was indirect evidence of inter-lignin condensation.
The results provide an enhanced description of the lignin produced by the investigated

biorefinery process.

To address the effects of varying protolignin sources upon biorefinery lignin
properties, six dissimilar biomasses (three hardwoods and three non-woods) were subjected
to an identical biorefinery process. Lignin preparations were procured from each respective
protolignin as well as both biorefinery lignin fractions. These preparations were subjected to
comprehensive characterization along the lines of hydroxyl functionality, molecular weight,
and native substructural abundance. Once characterized, all the data was incorporated into
the mass balance of lignin for each individual biomass. Comparison between lignin
responses revealed that hardwood lignin’s with low S/G ratios are more prone to both inter-
lignin condensation and acidolysis, resulting in a more degraded soluble lignin fraction and a
less valorizable insoluble lignin fraction. No significant identifiers were uncovered that
could definitively describe non-wood lignin’s response to the biorefinery process. However,
noted occurrence of acidolysis in conjunction with soluble lignin containing unique
substructure profile suggests that acidolysis leads to solubility of substructure-specific

soluble lignin fragments.
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Chapter 7. Future work
7.1. Recovery of protolignin lost during crude protolignin preparation purification

The applied purification protocol resulted in loss of lignin preparation yield. This
effect was most pronounced in crude milled wood lignins (“MWLc”) which saw its
preparation yields drop from ~35-45% down to ~15-20% following purification. Other
works have concluded that this is yield loss is attributable to unintended removal of lignin
molecules bearing LCC substructures. However, these works did not feature selectivity
when recovered the lost lignin, therefore the samples analyzed were an amalgam of lignin
with chemically attached carbohydrates as well as un-bound carbohydrates.

To improve characterization of the lost LCC-enriched lignins, a lignin-selective
adsorptive resin was applied to the LCC-containing solution. This ensured procurement of a
lignin preparation free of un-bound carbohydrates, improving certainty surrounding
discussion of the lignin’s LCC substructures.

Preliminary results revealed 82-95% recovered of this portion of milled wood lignin,
translating to recovery of 11-20% of the LCC-rich lignin lost during purification.
Characterization of the lignin resulted in identification of LCC abundance, in agreement with
previous literature. A range of total LCC substructures was found to be present in the three
tested hardwoods (4-6 total LCC/100 Ar). Significant LCC enrichment was identified in the
investigated non-wood lignin, which possessed 18 total LCC/100 Ar. Future work should
involve procurement of enough of this material to enable further characterization,

specifically: chemical composition, approximate molecular mass, and hydroxyl functionality.
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7.2. Improved compositional analysis protocol for lignocellulosic solids high in acid-
soluble lignin

Subpar mass balances were consistently delivered for all autohydrolyzate-soluble
lignin adsorbates, regardless of biomass origin. This is believed to be in part due to the
assumptions made during spectrophotometric quantification of acid-soluble lignin, found in
the acid digestate produced during compositional analysis. For most biomasses, the
erroneous assumptions made during acid-soluble lignin quantification do not overtly affect
the analysis’ mass balance. This is due to acid-soluble lignin generally representing a minor
portion of the total biomass. However, such assumptions can be detrimental to
characterization of solids containing higher orders of acid soluble lignin (e.g. non-wood
adsorbate: 15 wt%, hardwood adsorbate: 27 wt% acid-soluble lignin).

To overcome the error introduced through the conventional assumptions made during
compositional analysis, a modified protocol for characterization of acid-soluble lignin in acid
digestate has begun development. This method involves acquisition of a UV response which
is indiscriminate between lignin and furan aldehydes, measured in preliminary work at 280
nm. The non-specific UV response was then whittled down utilizing independent HPLC
quantitation of non-lignin UV absorbing solutes. Specifically, furfural and 5-
hydroxymethylfurfural were measured chromatographically. Using acid digestate
concentration and molar absorptivity at the chosen wavelength, furan aldehyde contribute to
UV response was subtracted and the remainder attributed to lignin. This approach was
nearly successful, but resulted in slightly erroneous hardwood compositional analysis (105%

mass balance) and highly erroneous non-wood compositional analysis (117% mass balance).
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Future work should seek to quantify additional potential UV active solutes. For hardwood,
the slight overestimation (~5%) is likely due to the UV response of hemicellulosic uronic
acid moieties. If properly accounted for, it is feasible to assume that mass balance could be
lowered below 100% into the realm of real results. For non-woods, in addition to uronic
acids, independent quantification of hydroxycinnamic acids will also lower the absorbance
attributable to acid-soluble lignin, and potentially produce non-erroneous mass balances

using this modified method.

7.3. XAD16N adsorption Kinetics around autohydrolyzates of different botanical and
process origins

A more advanced study of how Amberlite® XAD16N interacts with autohydrolyzate
solutes should be conducted. This prescription comes from observation of a range of
adsorptions from different hardwood autohydrolyzates at identical solution-to-resin ratios.
Specifically, only 93% adsorption was quantified for maple autohydrolyzate, compared to
98% for sweetgum and 99% for nitens. To determine if this difference is due to chemical
differences between the unadsorbed maple solutes compared to the others, it will be
important to create extensive adsorption curves to understand the adsorption limit with
respect to individual biomass. If compounds are confirmed as un-adsorbable, then it is likely
due to overwhelming lignin hydrophilicity granted by prolonged carbohydrate chains
attached to lignin through LCC substructures.

A similar study could be performed upon other lignin-containing solutions, e.g.

pulping liquor or bleaching effluent. Specific understanding of what lignin solutes engage
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best with XAD will further application of this resin into biorefinery or even pulping
processes. It is feasible to imagine a fractionation process tuned to different soluble lignin-
containing solutions utilizing different XAD products in an array of unit operations which

takes highly selective cuts of soluble lignin away from bulk solution.
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