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Abstract

The main objective of this thesis was to make a platform of libraries for
characterization of lignin and other side-products after steam-explosion. The complete
and effective utilization of renewable biomass will be important in the future as oil is
slowly running out. Oil is already pretreated by nature, which eases the biorefining
processes. In a similar way, biomass also needs to be pretreated for effective

utilization.

Steam-explosion is an environmental and cost-efficient pretreatment of biomass,
which degrades the hemicellulose into water soluble carbohydrates. The resulting
residue is composed of lignin and cellulose which can be further refined. However,
side-products formed under steam-explosion have been shown to be an obstacle for

future enzyme refining of the biomass and is a challenge that needs to be overcome.

In this thesis, sample both from hardwood and softwood were steam-exploded at
several different severity degrees (ranging from untreated to Ro 3.1 — 5.0). Common
for both sources were the increase of Klason lignin content after steam-explosion. This
is indicative of a common side-product termed pseudo-lignin. These samples were

then analyzed by pyrolysis-GC-MS and NMR either with or without lignin extraction.

First, a library of untreated lignin monomeric units after pyrolysis at several
isothermal pyrolysis temperatures (400 — 900 °C) was established. This revealed that
lignin monomeric composition in the pyrolyzate has an evolving trend based upon
increasing pyrolysis temperature. In addition, an estimated optimal pyrolysis
temperature for lignin was noted. Later, these results were utilized in the subsequently

studies where the side-product, pseudo-lignin, was the intended target.

Fractionated pyrolysis at two temperatures (350 and 600 °C, respectively) of both
steam-exploded and non-extracted birch and Norway spruce, revealed that the
composition of the lignin units had no significant change with increasing severity of
pretreatment. Thus, the increase of Klason lignin, the pseudo-lignin, cannot be
accredited to a benzene-like structure. Concurrently, the amount of furan-like units
increased significantly in correlation to the Klason lignin increase, and it is therefore

likely that pseudo-lignin consists of a furan polymer similar to humin.



Sammendrag

Hovedmalet med oppgaven var & opprette en ligninplattform med bibliotek for
karakterisering av lignin og biprodukter etter dampeksplosjon. Komplett og effektiv
utnyttelse av fornybare kilder er viktig for framtiden, siden oljen sakte blir brukt opp.
Olje er naturlig forbehandlet, noe som forenkler bioraffineringsprosessene. Pa samme

mate trenger biomasse ogsa 4 bli forbehandlet for effektiv utnyttelse.

Dampeksplosjon er en miljovennlig og kostnadseffektiv forbehandling av biomasse,
som degraderer hemicellulose til vannleselig karbohydrater. Den gjenvarende resten
bestar av lignin og cellulose, som deretter kan bli videreforedlet. Imidlertid blir det
samtidig dannet et biprodukt under dampeksplosjon som hindrer videre enzymatisk

behandling av biomassen. Dette forer til en utfordring som ma leses.

I denne oppgaven er trevirke fra bade lovtrer og bartraer dampeksplodert ved flere
forskjellige betingelser (fra ubehandlet til Ro 3.1 — 5.0). Felles for begge kildene er at
det er en okning av Klason-lignininnholdet etter dampeksplosjon. Dette er en
indikasjonen pa biproduktet; pseudolignin. Disse prevene ble deretter analysert med

pyrolyse-GC-MS og NMR, enten med eller uten ligninekstraksjon.

I forste omgang ble det etablert et bibliotek over ubehandlede ligninmonomere som
er i pyrolysatet ved flere isotermiske pyrolysetemperaturer (400 — 900 °C). I dette
fremgikk det at sammensetningen til pyrolysatet hadde en utvikling som endret seg
etter pyrolysetemperaturen. I tillegg ble det estimert en optimal pyrolysetemperatur
for lignin. Senere ble disse resultatene benyttet i etterfolgende studier hvor

biproduktet, pseudolignin, var mélet.

Fraksjonert pyrolyse ved to temperaturer (hhv. 350 og 600 °C) av dampeksplodert og
ikke ekstrahert bjork og gran viste at ligninkomposisjonen endret seg lite med okende
grad av hydrolysebetingelser (severity factor, log Ro) under dampeksplosjon. Dermed
vil ikke ekningen av Klason-lignin, pseudolignin, kunne beskrives som benzen-
lignende strukturer. Derimot eker innholdet av furan-lignende forbindelser merkbart
med gkningen av Klason-lignin innholdet. Det er derfor rimelig 4 anta at pseudolignin

bestar av en furanpolymer, tilsvarende humin.

VI



List

L.

I1.

II1.

Iv.

of papers

The effect of flash pyrolysis temperature on compositional
variability of pyrolyzates from birch lignin
Ida Aarum®, Hanne Devle, Dag Ekeberg, Svein J. Horn and Yngve Stenstrem.
Journal of analytical and applied pyrolysis, 2017, 127, 211-222.
DOI: 10.1016/j.jaap.2017.08.003

Characterization of pseudo-lignin from steam exploded birch
Ida Aarum”, Hanne Devle, Dag Ekeberg, Svein J. Horn and Yngve Stenstrom.
ACS Omega, 2018, 3 (5), 4924-4931. DOI: 10.1021/acsomega.8b00381
Impact of milled wood lignin purifications on spruce
lignocellulose

Ida Aarum®, Ander Solli, Hordur Gunnarsson, Hanne Devle, Dag Ekeberg,
Dayanand Kalyani and Yngve Stenstrem. Wood science and technology, 2018,
submitted.

Effects of pH adjustment on steam explosion extraction of
acetylated galactoglucomannan from Norway spruce.
Leszek Michalak, Svein Halvor Knutsen, Ida Aarum and Bjerge Westereng*.
Biotechnology for biofuels, 2018, submitted.

Author contributions

I1.

III.

Iv.

This author planned and performed the experimental work, and wrote the
manuscript taking into account the comments of the coauthors.

This author planned and performed the experimental work, and wrote the
manuscript taking into account the comments of the coauthors.

This author planned the experimental work and wrote the manuscript
taking into account the comments of the coauthors.

This author performed the experimental work for the NMR analyses and
wrote the corresponding part of the paper considering the comments of the

coauthors.

VIl



Abbreviations

C NMR

'H NMR
4-0-MeGlucA
ASL

CEL

D-Gal

D-Glu
D-Man/D-Man?
D-Xyl/D-Xyl*
FT-IR

G

H

HSQC

L-Arab

LCC

MWL
NMR
Py-GC-MS

S/G

Vil

Carbon-13 nuclear magnetic resonance

Proton nuclear magnetic resonance
4-O-Methylglucoronic acid

Acid soluble lignin

Cellulolytic enzyme lignin

D-Galactose

D-Glucose

D-Mannose or D-mannose acetylated in C5 position
D-Xylose or D-xylose acetylated in C2 position
Fourier-transform infrared spectroscopy

4-(3-Hydroxy-1-propenyl)-2-methoxyphenol  (guaiacyl
unit)
4-(3-Hydroxy-1-propenyl)phenol (p-hydroxyphenyl unit)

Heteronuclear singular quantum coherence
L-Arabinose

Lignin-carbohydrate complex

Molecular weight

Milled wood lignin

Nuclear magnetic resonance

Pyrolysis-gas chromatography-mass spectrometry

4-(3-Hydroxy-1-propenyl)-2,6-dimethoxyphenol

(syringyl unit)
Syringyl-/guaiacyl-unit lignin ratio



1 Introduction

1.1 Project background and aims

Traditionally the conversion of wood in pulp and paper industry has had its main focus
on cellulose. The remaining wood mass has been regarded as waste and has mainly been
burned to generate energy and heat for power. The total utilization of wood will be
important in future economic and environmental developments.!? Cellulose has already
claimed its important role in wood refining, but in recent years the interest in lignin has
also surged. Lignin is the most abundant aromatic polymer on earth, naturally occurring,
and has the potential to replace crude oil refining.? It has a complex and diverse structure,
which lacks analytical methods for detailed characterization after various wood

treatments.** This makes scrutiny often challenging.

A research group at NMBU (Norwegian University of Life Sciences) has implemented
steam explosion, fermentation and extraction of cellulose for processing wood and
timber, leaving behind lignin as a side-product. The aim of this project was to make a
platform of library for characterization of lignin and other side-products after steam-
explosion. Both hardwoods and softwoods were to be analyzed mainly with pyrolysis-

GC-MS (py-GC-MS) and NMR.

Increasing value

Figure 1. An illustration showing several different possible wood products.



1.2 Wood worth in the world

Today most chemicals and fuels are synthesized from fossil sources, this is a non-
sustainable way of living. In recent years an effort has been put into research of
alternative and sustainable ways of fulfilling this ever-increasing demand of energy and
chemicals. The most promising alternative so far has been lignin, and the effort into

effectively utilizing it has recently increased.®’

Lignin today is mainly used in its low to mid-grade form of refining as concrete-
substituent, animal-feed, in mining industries, in oil-quarrying, as low-grade chemicals
etc.®? Now, efforts of refining lignin are more towards e.g. bio-fuel, high-value
chemicals, polymers."®” Despite the opportunities the heterogeneity of lignin after

depolymerization poses a severe challenge in refining to high value chemicals.”-'%!!

1.3 Wood cell composition, structure and biosynthesis

Wood is divided into two subgroups, softwood and hardwood, the classification comes
from biology and retains to propagation of the plant. Hardwoods are angiosperms and
have their seeds enclosed in the ovary of the flower, commonly known hardwoods are;
birch, ash and oaks. Softwood are gymnosperms, commonly called conifers, their seeds

are not enclosed, common softwoods are; spruce, pine and fir.'?

All organic plant material is composed of mainly three different constituents; cellulose,
hemicellulose and lignin. The ratio of the three constituents differ between species (and
even between individuals), but typically there is about 40 — 50% cellulose, 25 — 35%
hemicellulose and 20 — 35% lignin in the stem wood.!*'* In addition there are some
extractives (lipids and proteins) and ash (inorganic residue), but these all amounts to less

than 5 — 10%."

The wood cells in the stem has an ultrastructure that can be divided into several layers.
The two main walls, the primary and secondary wall and in addition to the warty layer,
the intercellular space is called the middle lamella, Figure 2. The secondary wall is further

divided into outer layer (S1), middle layer (S2) and inner layer (S3).'¢



Figure 2. Anatomical overview of the ultrastructure layers in a mature wood cell. The

wall layers consist of the primary wall (P), the secondary wall (S) and the warty layer

(W). The secondary wall is divided into; outer layer (S1), middle layer (S2) and inner
layer (S3). The middle lamella (ML) is the intercellular region.'®

The primary wall is mostly composed of cellulose, hemicellulose, proteins and pectin,
while the secondary wall contains cellulose, hemicellulose and lignin.!”!* All plant cells
have a primary wall to keep the protoplasm within, it is deposited while the cell is still
expanding. The secondary cell walls are specialized cells mainly to facilitate support or
water transport in the plant, but it is common in wood cells as it provides a more rigid

structure.?%?!

Even today there are discussions about the intermolecular linkage between the

constituents of the cell wall (i.e. cellulose, hemicellulose and lignin), and the overall



structure. A very influential model from Keegstra et al. (with modification by
Albersheim)?? has been leading the field since the 70’s, but recent advances in technology
have provoked a new hypothesis; the hotspot hypothesis. The established theory depicts
that a bundle of multiple cellulose strands (microfibrils) are “evenly” and “neatly” spaced
apart by matrix polymers (hemicellulose, lignin and pectin).?* The hotspot hypothesis
depicts more interactive microfibrils where they are directly linked to each other at “load-
bearing” junctions, by the means of hemicelluloses.** A comparison of the reigning

theory and the new hypothesis is shown in Figure 3
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Figure 3. The two different models that show the morphology of cellulose,
hemicellulose and lignin interaction. Left is the reigning model, where the cellulose
strands are clearly separate. Right is the hotspot model, where the cellulose strands

(blue) bend and touch each other.?>-*

Either way there is an intermolecular linkage between carbohydrates and lignin,
commonly called lignin-carbohydrate complexes (LCC). This is a structure which has
lignin covalently bonded to carbohydrates, Figure 4 shows a schematic view.?>?’ These
are complex molecules and it is theorized that LCC in its native state only binds with

hemicellulose.*®
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Figure 4. A schematic view of the interlinkage between cellulose, hemicellulose and
lignin. Inspired by Mosier et al >

1.3.1 Cellulose

Cellulose is the most abundant organic polymer on the planet; it is a homopolymer
composed of cellobiose. Cellobiose is a dimer of B-D-glucose, where every glucose unit
is rotated 180 ° with respect to its neighbor.3!*2 The dimers are linked together in (1 =
4)-glucoside bonds (acetal linkage) and the number of monomers in a strand can amount
to about 15 000 units, Figure 5.3 It was first isolated and named by the French chemist
Payen in 1838.333*
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Figure 5. An overview of the chemical structure of cellulose, cellobiose is marked in
red, a glucose unit is marked in blue and a glucoside bond is designated by the arrow.
The dashed line indicates the hydrogen-bonding in intra and inter linkage in the
strands of cellulose. The number of units (n) can amount to about 15 000.

The multiple hydroxyl groups in cellulose gives rise to intramolecular hydrogen bonds
(C2—C6 and C3 — C5) and intermolecular hydrogen bonds (C3 — C6). The intramolecular
hydrogen bonds stabilize the individual glucopyranose rings in a coplanar orientation.
This results in a ribbon-shape polymer, where the equatorial hydroxyl groups forms the
edge.’? The intermolecular hydrogen bonds will interact with neighboring stands and
pack them together into a dense crystalline structure, microfibrils, that have a high tensile
strength.®> The crystallinity in the microfibrils will intermittently be exchanged with

amorphous areas, where the intermolecular linkage happens, Figure 6.%



Water molecules

Amorphous region Crystalline region

Figure 6. Schematic view of the ordered crystalline and the amorphous areas of
microfibrils.’’

1.3.2 Hemicellulose

The second constituent in wood cells is hemicellulose; it is a heteropolymer structure,
which is chemically related to cellulose as it has a carbohydrate backbone. Despite this
similarity to cellulose the structure is decidedly more complex and amorphous with
shorter chain lengths (up to approximately 3 000). It is branched and composed of several
different carbohydrates, Figure 7.> The main chemical composition also changes
depending on wood-type (hardwood, softwood) in addition to the location in the cell wall.

Two of the most important hemicelluloses are xylan and glucomannan.?*
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Figure 7. Hemicellulose monomeric units.

Xylan has a backbone of B-1,4-linked xylose, which is substituted by i) o-4-O-
methylglucuronic acid in C2 position on xylose, ii) a-arabinose in C2 or C3 position on
xylose (most common in softwoods) and iii) acetyl esters in C2 or C3 position on xylose

(most common in hardwoods), Figure 8.7

Glucomannans have a backbone of -1,4-glucose and mannose, in a ratio of 1:3, and it is
the major hemicellulose in the secondary wall of softwood. They are often substituted
with a single galactose in C6 position on mannose and are commonly called

galactoglucomannans, Norway spruce is rich in this variety of hemicellulose, Figure
g.2336
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Figure 8. Xylan structures in hardwood and softwood. D-Xyl/D-Xyl* = D-xylose or D-
xylose acetylated in C2 position, 4-O-MeGlucA = 4-O-methylglucoronic acid.
Glucomannan structures in hardwood and softwood. D-M/D-M" = D-mannose or D-
mannose acetylated in CS5 position. L-Arab = L-arabinose, D-Glu = D-glucose. 37



1.3.3 Lignin

Lignin is the largest reservoir of renewable aromatic molecules on earth.*®*? It is the third
main constituent in all biomass and it is an amorphous polymer made up of three different
building blocks called monolignols, Figure 9. The monolignols are 4-(3-hydroxy-1-
propenyl)phenol (H), 4-(3-hydroxy-1-propenyl)-2-methoxyphenol (G) and 4-(3-
hydroxy-1-propenyl)-2,6-dimethoxyphenol (S).*4!

HO
OH
o
O— ~0 OH
HO
HO O OLignin
OH OH OH
X N X
OH OH OH
H G S

HO

Figure 9. Lignin macrostructure and the monolignols; 4-(3-hydroxy-1-propenyl)phenol
(H), 4-(3-hydroxy-1-propenyl)-2-methoxyphenol (G) and 4-(3-hydroxy-1-propenyl)-2,6-
dimethoxyphenol (S).>’

Lignin is a complex molecule with branching and an amorphous structure that fills area
of the cell wall in between the hemicellulose and cellulose.®> The average molecular
weight (Mw) for lignin ranges from 7-8 000 to over 20 000 Da, but the extraction method
has a great impact on exctracted size.**** One property that increases lignin complexity
is the diversity of the monolignols bonding pattern. Figure 10 shows the most abundant

bonding patterns, but there are additional bonding patterns (a total of 20 different bonding

10



patterns*445) 46-

48 Despite of this, lignin is still mostly bound together by the B-O-4

bonding pattern (60 — 70%*’) that makes the lignin inherently linear.**

R = alkyl
R'=H, MeO
O}’L
R! R
OH
¥ B o
R? R2

p-0-4 and p-0-4'
BDE (R2= OH): 290.79 kJ/mol
BDE (R2= =0): 239.07 kJ/mol

p-5 and a—-0-4
BDE (a—0): 175.73 kJ/mol
BDE (a—B): 246.69 kJ/mol
BDE (B-5): 685.97 kJ/mol

BDE (a—B): 273.50 kJ/mol
BDE (a—0): 285.60 kJ/mol
BDE (y—0): 333.00 kJ/mol

BDE (f—y): 330.49 kJ/mol
BDE (f—B): 339.30 kJ/mol

-1 4-0-5 5-5
BDE (a—p): 345.14 kJ/mol ~ BDE (C—0): 345.35 kJ/mol BDE (5-5): 480.95 kJ/mol

Figure 10. The most common lignin bonding patterns.”’>* The BDE energy listed
corresponds to the bold marked bonds and their respective annotation.

The ratio of S/G varies based on the origin of the biomass and even eventual strain from
living conditions. Softwood has mostly a G-type lignin with 90 — 95% G and 5 — 10% S-
monolignols.® In softwood the growth conditions can lead to formation of reaction wood
which has a larger content of lignin, it is called compression wood (35 — 40% lignin).'®>*
Hardwoods have larger diversity in the S/G ratio, but on average it is 50% G and S-
monolignols.®*® In comparison, the reaction wood in hardwoods have an increase of

cellulose content.'®
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The biosynthesis of lignin starts by converting glucose into shikimate and then p-
coumaric acid, Scheme 1. The second and third phase include the transport of the

monolignols to the cell wall, Scheme 1.%

The current hypothesis on how the lignin
polymer is formed, uses a radical coupling reaction of the monolignols adding to the end
of a polymer.>®>° The monolignol are oxidative radicalized by hydrogen peroxide (H202),
before coupling with another monolignols radical to form one of several bonding
patterns.**%3% The radicalization is favored on the B-position, and this results in all the
B-bonds in lignin. In the next step the dimer is dehydrogenated into a new radical which

then continues the endwise coupling of the polymer, Scheme 2.*
OH o) o o o
R R2 R! R2 R! _R2 R R? R! R2
H
e\ p ~ X X | .
YoH OH OH OH OH
OH OH
Rl R2 R! ] R2
OH HO
R R? o

\/\/C[O :
RZ O
HO DN R2

= HO

G:R'=0CH; R?=H
S:R" = OCHj, R? = OCHj3

R OH

HO
p-0-4 p-s B-p

Scheme 2. Radicalization of the monolignols favored in the -position and endwise
coupling.**
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1.4 Pretreatment

Wood has a matrix that is closely tied together and there are challenges in utilizing all
parts of the raw material if not pretreated in some way. Pretreatment is an umbrella term
for all treatment done before extraction or product refining, and the main objective is
separation of the three main constituents, Scheme 3. Pretreatment can be easily classified

into three major categories, 1) physical, 2) biological and 3) chemical.

: Cellylose
HemlceIHulose /

Lignin

Pretreatment

Scheme 3. Schematic representation of pretreatment effect on biomass.

Physical pretreatment is almost always applied as it encompasses all mechanical
treatments such as; cutting, grinding and ultrasonic treatment of the wood. Chemical
pretreatment utilizes chemicals in a range of different ways. A few different methods

include; acid hydrolysis, lignosulfonates, Kraft lignin and organosolv lignin.%%¢!

Chemical treatment will often alter the structure of the constituents and depending on the
intended products this is either a wanted or a negative side-effect. Lignosulfonates is a
type of chemically altered lignin (addition of a sulfonic acid) after sulfite pulping. This
lignin is water soluble to some extent, and has certain properties that are in demand in
for example construction.® Biological pretreatment utilizes nature’s own degradation

system, either with microorganisms or enzymes by themselves.®?

As pretreatment separates the three constituents of wood from each other, this is often at
the expense of one of them. Choosing a pretreatment type is therefore an important with

regard to the later product goals. Which constituents that are preserved under chemical

14



pretreatment is for instance dependent on the pH under pretreatment, Figure 11, or the

choice of microorganism in biological pretreatment, cf. 1.4.2.5?

Arbitrary scale

Acid Hydrolysis Autohydrolysis AFEX Wet Oxidation Lime
Steam Explosion

pH Increase ->

Figure 11. Typical polymeric solids composition after biomass pretreatment as a
function of reaction pH characteristic of each pretreatment.®

1.4.1 Kraft

Today the most extensively used pretreatment in production is “Krafting” (with 95% of
biorefineries/paper and pulp utilizes this method). This is a chemical pulping method that
produces what is termed “black-liquid”, from wood and NaOH/Na,S. The black-liquid
contains liberated lignin, either as lignin phenolate or ligno-sulphate together with
degraded carbohydrates and some extractives. It is only about 40 — 50% lignin in black
liquid and the rest are various amounts of partially degraded polymer carbohydrates and
small amounts of extractives. Since this usually is a side-product from paper milling it
will in most factories just be dried and then burned as a low value energy source, while
the inorganic chemicals are recovered. This type of treatment is detrimental to potentially
very valuable products. One of the biggest problems with this pretreatment, if high value
chemicals are the goal, is the huge product diversity which makes separation and

upgrading difficult.>*4
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1.4.2 Biological pretreatment
With biological pretreatment there is an addition of microorganisms directly on to the
wood without any other pretreatments. This causes a vast difference in results depending

on mode of action and choice of microorganism, Table 1.9

Table 1. A few microorganisms used in biological pretreatment, and their major effect

on biomass.
Microorganism Biomass Major effects References
Punctualaria sp. Bamboo culms  50% of lignin 63
UFC20056 removal
Irpex lacteus Corn stalks 82% of hydrolysis %
yield

P.ostreatus/P.pulmonarius  Eucalyptus Twenty fold 67

grandissaw increase in

dust hydrolysis
Fungal consortium Corn stover 43.8% lignin o8

removal/seven fold
increase in
hydrolysis

Ceriporiopsis Wheat straw Minimal cellulose

subvermispora loss

Fungal consortium Plant biomass  Complete
elimination of use
of hazardous
chemicals

69

70

1.4.3 Steam-explosion
Steam-explosion (SE) is a pretreatment that is a combination of physical and chemical
means, since it utilizes high temperature and pressure in combination with steam or low

concentration of acids.%""!"72

The biomass is exposed to saturated steam typically from 160 — 260 °C, under high
pressure 0.69 — 4.83 MPa for a short time (1 — 15 min).*"7>7* When the steam hits the
“cold” wood fibers, it condenses inside the pores of the wood. Thereafter the pressure is
rapidly removed inducing an “explosion” when condensed water turns into vapors. This
in turn pulls the fibers apart and hydrolyses the hemicellulose into monomeric units

Figure 12.61.71.72

SE is considered a green and environmentally friendly method as the need for chemicals
is minimal if any, and when used it is usually diluted acids (0.1%wt.). This also affects
the price and SE is considered to be a relatively cheap method for degradation of the

wood.2"”® Structurally the constituents in wood should be unaltered, but some
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degradation of lignin, and in some cases cellulose, has been reported with diluted

acids.60’63’75’76

Sometimes there is not even a need for addition of diluted acids under SE. This is usually
the case with hardwoods as they will release acetic acid from hemicellulose that will act
as the diluted acid. This is called autohydrolysis since the hemicellulose hydrolyze
itself.”” The amounts of released acid under similar conditions have been measured to

result in pH as low as 3 —4.7%7

Since the main parameters for SE is time and temperature and both have direct and
independent impact on the degradation of biomass, the need for an independent

comparison factor arises. Overent and Chornet®

did develop this factor based on the
amounts of water soluble saccharides after SE, called severity factor (log Ro, equation
beneath). T is temperature of the steam under pressure, and retention time (rt) is the time

the biomass is under pressure with the temperature, T.

T-100
log Ry = log(rt X e1475))

With SE there is also the option of presoaking the biomass in solvent before SE in the
reactor. SE can be a sensitive method depending on biomass type, for instance hardwoods
are generally easier to steam explode as they hydrolyze by themselves (autohydrolysis).
Softwoods often needs additional help, such as presoaking with diluted acids.®* The

diluted acid will penetrate the biomass fully and the degradation will be more complete.

Side-products

Mono- and
oligomer
sugars

Lignin and
cellulose

EXPLQSIONJ/_}KnL

Figure 12. Overview of a typical steam-explosion with start material and products.
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1.5 Extraction of lignocellulose

In characterization, the extraction of an analyte is an important step, as the influence of
impurities can make the identification difficult, time consuming, impossible or, in the
worst case, lead to misidentification. With heterogeneous polymeric molecules this will
be even more important as identification is increasingly difficult with increasing

heterogeneous of polymers.

In biomass there is an intricate matrix of cellulose, hemicellulose and lignin. The
extraction of these for analytical purposes is a challenge, but there are several solutions

of which some have both benefits and drawbacks.

IL
Pulping
—» CEL
Wood
> Milling
Klason MWL

Scheme 4. Schematic overview of several different extraction methods. IL=Ionic liquid,
Klason=Klason lignin, CEL=Cellulolytic enzyme lignin, MWL=Milled wood lignin.

1.5.1 Milled wood lignin

The extraction method that is considered to be one of the least invasive and structurally
altering of lignin is milled wood lignin (MWL) method. It was first reported by Bjérkman
in 1956.8! Later it has been modified slightly by other researchers®>** but this method has

been considered to be the most representative of protolignin® in wood, and is often called
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“native”-lignin. The largest drawback of the MWL method is the low extracted yield
(crude extraction yields only 20 — 30% wt. of total lignin).%’

Initially the wood is divided into fine powder and washed with organic solvents to
remove extractives found in the wood, such as steroids, terpenes and waxes. The
extraction of lignin is then done with aqueous p-1,4-dioxane (96:4 v/v), which yields

crude MWL.3

The grinding of the wood is performed by a planetary or vibrating ball mill, and certain
precautions have to be taken in order not to alter the lignin. During the grinding procedure
the friction will cause a rise in temperature. To avoid this, the grinding should be done

either with intervals that keep the temperature below 35 °C, or with a cooling air flow.3!:83

Recent studies of MWL have shown that the lignin is slightly more condensed than other
methods. It is suggested that the MWL contains more lignin from the middle lamella than

the cell walls.3¢37

1.5.2 Cellulolytic enzyme lignin
In the cellulolytic enzyme lignin (CEL) method the wood is first treated with cellulolytic
enzymes to remove most of the carbohydrates prior to the aqueous p-1,4-dioxane

extraction of grinded wood meal.3%%7-88

This type of lignin is structurally similar to MWL and even more representative of the
protolignin, with a part of the LCC being retained in the extraction. Additionally, it has
a yield that corresponds to a high percentage of total lignin in the wood.?3%” An advantage
the CEL method has over the MWL method, with regards to industry, is that chemical
pulp is digestible by cellulolytic enzymes without the need for grinding of the pulp. This
means that there is no additional alteration of the lignin after pulping.®’ The drawback is
that the procedure for preparing the CEL method is tedious and the gain in structural

knowledge is not sufficient compared to the relatively ease of the MWL method.

1.5.3 Kilason lignin

This extraction method includes the complete acid hydrolysis of all carbohydrates into
water soluble monosaccharides. Complete hydrolysis is achieved with strong
concentrated acids such as sulfuric acid (72% H2SOs), the residue remaining after drying

is termed the Klason lignin. This was first discovered by Payen in 1838, when he treated
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wood with concentrated H2SO4 and was left with a brown residue.** Klason lignin has
later become an analytical standard for quantification of total lignin in wood and other
biomasses, either by the TAPPI”® or the NREL’! protocols. Unfortunately, while
refluxing with concentrated acid, the Klason lignin will also degrade to some extent. For
this reason, the protocol is not considered to be a good extraction method for

characterization purposes.

There is some lignin which dissolves under extraction, called acid soluble lignin (ASL).
For softwoods this constitute only about 0.2 — 0.5% and for hardwoods it is 3 — 5%.% It

is then possible to quantify the ASL by ultraviolet spectroscopy after total hydrolysis.”®

1.6 Main analysis techniques

Choice of analysis techniques is an important first step after determining the goals of a
project. Often the analysis techniques do not give the whole picture and only fractionated
information of the components in question. By performing several different analytical
techniques on the same component, the picture becomes more complete and a structural

characterization more confident.

1.6.1 Pyrolysis-GC-MS

Normally GC-MS is not an analytical technique that is optimal for intact macromolecules
and polymer compounds, as the compounds needs to be volatile and thermally stabile.
However, coupled with a pyrolysis the polymer of interest will decompose into smaller,

volatile compounds before separation and detection on the GC-MS.

Pyrolysis is a thermodynamic bond-cleavage without the use of oxygen, and is more
generally termed thermolysis. It can be divided into two main groups, slow pyrolysis and
fast pyrolysis (flash pyrolysis). Flash pyrolysis is defined by IUPAC to; “A pyrolysis that
is carried out with a fast rate of temperature increase, of the order of 10 000 K/s.”** It is
important to have a fast heating rate in structural analysis to keep the secondary unwanted

reactions and formation of char to a minimum.

Pyrolysis reactions are divided into primary and secondary mechanism, the primary
include; 1) char formation, ii) depolymerization and iii) fragmentation, Figure 13. Char
formation is an unwanted reaction as it degrades the biomass into low-grade products,

such as charcoal (biochar). It is the result of intra- and intermolecular rearrangement
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reactions that can be favored under low temperature and heating rates.'®?*-1%! Under
depolymerization the polymer is degraded into the monomeric units that make up the
polymer. This will yield a bio-oil of valuable components that can later be refined into
high-valuable components.'!% A fragmentation mechanism is the pathway of

degrading the polymer directly into incondensable gasses.'%-%310!

Char Formation

char
@@@::: — +cf|10n:vp':;d:r\ids4> O‘O& +Df|1ﬂ":\:3'gl\j:d5 T<500°C

polycyclic aromatic structure

Depolymerization T/
Heating /

OO : , rate
NOYOYO! o000+ 00-0

Fragmentation T >600°C

H o]

-O-O-®- % A
—5 5 ® 7 ™ 4CH,-OH +CO+ CH,
_®_®_®_ H>=0 wy incondensable gas
OH

Figure 13. Pathways of primary mechanism of biomass conversion in pyrolysis.>

The secondary mechanism includes crackling or recombination. Both reactions are the
consequence of pyrolysis products being unstable under the temperature conditions, and
subsequently undergo further degradation. Crackling reactions encompasses pyrolysis
products that decompose into low molecular weight (Mw) molecules. Recombination
reaction encompasses pyrolysis products that recombine or rearrange into high Mw
molecules. When recombination happens within a polymer pore it is called secondary

char.93’94’106'108

As pyrolysis is a thermolysis-type degradation, the temperature and time of heating are
important factors for pyrolyzate composition. In general the energy, in form of heat, will
break the weakest bond first, and then subsequently increasingly stronger bonds. ¢ This
can be manipulated to yield different compositions in the bio-oil, which can be predicted

to a certain degree by the bond dissociation energy in molecules, (BDE).'®"'2 The
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mechanisms of lignin degradation are still disputed, and many questions have so far
remained unanswered regarding to what degree i) homolysis, ii) “retro-ene” and iii)

Maccoll elimination is part of it, Scheme 5.!13-120

Homolysis

~_O O .
R \© — \© R: @

"retro-ene" - _
o) -0,
R/\/ —_— i N 0
T SO BN
R H”

Maccoll elimination _ _

HO

X . \@

16

H.
R/\/O\C , R “”O\© —

Scheme 5. Simplified reaction mechanisms possible under pyrolysis of lignin."

1.6.2 2D NMR

Nuclear magnetic resonance spectroscopy (NMR) is a strong analytical tool for
characterization purposes. It can detect functional groups, neighboring atoms and even
distinguish isomeric substances such as stereoisomers. With more complex compounds
and/or mixtures the need for more sophisticated techniques are in demand. The most
common is two-dimensional NMR (2D NMR), even though both three- and four-

dimensional NMR techniques are possible.

2D NMR can either be plotted with the coupling constant orthogonally to the chemical
shift or the chemical shift can be plotted on two orthogonal axes, creating a contour map
of coupling and functionality of the compound. The two dimensions can either be two

'H, two 13C or 'H-13C."?!

Heteronuclear single quantum coherence (HSQC) is a two-dimensional 'H-'*C type
NMR, which measures the coupling constant between proton and carbon, visualized as

the cross-peaks. This method is particularly useful on samples with complex and versatile
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structures, such as lignin and hemicellulose, as it utilizes proton-detection of the *C
signals. This results in a higher resolution of the carbon-dimension, than other hetero-
correlation experiments, for example heteronuclear multiple quantum coherence

(HMQC).DI_IM

‘ 0

Sat. alkane ‘ 20

40

60

180

200

' 220

5, ppm

Figure 14. Schematic overview of typical areas of functionality and coupling visible in
HSQC. The red area is usually the area of most interest.

A method of quantification has in recent years been developed for MWL in HSQC. 25126

This yield a quantification of the different interunit bonding patterns in lignin, which
gives valuable insight into structural differences in lignin between biomass types. It has
also been applied after treatments on biomass, and as structural elucidator for LCC,

Figure 14 26,44,56,125-128

Some considerations have to be evaluated before quantification; i) the sample has to be
fully dissoluble in the solvent of choice, and stay dissolved during the time of the

measurements; ii) standards have to be inert and stable over the time needed for the
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measurements; iii) signal-to-noise ratios increases with only 0.25 times per scans taken,

and available time is a limiting factor in NMR spectroscopy.'?’

1.7 Pseudo-lignin

There has been noted a rise in Klason lignin content after SE, which is not accounted for
by the loss of carbohydrates under the treatment.>'?° This rise has been denoted to a side-
product that is formed with increasing severity factor and named pseudo-lignin. The
definition is a broad and diffuse term, but the most accepted states; “an aromatic material
that yields a positive Klason lignin value that is not derived from native lignin.”*° This
side-product has been shown to hamper further enzymatic hydrolysis of cellulose.>!2%-134
Klason lignin is on the other hand only a quantifying measurement of non-hydrolysable
residue (usually aromatic) after complete hydrolysis of the carbohydrates in biomass, and
identifies no specific structure.'3? There has been several reports around the structure of

pseudo-lignin, but characterization of this has been challenging as Klason is a destructive

method.

Characterizations of pseudo-lignin has shown that it has a higher degree of
polymerization than “native”-lignin.'** It is often visualized as a lignin-like polymer,
because of its aromatic functionality visible in Fourier-transform infrared spectrum (FT-
IR).!2%13¢ This has caused the hypothesis that pseudo-lignin is condensed lignin (lignin
that has reacted with itself), this is reinforced to a certain degree by NMR and the reaction
possibilities that lignin can undergo under SE, Scheme 6.%>3713° In addition, another
hypothesis is that pseudo-lignin is a type of flavonoid-like structure, caused by

rearrangement in the lignin structure, these have been detected after SE with LC-MS.!*
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Scheme 6. Reaction pathways and resonance structures under steam explosion of lignin
that might take place. The first resonance structure is open for a nucleophilic attack, Li
et al.’*? and Shimada et al.'*’ The fragmentation reaction in the fourth resonance form
is calculated to be exothermic by Sturgeon et al.'*' QM is the formation of Quinone
Methide-structure. The rearrangement in the fifth resonance would yield flavonoid-like
structures as detected by Rasmussen et al.'>’
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A third hypothesis has also been introduced, stating that pseudo-lignin is a degradation
product of carbohydrates, either through reaction with lignin directly or through reaction
of carbohydrates with themselves. This has emerged by doing SE with only xylan or
other carbohydrate sources.!**!3313¢ Al] three side-products are possible and detected
after SE, but the definition of pseudo-lignin is an increase of weight in Klason residue
after SE.4%132136.138.139 By this definition the first two hypotheses are excluded as both

self-condensation and rearrangement will not increase the mass weight of the residue.

Under SE there are mildly acidic conditions either as a result of release of acetic acid
from hemicellulose or addition of this into the reactor prior to treatment. This causes the
acid catalyzed hydrolysis followed by conversion of hemicellulose into water soluble
saccharides, as depicted for lignin in Scheme 6. However, the acid can also catalyze

further reaction of monomeric carbohydrates into dehydrated furan molecules, Scheme
7133142
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Scheme 7. Overview of reaction pathway of cellulose and hemicellulose into furan
components.l #

These furan compounds are aromatic and contains several oxygen based functional
groups that will contribute to the polarity. This will make them more water soluble,
resulting in a furan-free residue after Klason lignin. However, furans and carbohydrates
can under acidic conditions, with heat, dehydrate and polymerize into a structure called
humin. The definition of humin is; “an organic compound class which are insoluble in
water at all pH’s”. The term is used in two related contexts, soil and carbohydrate
chemistry."*>!# Tt has been described as far back as 1910 by Nef'*® and later several

times by other chemist as a side-product which forms under conditions with heat and
acid, 143.146-154
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2 Relationship and key results within papers

All the papers in this thesis involve characterizing the effect of either extraction, steam-
explosion or both, on biomass from birch and Norway spruce, using NMR and py-GC-
MS. The complete flowchart of the process from biomass to treatment and analysis is
shown in Scheme 8. In paper I the method for py-GC-MS and NMR was developed,
which was later utilized for the subsequent papers, paper II, paper III and paper IV.

Biomass I

SE-treatment

Filtrate o
A A A A

Soluble

Solids hemicellulose
MWL & isolated polymer
Isolation carbohydrates
Hydrolysis
I W
Klason lignin
A A A 4

Py-GC- I‘
MS NMR [*

Scheme 8. Flowchart of the pretreatment, extraction and analysis done on biomass. The
numbered circles indicate the papers’ relationship to the flowchart.

27



In paper I extracted MWL without pretreatment was analyzed with py-GC-MS and 2D-
NMR (HSQC). The NMR results confirmed that the birch MWL was comparable to

d25,56,137,155

previous studies on hardwoods and birch MWL publishe , with regards to

bonding patterns and S:G- ratio.

The flash filament pyrolyzer utilized has a heating rate of 175 000 °C/s, with 8 ms
temperature rise time and a total heating time of 2 s per sample. This means that the
generation of char and secondary pyrolysis mechanism products are not a problem. The
main products in the volatile pyrolyzate are directly depolymerized into mostly
monomeric lignin units. The pyrolysis was done isothermally with several different
pyrolysis temperatures (400, 450, 500, 600, 650, 700, 750, 800, 850 and 900 °C), and 38

of 46 pyrolyzate components were identified with retention times and standards.

The relative amounts of each component varied as a function of pyrolysis temperature.
A correlation between the temperature and composition in the pyrolyzate revealed trends
based on the bonding pattern and functionality of the alkyl sidechain, Figure 15. At low
pyrolysis temperatures the composition was mainly aldehyde components such as; 4-
hydroxy-3,5-dimethoxybenzaldehyde and (E)-3-(4-hydroxy-3,5-dimethoxyphenyl)prop-
2-enal. When the pyrolysis temperature increased (400 — 500 °C) the aldehydes decreased
from 42% until 21%. The aldehyde amounts are then constant with increasing pyrolysis
temperature (at approximately 23%) and several other components emerged such as; 2,6-

dimethoxy-4-prop-2-enylphenol, 4-ethenyl-2-methoxyphenol and 2-methoxyphenol.

The composition of the pyrolyzate is directly correlated to the bonding patterns in lignin
and the energy demanded to break the bonding patterns under pyrolysis. The temperature
profile for each sidechain functionality makes it possible to control, at least to an extent,
the composition in the pyrolyzate. This resulted in an identification of several optimal
pyrolysis temperatures depending on wanted results: i) low valorization, ii) high

valorization and iii) carbonization of lignin.
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Figure 15. An excerpt of two figures from paper I, showing the correlation between
components and pyrolysis temperature.

In paper II the effect of steam explosion on the biomass and lignin composition and side
products were examined. The samples were not extracted after SE and contained
polymeric carbohydrates and side-products, such as pseudo-lignin. The birch biomass
was steam exploded at several temperatures and times (170, 180, 190 and 200 °C for 10
min, in addition to 210, 220 and 230 °C for 5, 10 and 15 min). The Klason lignin content
increased from 22% in the untreated sample up to 40 — 42% at the highest severity, which

means that the samples had about 20% pseudo-lignin content.

Since the samples were not extracted the pyrograms would be too complex to analyze
with isothermal pyrolysis, so fractionated pyrolysis was utilized instead. Fractionated
pyrolysis is a technique in which the same sample is pyrolyzed several times with
increasing temperature. The first pyrolysis temperature was 350 °C as this would valorize
most of the polymeric carbohydrates not hydrolyzed under SE, but is insufficient to
valorize the lignin part, Figure 16.'® This turned out to be a mostly correct assumption,
as the 350 °C pyrogram contained only small amounts of lignin components. The second
pyrolysis temperature was 600 °C as this was seemingly the most optimal temperature to

pyrolyze lignin, based on previous results.'>’
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Figure 16. From paper Il. Amount and structure of several components in the
pyrolyzate at 350 °C. A=Components of major amounts, B=Components of minor
amounts.

According to the HSQC-NMR results, going from untreated to pretreated birch an
increase of soluble carbohydrates was observed, and with increasing treatment there was
no significant change in the lignin spectrum. Some condensation in the aromatic area

could be seen in addition to a degraded carbohydrate product, 5-HMF. Unfortunately, the
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signal intensity of 5-HMF in the HSQC-NMR spectrum was not strong enough to
validate the weight increase after Klason lignin (20%). A reasonable conclusion seemed

to be that pseudo-lignin was not soluble in the NMR solvents.

From the pyrolyzate the results again revealed that there was no significant change in the
monomeric lignin composition after pyrolysis with increasing steam-explosion severity.
This means that the pseudo-lignin structure cannot be “lignin-like” components such as
benzene or phenols. On the other hand, there was a steady increase of “furan-like”
components from severity factor 3.9 (above 200 °C) in the pyrograms. This incidentally

corresponded to when the acetic acid starts to be consumed under SE, Figure 17.
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Figure 17. From paper II. The correlation between 5-HMF and acetic acid, in both 350
and 600 °C, as a function of log Ro.

From general knowledge in carbohydrate and soil chemistry, we know that the degraded
carbohydrate product, 5-HMF, can polymerize into a macromolecule structure called
humin, Figure 18.133!43:149.150.152:134 o1 results show that the temperature where this
occurs is at 200 °C, which coincide with several published works as the same temperature

acetic acid start release from the hemicellulose of hardwoods, Figure 17.79:13%:142.158

The side-product called pseudo-lignin, apparent in the increase of Klason lignin content,
is formed under SE-treatment with identical conditions to what is needed for formation

of humins. The pseudo-lignin definition states that it has to be a mass increase in residue,
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therefore lignin side-products from rearrangement and intramolecular nucleophilic
attacks are excluded, as they will never increase the total mass. The only other source of
the mass increase has to be the holocellulose, which is substantiated by the py-GC-MS

results. The optimal SE temperature to preserve carbohydrates for enzymatic degradation

and prevention of unwanted pseudo-lignin generation is then at 200 °C.

Figure 18. Humin structures derived from: A) glucose B) xylose (van Zandvoort et. al.)’>?

In paper III the effect MWL extraction has on the composition of the pyrolyzate of SE
samples was investigated. Steam-exploded Norway spruce was extracted with MWL
after SE, before being isothermally pyrolyzed. These pyrograms were then compared to
the non-extracted fractionated pyrograms of the same samples. Klason lignin and

carbohydrate analysis was also performed after SE for all samples.

Since Norway spruce is a softwood there was a need for diluted acid for optimal
hydrolysis, and HxSO4 (0.5% w/w) was chosen for presoaking. The SE was performed at
several temperatures (180, 190, 200 and 210 °C, respectively) using a 5 and 10 min
residence time. Klason lignin and carbohydrate analyses showed that the pseudo-lignin

content increased with an estimated 6.4%.

The extracted samples showed a decrease in polymeric degree with increasing SE
severity, comparable to the results in paper II, from HSQC-NMR. The pyrolyzate after

extraction showed again no significant change in lignin composition as a function of SE
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severity, Figure 19. However, 4-hydroxy-3-methoxybenzaldehyde (vanillin) has a

sudden increase from 10 to 16% from the untreated sample to pretreated sample before

decreasing until 12%. In addition, there was a small increase of furan-like components

from untreated sample to pretreated samples.
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Figure 19. From paper III. Amount of all lignin components in MWL-extracted samples

from py-GC-MS at 600 °C, non-lignin components are not shown and are less than 15

%. The SE-samples with identical log Ry are placed with the low-high temperature from
left to right.
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The non-extracted samples, again, showed no significant change in benzene like
components as a function of SE severity in the pyrograms, Figure 20. However, vanillin
behaved differently in non-extracted than in extracted samples. In non-extracted samples
the vanillin amount jumps from 11% in untreated sample to 31% in the first pretreated
sample. Vanillin amounts are constant at around 31% for all SE severities. Since the yield
of vanillin is lower with MWL extraction, it implies that vanillin is connected to the part
which is removed under extraction, namely the carbohydrates. This is indicative that the

LCC are connected to lignin through mostly vanillin monomers.

® 4-Methylphenol m 3-Methylphenol
H 2-Methoxy-4-methylphenol 3.,4-Dimethylphenol
B 4-Ethyl-2-methoxyphenol m 2-Methoxy-4-vinylphenol
B 4-Allyl-2-methoxypheno m [,2-Benzenediol
m 2-Methoxy-4-(1-propenyl)phenol m 3-Methyl-1,2-benzenediol
u 3-Methoxy-5-methylphenol 4-Methyl-1,2-benzenediol
2-Methoxy-4-(1-propenyl)phenol ® 4-Hydroxy-3-methoxybenzaldehyde
B 2-Methoxy-4-propylphenol B 1-(4-Hydroxy-3-methoxyphenyl)ethanon
B | -(4-Hydroxy-3-methoxyphenyl)-2-propanone ® 4-(1-Hydroxyallyl)-2-methoxyphenol
B 4-Hydroxy-3-methoxybenzenepropanol
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Figure 20. Benzene components from 600 °C fractionated pyrolysis of non-extracted
lignin, from paper III. The SE-samples with identical log Ry are placed with the low-
high temperature from left to right.
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The furan-like components did increase from a total of 18% in the untreated sample to
26% in the highest severity pretreated sample. The 5-HMF by itself increase from 9 to
20% in the pyrolyzate, Figure 21. This is a similar trend as observed in paper II, and
there is no apparent evidence in the pyrolyzate indicating that pseudo-lignin is a lignin-
like polymer (with 6-membered aromatic units). It is more likely that it is composed of a

polymeric furan structure, similar to the humin structure.

B Acetic acid ®Furfural ®2-Furanmethanol ®2H-Pyran-2,6(3H)-dione ®5-Hydroxymethylfurfural
45
40

35

25
20
15
10
5 = :
) I
3.93 4.2

Figure 21. Non-benzene components from 350 °C fractionated pyrolysis of non-
extracted samples, from paper III. The SE-samples with identical log Ry are placed with
the low-high temperature from left to right.

In paper IV the effect of pH control under SE, and subsequent extraction of acetylated
galactoglucomannan from Norway spruce, was investigated. The HSQC-NMR spectra
of the filtrate after SE revealed that the negative control sample (no buffer) and the
sample buffered at pH 4 (sodium citrate) degrades lignin and carbohydrates, to a bigger
extent than neutral pH (pH 6, sodium citrate and pH 7, potassium phosphate). The HSQC-
NMR spectra showed 5-HMF in the control and acidic sample, and confirm that
carbohydrates are degraded into 5-HMF under acidic conditions, Figure 22.
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Figure 22.From paper IV. HSQC 2D NMR Spectra of lignin content in biomass
residues: (A) sodium citrate pH 4.0 buffered sample, (B) no buffer control, (C) sodium
citrate pH 6.0 and (D) potassium phosphate pH 7.0. 5-hydroxymethylfurfural (5-HMF)

and Guaiacyl are depicted in the lower right of panel A, signals are colored and

numbered according to the structures they relate to.
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3 Concluding remarks and future work

As the aim states, there is a need for a better understanding of the changes happening
with the lignin structure when different wood types are SE treated and the side-products
formed. We established a library of several positively identified volatile pyrolyzate
components from lignin, with reproducibility across severities and wood sources. The
side-product, pseudo-lignin, was also identified to an extent, as furan-like components
and seems to have a polymeric structure more similar to humin than native lignin. An
important improvement to the studies in this thesis would be to develop a method for
fully quantifying each component in the pyrograms. This will give a more detailed and

correct picture of the evolution of lignin and side-products from SE.

A second possibility for the weight increases of Klason lignin is the addition reaction of
degraded carbohydrates onto the lignin polymers. This was not investigated in our
studies, but a project on this subject has been started within the group. These
hypothesized structures will be synthesized and subsequently analyzed on py-GC-MS,

for comparison towards genuine biomass samples.

An equally interesting possibility is to synthesize the pseudo-lignin hypothesized in this
thesis, by steam-exploding both monomeric and polymeric carbohydrate sources under
similar conditions as the biomass. Subsequent py-GC-MS analysis at several different
isothermal pyrolysis temperatures and solid-state NMR should reveal an even better

insight into the pseudo-lignin structure.
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ARTICLE INFO ABSTRACT

Keywords: The influence of the temperature on product formation during flash pyrolysis of birch lignin was investigated by
Lignin using Py-GC-MS. In this study, milled wood lignin was isolated from Betula pubescens and by using Heteronuclear
Flash pyrolysis Single Quantum Coherence (*H-'>*C—HSQC) spectroscopy the S:G ratio was found to be 4.3. The pyrolysis ex-
Py—GchSA periments were carried out at temperatures from 400 to 900 °C with a flash filament pyrolysis, Pyrola 2000. The
g?::::slym GC-MS method used identified more than 30 different compounds, including aldehydes, aromatic compounds,

alkenes, alkanes and ketones. The weakest lignin linkage was found to be the -O-4, which was cleaved at the
lowest temperature range applied (400-500 °C) and gave mainly rise to aldehydes and ketones in the pyrolyzate.
At the highest temperature range (750-900 °C) the pyrolyzate contained mostly smaller aromatic compounds
without the alkyl chain in C-1 position. Pyrolyzates with the same functional groups in C-1 position, were found
to have similar degradation patterns over the temperature range. This was clearly seen for the aldehydes and
ketones, but was also observable for alkanes and alkenes. Aldehydes decreased until 500 °C before leveling off,
ketones peaked at 700 °C, alkene and C-1 with CH3 or H peaked at 500 °C while phenylcoumaran increased after
700 °C. This study clearly shows that the HSQC-NMR and flash Py-GC-MS are techniques that provide valuable
information of molecular structure of lignin and compositional variance in the products formed by flash pyr-
olysis. Finally, seven interesting high value compounds were identified which in total amounted to around 45%
of the pyrolyzate at 500 °C. These components were 4-ethenyl-2-methoxyphenol, 2,6-dimethoxyphenol, 2,6-
dimethoxy-4-methylphenol,  2-(4-hydroxy-3-methoxyphenylacetaldehyde, 1-(4-hydroxy-3-methoxyphenyl)
ethanone, 4-ethenyl-2,6-dimethoxyphenol and 4-hydroxy-3,5-dimethoxybenzaldehyde.

1. Introduction often been focusing on simple pyrolysis and model systems.

The mechanisms of lignin degradation are still disputed and many

Lignin is a complex, hydrophobic biopolymer composed of phe-
nylpropanoid units and is nature’s dominant aromatic macromolecule.
It is found in plant cell walls and thus in lignocellulosic biomass feed-
stock used in e.g. the pulp & paper industry and in the emerging cellu-
losic bioethanol industry. Traditionally the carbohydrate part of the
biomass have been utilized and converted to other chemicals like
ethanol, while the lignin has been burned to generate heat and elec-
tricity at the plant site. However, the bioethanol bio-refineries will
generate much more lignin than needed to power the operation, and
therefore efforts are under way to develop more high value-added
products from lignin. There are many possible applications of lignin e.g.
adhesives, plastics, high value chemicals and biofuels [1-6]. Thus,
lignin valorization is an emerging field for research and development,
and a better understanding of an optimal and efficient way of depoly-
merization is needed. Currently large efforts are being put into char-
acterizing and understanding lignin [7-9]. However, previous work has
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questions have so far remained unanswered regarding to what degree
homolysis, “retro-ene” and Maccoll elimination is part of it [10-22]. An
improved understanding of these mechanisms can be crucial for a fu-
ture exploitation of lignin into high value products. Previous studies
have shown that the pyrolyzate composition is highly dependent on the
utilized temperature [7,12,23-25]. In addition, chemical and physical
pretreatments can affect the biomass severely, which also will have an
impact on the product formation during the subsequent pyrolysis
[6,7,26,27]. Birch is a hardwood species widespread and readily
available throughout Northern Europe, and the potential use of this
biomass for production of fuels and high value chemicals is of great
interest.

Fig. 1 shows the main inter-unit linkages in lignin and their bond
dissociation energies (BDE) [9,28-31]. There are several competing
reactions in pyrolysis, divided into primary and secondary reactions. Of
the primary mechanisms, there are three reaction pathways:
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depolymerization, fragmentation, and char formation. Depolymeriza-
tion and fragmentation are the most preferred reactions as they give
rise to monomeric units and small organic products [32-37]. Formation
of char is undesired as it gives rise to more condensed structures that
are difficult to separate and utilize [1,38,39]. Secondary reactions in-
cluding cracking, that destroy high value volatile products initially
formed into low molecular weight (MW) molecules and recombination
of these molecules. This causes enclosed char formation in the pores of
the macromolecule, also called secondary char [37,38,40-45]. Both
char and secondary reactions are expected to be minimal with a high
heating rate during pyrolysis [46]. In this study, this was achieved by a
fixed heating rate of 175 000 °C/s in 8 ms.

The objective of this study was to investigate the effect of pyrolysis
temperature on the composition of the pyrolyzate obtained isothermal
from birch milled wood lignin (MWL).

2. Materials and methods
2.1. Materials

Lignin samples were prepared from a birch tree (Betula pubescens)
harvested in Tyristrand, Norway (60°07°00”N, 10°04’00”E) [47]. Stem
wood without bark was shredded (20-30 mm chips), packed and
shipped to the Norwegian University of Life Sciences, As, Norway. The
material was dried at room temperature, then milled to pass a sieve of
10 mm (SM2000, Retsch, Haan, Germany), and stored at room tem-
perature. The preparation of the lignin samples were done by the
Bjorkman method [48,49] and stored in room temperature before being
analyzed by Py-GC-MS.

For the Py-GC-MS analysis the following compounds were used as
standards (all acquired from Sigma-Aldrich, Steinheim, Germany): 2-
methoxyphenol, 3-methoxybenzene-1,2-diol, 1-(2-hydroxy-5-
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Fig. 1. Main bonding patterns in native lignin. The bond
dissociation energy (BDE) is from [9,28-31] and corresponds
to the bold marked bonds.

p-p

BDE (o—B): 273.50 kJ/mol
BDE (0—0): 285.60 kJ/mol
BDE (y-0): 333.00 kJ/mol
BDE (B-y): 330.49 kJ/mol
BDE (B-p): 339.30 kJ/mol

5-5
BDE (B-B): 480.95 kJ/mol
311

methylphenyl)ethanone, 2,6-dimethoxyphenol, 1,2,4-trimethox-
ybenzene, 4-hydroxy-3-methoxybenzaldehyde, 2-methoxy-4-propyl-
phenol, 1-(3-hydroxy-4-methoxyphenyl)ethanone, 1,2,3-trimethoxy-5-
methylbenzene, 1(3,4-dimethoxyphenyl)ethanone, 2,6-dimethoxy-4-
prop-2-enylphenol,  3,5-dimethoxy-4-hydroxybenzaldehyde, 1-(4-hy-
droxy-3,5-dimethoxyphenyl)ethanone, 2-t-butyl-6-[(3-t-butyl-5-ethyl-2-
hydroxyphenyl)methyl]-4-ethylphenol,  2-methylphenol,  3-methyl-
phenol, 4-methylphenol, 1,2-dihydroxybenzene, diphenylether, 4-me-
thyl-2,6-dimethoxyphenol and 1-(4-hydroxy-3-methoxyphenyl)etha-
none. Additional standards were acquired from VWR: 2-methoxy-5-
methylphenol, 2-methoxy-4-propenylphenol, 2-methoxy-4-prop-2-en-
ylphenol and 5-t-butylbenzene-1,2,3-triol. The standard 2-(4-hydroxy-3-
methoxyphenyl)acetaldehyde was synthesized.

2.2. Synthesis of 2-(4-hydroxy-3-methoxyphenyl) acetaldehyde

The 2-(4-hydroxy-3-methoxyphenyl)acetaldehyde was synthesized
from 2-methoxy-4-(prop-2-en-1-yl)phenol (500 mg, 3.045mol) in
14 mL 1,4-dioxane:H,O (3:1). To the solution 2,6-dimethylpyridine
(653 mg, 6.09 mmol), OsO,4 (630 L, in 2.5 wt.% t-butanol) and NalO4
(2.6 g, 12mmol) were added. The reaction was stirred at ambient
temperature for 1.5h and monitored by thin-layer chromatography,
until completion. The reaction was quenched by adding H,0:CH,Cl,
(1:2, 30 mL), and the organic layer was separated. The water phase was
extracted 3 times and the organic layers were combined, washed with
saturated NaCl (aq) and dried (Na,SO,4). The organic layer was filtered
through a Hirsch-funnel with a layer of deactivated silica gel (10% v/v
of triethylamine), before evaporation.

2.3. Sample preparation of birch milled wood lignin

The milling was done on 10 g of wood chips with a Retsch, Haan,
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Germany, GmbH 100PM instrument at 350 rpm, for 12 h, with 30 min
on/off increments, to make a fine wood powder. The milled wood was
first extracted with acetone for 8 h to get rid of extractives. The milled
wood was then dried in a desiccator with P,O5 for 72 h before extrac-
tion. Extraction was done on the entire sample altogether with a Soxhlet
extractor, 1,4-dioxane and water (96:4, v/v) until the solvent was col-
orless. The solvents were evaporated in a rotary evaporator at 40 °C,
and washed with 20 mL deionized water 3-6 times until the 1,4-di-
oxane was exchanged with water. Finally, the material was freeze-
dried. This gave a yield of crude milled wood lignin (MWL) of 1.36 g,
from 10 g of wood chips, these where then divided into three aliquots of
340 mg before purification. The crude lignin was dissolved in 90%
acetic acid, filtered (Qualitative filter paper 303, 5-13 pm, VWR), and
precipitated into deionized water. The precipitated lignin was evapo-
rated and continuously washed 3-6 times until the acetic acid was
exchanged with water, before freeze-drying. Thereafter it was dissolved
in 1,2-dichloroethane and ethanol (2:1, v/v), filtered and precipitated
into diethyl ether. The solvent was evaporated and washed 3-6 times
with fresh ether to remove 1,2-dichloroethane; the precipitate was then
freeze-dried to give about 200 mg of pure MWL in each aliquot.

2.4. Analysis

2.4.1. HSQC NMR

The NMR spectra were recorded on a Bruker Ascend 400 spectro-
meter (400 MHz) at 320K using a 5mm PABBO probe. The
Heteronuclear Single Quantum Coherence (HSQC) spectroscopy was
run with 15 mg sample dissolved in DMSO-de. The NMR spectra were
recorded with a spectral width of 0-10 ppm and 0-165 ppm in 'H and
13C respectively. The number of scans for both were 128 at 27 °C. For
the 'H-'>C parameters the relaxation time was 1.5s and the free in-
duction decay dimensions was 2048 and 256, while the number of scans
were 120 at 27 °C. All three aliquots were recorded and integrated with
respect to S:G ratio in MestReNova (version 9.1.0).

2.4.2. Py-GC-MS analysis of birch milled wood lignin

The flash filament Pyrola 2000 pyrolyzer (Pyrol AB, Lund, Sweden)
was coupled to a GC-MS (7000C Triple Quadrupole GC-MS instrument
from Agilent technologies) to identify the volatile pyrolyzate generated
from fast pyrolysis of lignin over several isothermal temperatures.
About 0.15 pg of dry lignin powder was weighted three times with a
micropipette applicator on a Sartorius pweight, this was thereafter in-
jected into the pyro-probe. The pyrolysis was set to the following iso-
thermal temperatures at; 400, 450, 500, 600, 650, 700, 750, 800, 850
and 900 °C with a heating rate of 175 000 °C/s. The temperature rise
time was 8 ms and the total heating time was 2s. The volatile pyr-
olyzate were separated on a capillary column (TraceGOLD TG-1701MS,
Thermo Fisher Scientific), with length 60 m, ID 0.25 mm and 0.25 pm
film thickness. The injector temperature was 250 °C. The GC oven
temperature was programmed from 50 °C (15 min) to 130 °C at a rate of
10 °C/min, then to 270 °C at a rate of 2 °C/min and held at 270 °C for
10 min. The He flow was 1.0 mL/min with a split ratio of 10:1. The
mass spectra were obtained using an electron ionization source with
70 eV electrons. The quadrupole was scanned from m/z 40-700. The
compounds were identified by the NIST 11 MS library and by com-
paring the retention times with the standards. The total abundances
were obtained by summing the areas of the identified peaks in the
pyrograms.

3. Results and discussion
3.1. HSQC 2D-NMR analysis
The HSQC spectra obtained shows that the most prominent linkages

are f—-0-4 and B-O-4’ (oxidized in a position on the alkyl chain), and
several other linkages such as f-f, -5 and a-O-4 were also identified
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(Fig. 2 and Table 1). These results are in agreement with previously
published works by del Rio et al. [50], Wen et al. [8] and Shuai et al.
[51]. Based on the NMR spectra, (Fig. 2) the ratio of syringyl- and
guaiacyl units (S:G) was found to be 4.27 + 0.05 (n = 3), which is a
bit higher reported by Santos et al. [52] who found this ratio to be 3.15
in birch. The comparisons between different hardwoods species shows
that birch in general have a larger ratio of S:G [52]. The higher amount
of S-units implies a more linear structure of the lignin in the birch used
in our study.

3.2. Volatile pyrolyzate

The BDE of the three most abundant bonding patterns, Fig. 1
[9,29-31], in our samples are of similar values (239.07-339.30 kJ/
mol), with the exception of C,—O and Cs—C,.5 in phenylcoumaran that
is found to be 175.73 and 685.97 kJ/mol respectivly. The linkages may
be cleaved by both primary and secondary mechanisms. Since the
pyrolyzer used in this study has a rapid heating time, the secondary
mechanisms are expected to be of minor importance. The prevalent
pathways for bond cleavage will therefore result in depolymerization
and fragmentation into volatile pyrolyzate. Table 2 shows all the in-
tegrated compounds in the pyrograms (see supplementary) across the
pyrolytic temperature range. It was possible to clearly identify 38 out of
46 peak separated compounds. Fig. 3a—f shows the formation of some
selected compounds in relative amounts as pyrolysis temperature was
increased from 400 to 900 °C. The compounds are divided into func-
tional groups based on the side chain, R at C-1. Depending on the type
of functional group, there are distinct curve trajectories that represent
the degradation of lignin at different pyrolysis temperatures.

Fig. 3a shows five different aromatic aldehyde compounds, 24, 26,
37, 41 and 46 (Table 2), that all have similar curve trajectories, except
for 26. The relative amounts of the compounds decrease with increasing
pyrolysis temperatures before leveling off at 500 °C. Compounds 24 and
37 have the same aldehyde group in the C-1 position on the aromatic
ring, but 24 is a G-unit and 37 is an S-unit. This applies to several other
components, such as 41 and 46, which are G- and S-units of a different
aldehyde. The relative amount of each aldehyde at a pyrolysis tem-
perature of 400 °C, especially component 37 indicate that the bond
energies releasing aldehydes are the weakest linkages in lignin. The
B-0-4 (and B-0O-4’) have been calculated to have one of the lowest
BDE for the bonding patterns in lignin (290.79 and 239.07 kJ/mol re-
spectively) [31]. These are also the two most abundant bonding pat-
terns in lignin overall [9,28]. Both aldehyde 37 and 26 are actually
interesting in regard to their properties within medicinal chemistry.
Component 37 has been reported as a promising drug against colon
cancer [53]. Additionally it has anti-inflammatory effects similar to the
more disputed steroidal drugs [54]. This component is also the most
abundant at all pyrolysis temperatures tested this study. Another in-
teresting feature is component 26 that is closely related to a major
component in the pheromone control of working honeybees, excreted
from the queen bee [55-57].

There are different possible mechanisms for thermal cleavage of a
B-0-4 and a B—-O-4’ linkages as previously published by Akazawa et al.
[16], Wang et al. [18], He et al. [15] and Wang et al. [22]. Component
26 does not seem to depend on pyrolysis temperature (Fig. 3a) and this
would indicate that it has a different degradation mechanism than the
other aldehydes. The mechanisms and pathways of degradation during
pyrolysis, homolysis or concerted, is still disputed [10-22]. When the
temperature increased to around 500 °C, the relative amount of alde-
hydes reaches a minimum. Aldehydes are known to be unstable and the
increasing temperature can cause decarbonylation [58,59]. Other lignin
linkages will also start degrading at the higher temperatures and the
relative amount of aldehydes decreases. This trend is visible in Fig. 3¢
and d, where an increase of alkenes and alkanes parallel the decrease of
aldehydes.

The three components 28, 30 and 40 have ketone functionality in



L Aarum et al.

A B
p-aryl ether (3-0-4) phenylcoumaran (B-5/-0-4)

Aliphatic region

Journal of Analytical and Applied Pyrolysis 127 (2017) 211-222

8C (ppm)

105
[] .
00 F110
!

Lignin. Lignin. Lignin. L

OO OO O 5 143
(s
112 2 ‘ % 6 2 \s) 6 2 8 +120
' | e oA —
R #
Aromatic region 125
7.5 7.0 6.5 6.0 4.5 4.0 3.5 3.0

55 5.0
SH (ppm)

Fig. 2. HSQC-spectra of birch MWL in DMSO-d, assignment in Table 1.

Table 1
Determination of the '*C/*H correlation signals acquired in the 2D HSQC spectra of MWL
birch [8,50,51]. The S- and G-units corresponds to the syringyl- and guaiacyl- lignin units.

Label  8¢/8y (ppm) Assignment
MeO 55.7/3.7 C/H in methoxy
Aa 71.9/4.8 Co/Hq in p-0-4 substructure
AB 86.1/4.1 Cp/Hp in B-O-4 substructure
Ay 59.7/3.5 C,/H, in B-0-4 substructure
Ay 62.8/3.9 C,/H, in B-0O-4’ substructure (y-OH is ester/
y—C=COOR)
Ba 86.8/5.4 Cqo/Hq in p-5/a-0-4 substructure
By 65.3/3.5 C,/H, in B-5/a-0-4 substructure
Ca 84.6/4.7 Co/Hg in B-p substructure
Cy 71.0/3.8 and 71.1/ C,/H, in B-f substructure
4.2
Cp 53.5/3.1 Cp/Hg in B—P substructure
§2/6 104.0/6.7 Cy/H, and Cg/Hg in a S-unit
S'2/6 106.3/7.2 Cy/H, and Cg/Hp in a S’-unit (oxidized)
G2 111.0/7.0 Cz/Hy in a G-unit
G5 114.9/6.8 Cs/Hs in a G-unit
G6 118.9/6.8 Ce/He in a G-unit

the a-position. The relative amounts of these compounds peak at
700-750 °C (Fig. 3b). One possible mechanism for ketone formation is
hydrogen abstraction in the a-position and fragmentation into the
corresponding enol which tautomer into a ketone. This has previously
been demonstrated by Watanabe et al. [24] and Akazawa et al. [21,60]
on model substances, either through a-hydrogen abstraction, after tri-
meric fragmentation into phenol radicals, homolysis or concerted me-
chanisms. Beste et al. [61] have previously published calculations on
the H-abstraction in a- and B-position, where they concluded that a-H
abstraction will be favored over B, but interestingly also found that if
the propagating radical is an alkyl radical instead of phenol radical the
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B-H abstraction would also be exothermic. Component 28 is of great
interest in several medicinal aspects. It has been shown to decrease the
oxidants related to heart deceases such as hypertension, atherosclerosis
and heart failure [62-64]. It is also under investigation for treatment of
drug addicts, as it shows potential for inhibiting enzymes responsible
oxidative stress and mitochondrial dysfunction caused by a metham-
phetamine overdose [65].

Compound 30 have a different profile than the two other ketones
and is not detectable above 700 °C. This was also observed for com-
pound 20, and both these compounds have adjacent dimethoxy groups
(Fig. 4a). The weakest bond for fragmentation is either of the O—CHs-
bonds, but the amount of both dimethoxides are rather low (less than
2%). There is a slight increase of the corresponding fragmentation
compounds 28 and 15, respectively. Suryan et al. [66] have reported
experimental data of the BDE of a singular methoxy bond to be
235.56 kJ/mol, which is similar to the other bonds in Fig. 1. Interest-
ingly we do not observe much further fragmentation of methoxide on
phenolic compounds. Dorrestjin et al. [12] did some work on the de-
composition of the methoxide group on a phenol and the OH interac-
tion with MeO, Fig. 4b. They reported that 93% of the time the OH
would be interacting with the free-electron pair on MeO. This implies
that it could be beneficial for the components to fragment from di-
methoxybenzene into methoxyphenol and CH, at elevated tempera-
tures (750 °C).

The compounds shown in Fig. 3c and d have similar curve trajec-
tories; they both decrease steadily after peaking at around 500 °C. The
energy related to further degradation of them should be quite similar,
as is expected for these types of compounds, based on the BDE and the
mechanism for further degradation previously reported by Liu et al.
[19]. One compound that diverges from the others is component 20,
which is non-detectable at 750 °C. Component 20 is non-phenolic and
has adjacent dimethoxy groups; see Table 2. Component 15 is an insect
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All integrated compounds from the pyrogram across all the different isothermal pyrolysis temperatures, see supplementary for pyrograms.

Peak No. Structure TUPAC name RT (min) M*- (m/z)
1 (o] ethanoic acid 8.90 60
PN
2 O/ methylbenzene 10.68 92
3 Unknown not identified 17.23 74
4 \E ethenylbenzene 19.57 104
5 0] furan-2-carbaldehyde 20.01 96
Q¢
6 ' I 1H-indene 24.86 116
7 OH phenol 26.45 94116
8 HO. 2-methoxyphenol 27.51 124116
(0]
9 HO. : 2-methylphenol 28.06 108
10 HO. : 4-methylphenol 29.06 108
11 “ naphthalene 29.43 206
12 HO. 2-methoxy-4-methylphenol 30.58 138
N :@\
O
13 (o] 1-(2-hydroxy-5-methyphenyl)ethanone 33.51 152

o
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Table 2 (continued)

Peak No. Structure TUPAC name RT (min) M*- (m/z)
14 OH 3-methoxy-1,2-benzenediol 35.36 140
i :OH
/
O
15 HO 4-ethenyl-2-methoxyphenol 35.59 150
N D\/
O
16 HOD\/\ 2-methoxy-4-(prop-2-enyl)phenol 36.64 164
\O AN

17 HO. : benzene-1,2-diol 36.79 110
HO
18 : 0. 1,1”-oxydibenzene 36.91 170

19 2,6-dimethoxyphenol 37.77 154
\ /
O (¢}

OH
20 \O 4-ethenyl-1,2-dimethoxybenzene 39.02 164
0.
E j/ ™~
21 Superimposed not identified 39.25 154
22 HOD\/\ 2-methoxy-4-[(E)-prop-1-enyl]phenol 41.29 164
\O /
23 \O 2,6-dimethoxy-4-methylphenol 41.88 168
HO: i
\o
24 HOD\/ 4-hydroxy-3-methoxybenzaldehyde 42.00 152
= o
\o

(continued on next page)
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Table 2 (continued)
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Peak No. Structure TUPAC name RT (min) M*- (m/z)
25 o v 7-methoxy-3-methyl-1-benzofuran 43.02 162
: E :O
26 H Oj@\/\ 2-(4-hydroxy-3-methoxyphenyl)acetaldehyde 44.73 166
\O \O
27 Unknown not identified 45.37 182
28 HO. 1-(4-hydroxy-3-methoxyphenyl)ethanone 45.87 166
~
O
[e]
29 \O 4-ethenyl-2,6-dimethoxyphenol 48.10 180
HO.
N 7
(&)
30 (0] 1-(3,4-dimethoxyphenyl)ethanone 48.30 180
O.
/
~,
O
31 \0 2,6-dimethoxy-4-prop-2-enylphenol 49.10 194
Hoj@\/\
32 HO. 1-(4-hydroxy-3-methoxyphenyl)prop-2-en-1-one 50.58 178
\OD\H/\
(¢]
33 Superimposed not identified 50.93 -
34 \O 2,6-dimethoxy-4-[(E)-prop-1-enyl]phenol 51.65 194
HO.
~ o) /
35 Unknown not identified 53.37 192
36 Unknown not identified 54.51 194
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Table 2 (continued)
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Peak No. Structure TUPAC name RT (min) M*- (m/z)
37 \O 4-hydroxy-3,5-dimethoxybenzaldehyde 55.68 182
HO.
o]
\ =
O
38 Unknown not identified 57.76 196
39 Unknown not identified 58.76 208
40 \O 1-(4-hydroxy-3,5-dimethoxyphenyl)ethanone 58.98 196
HO.
~
(¢]
(o]
11 HO. (E)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enal 60.42 178
~ D\/\/O
O
42 \O 4-[(E)-3-hydroxyprop-1-enyl]-2,6-dimethoxyphenol 60.98 210
HO.
N F OH
O
43 O/ 1-(4-hydroxy-3,5-dimethoxyphenyl)propan-1-one 62.66 210
HO
(¢]
| 5
44 | OH 3-(4-hydroxy-3,5-dimethoxyphenyl)butan-2-one 62.94 224
O (o]
O,
45 OH 1-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-en-1-one 63.33 208
46 \O (E)-3-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-enal 72.48 208
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b. Ketone
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pounds. The error bars show the difference of three aliquots.
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Fig. 4. a) Hydrogen interaction between O and H. b) Dimethoxyphenol compounds
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Fig. 5. Relative amount of selected high temperature volatiles as a function of pyrolysis
temperature.

pheromone of Red palm weevil (Rhynchophorus ferrugineus) in addition
to being a flavoring agent from buckwheat [67,68]. Component 29 is
another medicinal interesting component. It has been shown to inhibit
initiation and progression of gastric tumor in mice [69]. All components
in Fig. 3d have been shown to exhibit both antioxidant and anti-
bacterial effects [70,71].

Fig. 3e, shows the curve trajectory for two compounds, 32 and 45,
which correspond to the G- and S-units with vinyl ketone side chains.
These structures are interesting because the simplest formation of them
would be a “retro-ene” type reaction from the - bonding pattern, as
previously published by Akazawa et al. [21]. The homolytical cleavage
of the same bonding pattern yields a more complex and stepwise me-
chanism as published by Elder [29] with BDE’s of 273.50-339.30 kJ/
mol.

Fig. 3f shows two compounds, 6 and 25, related to the phenylcou-
maran coupling in lignin, more specifically the a-O-4 and B-5 cross
coupling. The Cz—C,r.5 BDE is calculated to be one of the strongest
bonds in lignin linkage (685.97 kJ/mol) by Parthasarathi et al. [9]. The
homolysis of this bond therefore seems unlikely. On the other hand the
Co—Cp and Cq~O—Cyr.4 BDE is calculated by Younker et al. [30] to be
incrementally lower (246.69 and 175.73 kJ/mol, respectively). A pub-
lication by Huang et al. [72] focuses on the theoretical homolysis of this
linkage through four different pathways. Neither of these mentioned
pathways can account for the methyl in y-position.

Fig. 5 show the formation of volatile compounds that evolve at a
high temperatures. These compounds are often associated with
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secondary reactions and char formation in thermal degradation of
biomass [27,45,73,74]. From the figure, it seems that they mainly
evolve from 700 °C, with a few exceptions. Representable structures of
these compounds can be seen in Table 2. The inverted trend is also
reflected in the decrease of volatile products from Fig. 3, as previously
mentioned. To determine if the high temperature components are
products from further decomposition of the pyrolyzate or if it is directly
degraded from the lignin macromolecule it is necessary to perform
analyses with total quantification.

4. Conclusions

We have studied the composition of birch MWL over a temperature
range (400-900 °C) of isothermal flash pyrolysis. The components with
the same sidechain functionality were observed to have similar tem-
perature profiles. The variation in relative amount of lignin monomers
at different isothermal temperatures shows that it is possible to control
this with respect to the composition of the pyrolyzate. This open up for
more efficient extraction of several high value products. In this study,
seven interesting high value compounds were identified which in total
amounted to around 45% of the pyrolyzate at 500 °C. Scale-up of such a
process is challenging since heat transfer is difficult at large scale, but
technologies such as Fluid-bed pyrolyzers give good and consistent
performance. However, small biomass particle sizes are needed to
achieve high heating rates, meaning that the milling step is important
[75]. While the Bjorkman method for lignin isolation probably is not
economic at large scale, there exists other methods such as removal of
carbohydrates by enzymatic saccharification which would make it
possible to valorize both the carbohydrate and lignin fractions of birch
in an integrated biorefinery process [76].
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ABSTRACT: There is a growing interest in a more
wholesome utilization of biomass as the need for greener
chemistry and non-mineral oil-based products increases.
Lignin is the largest renewable resource for aromatic
chemicals, which is found in all types of lignocellulosic
biomass. Steam-explosion of lignocellulosic biomass is a useful
pretreatment technique to make the polymeric material more
available for processing. However, this heat-based pretreat-
ment is known to result in the formation of pseudo-lignin, a
lignin-like polymer made from carbohydrate degradation
products. In this work, we have analyzed steam-exploded
birch with a varying severity factor (3.1—5.0) by pyrolysis—gas
chromatography—mass spectrometry, 2D-NMR, and Fourier

Mono- and
oligomer
sugars

transform infrared spectroscopy. The main results reveal a consumption of acetic acid at higher temperatures, with the increase of
furan components in the pyrolyzate. The IR and NMR spectral data support these results, and there is a reason to believe that the
conditions for humin formation are accomplished under steam explosion. Pseudo-lignin seems to be a humin-like compound.

H INTRODUCTION

Total utilization of lignocellulosic biomass and conversion into
a range of valuable products is a central goal in biorefining and
green chemistry. This renewable material has the potential to
replace depleting fossil resources for the production of energy,
chemicals, and fuels.' ™ Lignin is the most abundant renewable
aromatic polymer on the planet and is found in all types of
lignocellulosic biomass. However, in the pulp and paper
industry and the emerging cellulosic ethanol industry, lignin
is considered to be a waste product and is currently mostly
burned to generate process heat.*™® For biochemical
production of ethanol, a pretreatment of the lignocellulosic
biomass is needed to make the carbohydrates accessible for
enzymes. Steam explosion (SE) is a treatment with a high
industrial potential, as it has a low cost for energy and does not
need addition of other chemicals than steam, thereby producing
no extra waste.”™'' SE is both a chemical and physical
treatment. It hydrolyses the hemicellulose into soluble
monomers and oligomers and makes the cellulose fibers
much more accessible for further degradation with en-
zymes.">™'* The lignin and cellulose part is not expected to
be significantly altered during SE, but as several other authors
have noticed, the f-O-4 bonds in lignin are degraded with
increasing pretreatment severity.15 For SE, the severity factor
can be calculated as log Ry'® that includes both temperature (T
°C) and residence time (rt) as variables

log R, = log(rt X (110071475

Interestingly, several studies show an increase of Klason
lignin (KL) content after SE.'”'® This increase has been
attributed to the formation of pseudo-lignin during pretreat-

A4 ACS Publications  © 2018 American Chemical Society 4924

ment.'” Recently, several studies have attempted to identify the
structure of pseudo-lignin, as it has been shown to hamper the
enzymatic hydrolysis of cellulose.'”~>* The general pseudo-
lignin definition is broad and diffuse and the most accepted one
states that it is “an aromatic material that yields a positive
Klason lignin value that is not derived from native lignin.”"
The KL analysis is however only a crude method, as it just
measures the increase of nonhydrolysable residues after acid
hydrolysis, and is therefore not a proper identification test.'®

SE treatment of hardwoods releases acetic acid from the
hemicellulose, which leads to pH drop and drives the
autohydrolysis.**** The acetic acid is generated from the
acetylated carbohydrates, mainly xylans, and it can accumulate
to a pH of 3.2° Both time and temperature in SE have an effect
on the release of acetic acid. Li et al. showed that this
relationship is almost linear under hydrolysis with increasing
time and temperature.27

With the combined effects of high temperature and pressure
in addition to the low pH under SE, several side reactions can
take place. The cleavage of the $-O-4 bonding pattern in lignin
has been reported by Li et al.* at pH 3, but the cleavage also
happens at a higher pH as reported by Yelle et al.”’ A study of
Glasser and Wright® shows that the MW of lignin decreases
during SE treatment at severities above log R, 4.2.

The formation of S-hydroxymethylfurfural (S-HMF) from
carbohydrates are reported by several groups, as a degradation
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Scheme 1. Overview of Reaction Pathway of Cellulose and Hemicellulose into Furan Components and Humin-Like Structures

(Modified from Li et al.)**
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product of C6 sugars such as glucose in cellulose, Scheme et al. reduced S-HMF with Pd/C and formaldehyde and made a
1277 crystalline structure of 22.4 nm size.”

Additionally, there is formation of furfural from CS sugars The byproduct called pseudo-lignin apparent in the increase
such as xylose from xylan. Generally, C6 sugars are more stable of KL content is formed under SE-treatment with identical
than C35 sugars during high-temperature pretreatments. These conditions to what is needed for the formation of humins. The
furan-like components can under certain conditions form a aim of this study was to investigate this unknown byproduct
polymer structure called humin, Figure 1. Humins are an with pyrolysis—gas chromatography—mass spectrometry (GC—

MS), 2D-NMR, and Fourier transform infrared spectroscopy
(FT-IR) for characterization and identifications of similarities
between pseudo-lignin and the humins.
B RESULTS AND DISCUSSION
Table 1 shows that the KL content (% KL) increased with the
severity of the SE, from 22% in untreated birch to 40—42% at
Table 1. SE Conditions and KL Content from Birch Wood”
severity factor pretreatment condition KL content (%)
untreated 22
3.1 170 °C—10 min 23
3.4 180 °C—10 min 24
3.6 190 °C—10 min 25
3.9 200 °C—10 min 28
3.9 210 °C—S5 min 30
42 210 °C—10 min 32
42 220 °C—S5 min 32
4.4 210 °C—1S5 min 32
4.5 220 °C—10 min 37
4.5 230 °C—S5 min 37
4.7 220 °C—1S min 42
4.8 230 °C—10 min 41
5.0 230 °C—15 min 40
Figure 1. Humin structures derived from (A) glucose and (B) xylose “KL analysis were carried out in triplicates.
(van Zandvoort et al.).>
organic compound class which are insoluble in water at all pH’s. the most severe pretreatment conditions. The estimated
The term is used in two related contexts, soil and carbohydrate increase of KL as an effect of xylan loss has been calculated
chemistry. Humins from carbohydrates are produced under to be 25%; this work has been described by Vivekanand et al.'®
dehydration of sugars, the subsequent formaldehydes, and 5- In an effort to characterize this pseudo-lignin the samples were
HMF form further polymers.>"*> van Zandvoort et al. found analyzed by fractionated pyrolysis and 2D-NMR.
that the furan and phenol compounds formed under acid- 2D-NMR Heteronuclear Single Quantum Coherence
catalyzed dehydration of sugars are a part of the humin (HSQC). NMR experiments of the solvable fraction of
structure formation.* Patil et al. showed the direct formation of untreated and severely pretreated (log R, 4.7) birch before
humins from glucose, fructose, and 5-HMF as a condensation pyrolysis show the change in both aliphatic (Figure 2) and
product.”’35 In addition, Tuercke et al. did a microreactor aromatic (Figure 3) regions. In the aliphatic area (Figure 2),
synthesis of S-HMF from dehydrating fructose, where it from 2.6/45.0 to 5.3/115.0 ppm, the most noticeable difference
polymerized into a humin structure.’® A different group, Date is around the proton peaks of the $-O-4 bonding pattern. The
4925 DOL: 10.1021/acsomega 800381
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Figure 2. HSQC of lignocellulosic biomass at (A) untreated and (B) severity factor 4.7 (220 °C—1S min), focused on aliphatic region.

a-H shifts to the left and the signal is lower for the SE sample
than untreated birch. The f-H signal has a similar pattern. In
addition, the y-H and y-H' (ox) disappears nearly completely
after SE. Overall, this indicates that the f-O-4 bonding
fragments with the pretreatment. Interestingly, this happens
even at the lowest severity conditions in these pretreatment
experiments, at 170 °C 10 min (Figure S1), even before the KL
amount increases. This means that the changes in the NMR
spectrum are not directly related to the accumulation of KL.
Increasing the SE severity factor only results in limited
alterations in the NMR spectra, while the KL content increases.
Therefore, the byproduct formed under SE is not dissolvable in
any of the three deuterated solvents used in this study.

The main change in the NMR spectra is the emersion of
xylan peaks. These are visible in the spectrum (Figure 2) at
4.27/101, 3.88/3.17/63.0, 3.50/75.0, 3.25/74.0, and 3.0/72.5
ppm. The two peaks at 4.80/74.10 and 4.50/72.80 ppm is f-D-
Xylp acetylated in position C-3 and C-2, respectively.

The peaks at 4.85/93.0 and 4.90/93.0 ppm are actually the
anomeric carbon in p-xylose and p-glucose, respectively. These
peaks are detectable in even the lowest SE-treatment, but the
signal intensity is stronger at high severity factor such as 4.7 as
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ppm. This means that carbohydrates are released, most likely
from fragmentation of lignin—carbohydrate complexes, cellu-
lose, and hemicellulose under SE as a result of depolymeriza-
tion of lignocellulosic biomass.

In the aromatic region (Figure 3), there is also an immediate
change in the NMR spectra at lowest SE. The G, and G shifts
disappear and only the G and S, 4 are left (Figure 3). With the
increasing SE-treatment, there is a new area that becomes
stronger in the aromatic region right below the S, 4 region. An
additional change in the aromatic region with the increasing SE-
treatment is a shift in the S, peak. In the untreated version
(Figure S2), there is an “iceberg” shape and with increasing
treatment the top peak shifts toward the lower proton area.
This small shift in S,4 corresponds to the difference in the
enantiomer versions erythro and threo as shown by Schmid and
Bardet et al.*** This is in compliance with hydrolysis in a-
position in f-O-4, as the signals shifts from racemic to
thermodynamic stable enantiomer signals.

In the SE-treated spectra in both regions (Figures 2 and 3),
there are peaks that correlates with the S-HMF, at shift values,
4.5/56.5, 6.6/110.1, and 7.5/125.0. The peaks have a low

DOI: 10.1021/acsomega.8b00381
ACS Omega 2018, 3, 4924—-4931



ACS Omega

r95

r100
105
r110
r115
r120
r125

130

E; 95
100
r105
r110
r115

L H20

r125
5-HMF

130

76 757473 7271706968 6.7 66 6.5 64 6.3 6.2 6.16.0

Figure 3. HSQC of lignocellulosic biomass at (A) untreated and (B)
severity factor 4.7 (220 °C—1S min), focused on aromatic region.

intensity, meaning that there is a low concentration of 5-HMF
dissolved in the sample.

Pyrolysis—GC—MS. The fractionated temperatures in the
pyrolysis was determined based on previous results, Aarum et
al. and Jurak,***" as the carbohydrates will be mostly valorized
at 350 °C and then subsequently pyrolysis at 600 °C would
yield the lignin fraction. This turned out to be a mostly correct
assumption, as the 350 °C pyrogram contained small amounts
of lignin components. The amount of lignin at 350 °C does
increase with the SE-treatment, which is a result of the
hydrolysis of the $-O-4 bond in lignin at higher severities.

All detected components after pyrolysis—GC—MS are
described in Table S1. At 350 °C, the pyrolyzate is mainly
composed of the most volatile products such as acetic acid (1),
small furan-like rings (2, 3, 9, and 12), and some lignin
structures (10, 15, 23, 24, and 25), see Figure 4.

The pyrolyzate at 350 °C has an increase of lignin products
such as 1§ (4-hydroxy-3-methoxybenzaldehyde, vanilin), 23 (4-
[(E)-3-hydroxyprop-1-enyl]-2,6-dimethoxyphenol), and 24 (3-
(4-hydroxy-3,5-dimethoxyphenyl)butan-2-one), with the in-
creasing severity of the SE-treatment, Figure 4. The increase
of volatile lignin components means that the polymer is more
fragmented, which corresponds to the hydrolysis and cleavage
of the -O-4 bond as described in other works.”***** In the
pyrolyzate at 350 °C, there is a significant increase of S-HMF
12, first detected (1.5%) with a severity factor of 3.9 at a
temperature of 210 °C and a rt of 5 min. In untreated wood
samples, this compound was not detected at all. The amount of
S-HMF thereafter increased to approximately 25% at a severity
factor 4.5, 4.8, and 5.0 (230 °C, all rts). HMF is a typical
dehydration product of C6 sugars.

The four main components that decrease at 350 °C are 1
(acetic acid), 4 (unknown m/z 114), 5 (unknown m/z 114),
and 10 (unknown m/z 152). Components 4 and S have the
same molecular mass, but display distinctly different
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Figure 4. Amount and structure of several components in the
pyrolyzate at 350 °C, as a function of severity factors of SE. The
amounts are the average of normalization with standard deviation of
three replicates. (A) Components of major amounts and (B)
components of minor amounts.

fragmentation patterns in their mass spectra and are therefore
evidently not the same compound.

The amount of acetic acid increases (45—59%) until a
severity factor of 3.9 (210 °C, S min), from which point the
amount decreases (59—15%). The increase and subsequent loss
of 1 has been previously reported by Sungvist et al., where they
observed consumption of acetic acid by water extraction using a
temperature around 200 °C.*° Formation of 12 in the

pyrolyzate coincides with the consumption of 1 at a severity
factor of 3.9. This can explain that production of 12 is a
building block in the formation of humins that also need acid,
as shown in Figure 5 and Scheme 1.

Using the pyrolysis temperature (at 600 °C, shown in Figure
6), there is mainly a decrease of 1. The other lignin
components that increase in amounts are 13 (2,6-dimethox-
yphenol), 36 (2-methoxyphenol), 37 (2-methylphenol), 40 (2-
methoxy-4-methylphenol), and 49 (2,6-dimethoxy-4-methyl-
phenol). The three lignin components that are decreasing in
amounts are 21 (3,5-dimethoxy-4-hydroxybenzaldehyde), 22
(unknown m/z 196), and 25 (3,5-dimethoxy-4-hydroxycinna-
maldehyde).

In general, we have observed a trend of decreasing amounts
of aldehydes and lignin’s with shorter side chains in the C-4
position with the increasing severity factor. The $-O-4 bonding
pattern can undergo hydrolysis at both hydroxyl groups on the
side chain C-4. However, the a-hydroxyl gives the most stable
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Figure 6. Amount and structure of several components in the
pyrolyzate at 600 °C, at different severity factors of SE. The amounts
are the average of a normalization with standard deviation of three
replicates. (A) Components of major amounts and (B) components of
minor amounts.

intermediate cation. This carbocation intermediate is sub-
sequently open for nucleophilic attack, rearrangement, or both,
Scheme 2. The changes seen in the pyrolyzate composition is
mostly related to the a-carbon on the side chain, with a general
decrease in number of oxygen atoms.
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Because there are little or no changes in the phenyl content
in the pyrolyzate, there is a reason to believe that pseudo-lignin
does not contain this structure in a large amount. On the other
hand, there is a significant increase of component 12 (S-HMF)
and other furan-components in the pyrolyzate with the increase
of the severity factor. S-HMF is visible in the NMR, but the
intensity of the peaks are low and do not correspond to the
increase seen in the pyrolyzate. There are also several other
components appearing with log R, 3.9 in the pyrolyzate such
as: 2 (furfural), 3 (2-furanmethanol), and 7 (2,5-furandicarbox-
aldehyde). These compounds are related to the pyrolytic
cleavage of humins as shown by van Zandvoort et al.”> We
propose that the byproduct formed by SE, called pseudo-lignin,
corresponds to humin because of the furan polymer structure
that was found. According to van Zandvoort et al.** and Patil
and Lund,*® the formation of humins from carbohydrates takes
place under harsh conditions, for example, high temperature
and acidic pH. The acetic acid released is consumed in forming
the humin polymer; therefore, after pyrolysis, the acid content
drops and the depolymerized humin increases with furan-like
components in the pyrolyzate.

To support that humins are formed under SE-treatment, FT-
IR spectra were recorded (Figures S3 and S4). The untreated
samples had IR transmittance at 1722, 1655, and 1594 cm™,
but in the treated sample (severity factor 4.7 (220 °C, 15
min)), there is instead transmittance at 1711, 1605, and 1515
cm™. These results are in agreement to IR of humins as
descrrbed by van Zandvoort et al.** Baccile et al.* did structural
characterization of hydrothermal carbon spheres, revealing a
structure and bonding pattern similar to the proposed humin
structure (Figure 1). These carbon spheres were accumulated
from carbohydrates and raw biomass with temperatures
between 160 and 220 °C. The solid-state NMR of the
unsolvable part showed a clear furan-ring polymeric structure,
very similar in structure as suggested by van Zandvoort et al.>’
Tuercke et al.*® acid catalyzed (0.1 M HCI) dehydration of
fructose into S-HMF, but noticed that at temperatures from
200 °C the yield started to decline. They found that this was
caused by the formation of humin and other insoluble
polymeric byproducts.

To summarize, the changes in NMR spectra do not correlate
with the increase in the KL content and therefore is not
consistent with the structure of pseudo-lignin, but they confirm
the release of several monomeric carbohydrates, some S-HMF,
and hydrolysis of lignin. The SE-temperature of 200210 °C is
a critical temperature for SE-treatment of biomass. This is the
temperature where the inhibition of enzymes and formation of
pseudo-lignin escalates. At the severity factor above 3.9 (210
°C), there is a decrease of acetic acid in the pyrolyzate. We
believe the acetic acid is consumed as a result of polymerization
with furan components to form humins. Several furan
components, especially S-HMF, are increasing in the pyrolyzate
with SE-treatment. There are also small amounts of this that are
visible in the liquid NMR fraction, but the intensity does not
correspond to the amount in pyrolyzate. This strongly indicates
that S-HMF is bound in a polymeric molecule not solvable in
NMR solvents. These furan-like components are known to be
related to humin structures. The conditions under SE are
conducive for the synthesis of these humins, with acid, heat,
and water. Therefore, pseudo-lignin as the byproduct formed
during the SE-treatment of birch seems be a type of humin
structure and not a more condensed lignin structure.
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Scheme 2. Reaction Pathways under SE of Lignin that Might Take Place”
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“The first resonance structure is open for a nucleophilic attack, Li et al.** and Shimada et al.** The fragmentation reaction in the fourth resonance
form is calculated to be exothermic by Sturgeon et al.** QM is the formation of the quinone methide-structure. The rearrangement in the fifth
resonance would yield flavonoid-like structures as detected by Rasmussen et al.*'

B METHODS

Materials. Birch (Betula pubescens) stem wood without bark
was pretreated with SE.'® The list of standards are listed in
Supporting Information and is used for retention validation of
components.” The hemicellulose 4-O-methyl-p-glucurono-p-
xylan and cellulose (powder) were acquired from Sigma-Aldrich
(Steinheim, Germany). The milling was done with a Retsch
GmbH 100PM (Haan, Germany) instrument with zirconium
balls (ZrO,) at 350 rpm, for 12 h with 1S min on/off
increments.

Steam Explosion. The SE was done on birch stem wood at
several different temperatures (170—230 °C with a 10 °C
increment) and resident times (rt, 5, 10, and 15 min), see Table
1. The pretreatment was performed at the SE facility, at
Norwegian University of Life Sciences (NMBU) in As,
designed by Cambi AS. Three hundred grams of dry matter
of milled birch was added to preheated pressure chambers (10
min). SE at temperatures of 170—200 °C was only done with
10 min rt."® These samples were dried and stored in room
temperature, before applying the powder to the pyrolysis
filament, with a micropipette designed for powder. The Klason-
lignin analysis was carried out in triplicates.

Pyrolysis—GC—MS. The flash filament Pyrola 2000
pyrolyzer (Pyrol AB, Lund, Sweden) was coupled to a GC—
MS (7890B-7000C triple quadrupole GC—MS instrument from
Agilent technologies) to characterize the volatile pyrolyzate
generated from fast pyrolysis of birch samples. The GCMS
method and identification was done as previously described,
with a capillary column (TraceGOLD TG-1710MS 60 m, ID
025 mm, and 0.25 um film thickness, Thermo Fisher
Scientific).”” The total pyrolysis time is 2 s, with a heating
time of 8 ms, which is injected on-line to the GC with a total
run time of 76.4 min. The pyrolysis was a fractionated pyrolysis
which is, according to IUPAC system, “pyrolysis in which the
sample is pyrolyzed at different temperatures at different times
to study a special fraction of the sample”*’ and in this case at
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350 and 600 °C, before each GC-run. The amounts of each
component are a normalization by maximum peak area and
therefore only represent the change in the composition as a
function of the SE-treatment. Each pyrolysis has been
performed in three replicates, and the value shown is the
average with corresponding standard deviation.

2D-NMR HSQC. For the preparation of NMR samples,
three different deuterated solvents were tested, DMSO-d,
DMF-d,, and acetic acid-d,. Generally, all of the different
solvents resulted in similar spectra. NMR spectra with DMSO-
dg as the solvent were chosen to present in this study because
DMSO is known to be a good solvent for lignin materials.
DMF-d4 gave a somewhat better spectra resolution but was not
used, as the gain was small. The NMR spectra were recorded
on a Bruker Ascend 400 spectrometer (400 MHz) as previously
described.*” The SE-treated material was ball-milled after
drying and dissolved in the deuterated solvent for 5 min. Then,
they were filtered through glass wool, to remove any unsolved
particles, directly into the NMR-tube.

Fourier Transform Infrared Spectroscopy. The IR
spectra were recorded on an Agilent technologies FTIR 5500
(single reflection diamond attenuated total reflection-cell), with
the solid powder after SE-treatment, drying, and milling. The
resultant IR spectra consist of 32 co-added interferrograms
recorded at 8 cm™' resolution in the 4000—650 cm™
wavelength region.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsomega.8b00381.

HSQC spectrum of birch biomass treated with steam-
explosion at a severity factor of 3.1 (170 °C—10 min);
topographical visualization of untreated and treated
biomass (220 °C—S min); FTIR-spectrum of untreated,
treated biomass (220 °C, 15 min), cellulose, and
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hemicellulose overlaid; FT-IR-spectra of untreated and
steam-exploded at severity factor 4.7 (220 °C—1S min);
HSQC of S-HMF in DMSO-dg, ; and all detected
components from fractionated py-GC-MS at 350 and
600 °C (PDF)
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acid-ds. The shift values are slightly more upshift than with DMSO-ds. The spectra are focused
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Figure S2. Topographic visualization of lignocellulosic biomass at untreated (above) and

severity 4.7 (220 °C — 15 min) (below), focused on aromatic region.
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Table S1. Detected components from py-GC-MS at 350 and 600 °C.
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6 Not identified 128 27.35
i
7 2,5-Furandicarboxaldehyde 124 28.35 o) /O
W,
8 Not identified - 29.68
Q
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OH
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Abstract

The increasing energy and chemical needs have to be covered by renewable resources such as
biomass, in the near future. Steam-explosion is a green pretreatment for utilizing biomass, but
it produces a byproduct, pseudo-lignin. By comparing purified (milled wood lignin) and
unpurified samples after steam explosion with pyrolysis-GC-MS, the components of pseudo-
lignin should be evident. 2D NMR HSQC was also conducted on the purified samples, in
addition to compositional analysis after steam explosion. After steam-explosion there is about
6 wt% of pseudo-lignin, and the pyrolysis show an increase of diol benzenes and furan

components in the unpurified samples, which is associated with pseudo-lignin.



Introduction

As the need for more renewable sources of chemicals and energy keeps increasing, a
sustainable conversion of biomass is more important. This conversion of biomass into high
value products is a challenge as the refining process often degrades at least one of the three
constituent (cellulose, hemicellulose and lignin), steam explosion in this case will decompose

hemicellulose (Carvalheiro et al. 2008).

Steam explosion (SE) is a cheap, environmentally friendly pretreatment, which only uses small
amounts of chemicals, other than water. It hydrolyses the hemicellulose into water-soluble
oligomers and monomers (Carvalheiro et al. 2008; Chen and Fu 2016; Jacquet et al. 2015; Li
et al. 2014). The cellulose get a higher crystalline index with SE below 200 °C as only the
amorphous areas are degraded, but above 200 °C the fibers also starts to deform (Schultz et al.
1983; Steinbach et al. 2017). The lignin will also dissociate into smaller components, by
hydrolysis under SE (Heikkinen et al. 2014). SE will in addition produce a by-product, denoted
pseudo-lignin, and is defined as the increase of mass in Klason lignin (Hu et al. 2012). Pseudo-
lignin obstructs enzymatic degradation of cellulose (Hu et al. 2013; Rasmussen et al. 2017;
Vivekanand et al. 2013; Xianzhi and Ragauskas 2017) inhibiting further conversion of lignin
and cellulose into high value products. For this reason alone, it is important to identify the
chemical structure of pseudo-lignin, so that it can be avoided or handled downstream. The SE
intensity is estimated by use of a severity factor model (log Ro), whereas the parameters are

temperature and time (Jacquet and Richel 2017; Overend et al. 1987).

As the definition of pseudo-lignin states that it is an increase of Klason lignin mass, it cannot
just be lignin reacting with itself. The only two other possibilities are that either the

holocellulose is degraded and reacts with the lignin to make a “different”-lignin or the

2



holocellulose is degraded and then polymerizes into a new polymer. If the degraded product
reacts with lignin, the most likely position for this is the a-position of the alky-chain. Lignin
will hydrolyze under SE causing the formation of a resonance-stabilized carbocation and the
a-positioned cation will then be susceptible for nucleophilic attack (Scheme 1). This should
give a shift in the ppm of o-H in a $-O-4 bond of lignin, which will be visible in the NMR

spectrum as the lignin solubility does not change.
SN
S ? § 57 5? 57
OH e SOH, H -

Scheme 1. Hydrolysis reaction of lignin and the resonance structures of the corresponding

carbon cation formed (Aarum et al. 2018).

The option of degrading holocellulose being polymerized, is already documented in
carbohydrate chemistry, into a product called humin (Rice 2001; van Putten et al. 2013). Humin
is an organic polymer that is not soluble at any pH. The conditions for formation of humin are
under mild acidic water together with heat (160 — 340 °C). For hardwoods SE is done using
only water, but acetic acid will be released from the hemicellulose (auto hydrolysis), and the
pH have been documented to decrease to around 3 (Sundqvist et al. 2006). Softwoods do not
have acetic acid in the hemicellulose and SE is often done with a mild acidic presoaking, for
example with 0.1 M H2SO4. These acidic conditions for hard- and softwood, including the heat

under SE, is very comparable to the conditions for humin formation.

Milled wood lignin purification (MWLp) is a method of extraction and purifying lignin from
wood, without altering the lignin structure at all (Brauns 1962). It is a technique that results in
a lignin product known to be the closest to native lignin. Other techniques comparable to MWL
are lonic Liquids (ILs) extraction and Enzymatic Mild Acidolysis Lignin (EMAL) (Ventura et

3



al. 2017; Wu and Argyropoulos 2003). After SE, the MWLp will extract the lignin that has the
same solubility properties as native lignin. The difference between purified and non-purified

samples will then show the effect SE has on the residue left after pretreatment.

Fractionated pyrolysis is a technique where the same sample is pyrolyzed several times with
increasing pyrolysis temperatures and each pyrolyzate is directly analyzed using GC-MS (Uden
1993). This will give different fractions of sample to analyze at specific volatile temperatures.
It is important that the heating and cooling in the pyrolysis system has a fast rate to reduce
secondary reactions in the pyrolysis (Asmadi et al. 2011; Bridgwater 2012; Collard and Blin

2014).

Purified samples are expected to be a uniformed lignin fraction, where carbohydrates and
eventual pseudo-lignin has been removed. Carbohydrates in the unpurified samples will be
mostly burned off in the fractionated pyrolysis, so that it is possible to analyze the remaining
part. The difference in the pyrograms will then show the effect SE has on lignin and the
holocellulose part of the biomass. Any byproducts such as pseudo-lignin or structural changes
to the lignin should therefore be visible in the difference between the pyrograms, with
increasing SE severity. The aim of this study was to see the effect of the purification on SE
samples from Norway spruce stem wood and identify the differences. This is done by

comparing the pyrograms of SE samples before and after purification with the MWLp method.

Materials and method

Raw materials

Norway spruce stem wood without bark were shredded (20-30 mm chips) and dried using a
drum dryer, then milled to pass a sieve of 6 mm (SM2000, Retsch, Haan, Germany), and stored

at room temperature. The dry matter content (DM) of the milled material was 85-90%.
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The milled samples were pretreated with SE whereas one part was purified with milled wood
lignin (MWL). The second part of the pretreated samples was the unpurified samples. These
were then rinsed with ion exchanged water (RO-water) until clear (2 g dry weight, 1.5 L), to
remove residue acids and small components. The samples were then freeze-dried (Alpha 2-4
LDplus, Christ Gmbh) for 72 h, before grinding in a planetary ball mill (Planetary Ball Mill
PM100, Retsch Gmbh, Haan, Germany), with zirconium oxide (ZrO>) balls. Each sample was
ball milled at 350 rpm for 16 hours with 15 minutes interval and 15 minutes recess. The
pulverized samples were then washed with acetone in a Soxhlet for 3-6 h until visually clear

then dried in room temperature for 16 h.

All samples were dried and stored at room temperature, before applying the powder to the

pyrolysis filament, with a sample handler for powdered substances (PyrolAB, Sweden).

The list of standards (Table S1) are described in a previously publication, used for retention

validation of components (Aarum et al. 2017).

Mild acid catalysis and steam explosion

For mild acid catalysis, the spruce sample was presoaked at room temperature in the
appropriate concentration of dilute sulfuric acid HoSOs solution at 0.5% solids (w/w) for
overnight. Pretreatment was performed as described previously, (Vivekanand et al. 2013) using
the steam explosion facility designed by Cambi AS, Asker, Norway. Three hundred grams dry
matter (DM) of dilute sulfuric acid treated spruce biomass was added to the pressure vessel for
different pretreatment conditions. The spruce was pretreated at various temperature (180, 190,
200 and 210 °C) using a 5 and 10 min residence time. Prior to each pretreatment the pressure

vessel was preheated for 10 min at the temperature to be used for pretreatment. The pretreated



fractions were stored at 4 °C. The dry matter (DM) content of the SE samples was in the range

of 20-31%.

Moisture and ash content

The moisture content of untreated and pretreated spruce samples was determined by a
Metrohmn Karl Fischer titrator (Florida, USA). Ash content was determined by a NREL
method (A. Sluiter 2008), weighing samples before and after heating in a furnace at

temperature of 550 °C for 3 h.

Compositional and carbohydrate analysis

Analyses of the sugars and lignin content in spruce wood samples before and after steam
explosion (whole slurry) were carried out according to NREL/TP-510-42618 (A. Sluiter
2004). In short, the dry grinded spruce samples and sugar recovery standards (glucose,
arabinose, mannitol, galactose and xylose) was exposed to 72% (w/w) H2SO4 at 30 °C for 60
min and then further hydrolyzed in 4% (w/w) H2SO4 at 121 °C in an autoclave for 60 min.
After complete hydrolysis, the hydrolysates were filtered through filter (4 um, Sigma
Aldrich) and diluted with deionized water. The hydrolysates were stored at -20 °C. For the
structural carbohydrate determination, sugar analysis was performed with a Dionex ICS3000
High-Performance Anion-Exchange Chromatography (HPAEC) system (Dionex, Sunnyvale,
CA, USA) equipped with a pulsed amperometric detector (PAD), a CarboPac-PA1 2 x 250
mm analytical column, and a CarboPac PA1 2 x 50 mm guard column. As eluent Milli-Q
water was used with a flow rate of 0.250 mL/min. The column temperature was 30 °C and the

total run time 35 min.



Milled Wood Lignin

The steam exploded samples were purified with milled wood lignin method (MWL) (Bjorkman
1956; Obst and Kirk 1988) and stored in room temperature before analyzing with py-GC-MS.

These samples were not rinsed before purification.

The SE samples were first dried over 48 h, in a desiccator (1 atm) with red silica gel and
phosphorous pentoxide (P4O10) as a drying agent. The samples were then ball milled as stated
above with 10 grams. To remove unwanted extractives from the wood powder the samples
were first treated with acetone (60 mL) in a Soxhlet extractor for 4 h. The samples were dried
overnight (minimum 16 h) in a desiccator. Then the samples were extracted with 1,4-dioxane
and deionized water (70 mL, 96:4% v/v) for 6 h. This solution was diluted with water to
precipitate the lignin before vacuum distillation. When the solution was approximately 20 mL
a second portion of water was added (75 mL), before continuing the evaporation. This was
repeated 2 more times until all the 1,4-dioxane was replaced and the mixture was freeze-dried

to give crude MWL (MWLc).

The MWLc was dissolved in 90% acetic acid, filtered (Qualitative filter paper 303, 5 — 13 pum,
VWR) by suction filtration using a Biichner funnel and precipitated into deionized water. The
precipitate was evaporated again with vacuum distillation, and washed 3 times with water,
before freeze-drying. The final step was the dissolution into 1,2-dichloroethane and ethanol
(2:1, v/v%), filtration by suction filtration, precipitation into diethyl ether, evaporation with
water wash and lastly freeze-drying to give pure MWL (MWLp). The samples were stored in

a desiccator at room temperature.



Pyrolysis-GC-MS

The MWL samples was analyzed on an online flash filament Pyrola 2000 pyrolyzer (Pyrol AB,
Lund, Sweden) that was coupled to a GC-MS (7890B-7000C Triple Quadrupole GC-MS
instrument from Agilent technologies) to characterize the volatile pyrolyzate generated from
fast pyrolysis of spruce samples. The GC-MS method and identification was done as previously
described, with a capillary column (TraceGOLD TG-1710MS 60 m, ID 0.25 mm and 0.25 um
film thickness, Thermo Fisher Scientific), list of standards and NIST14 library (Aarum et al.
2017). For the unpurified samples the Pyrola 2000 was connected to a different GC-MS (Trace

1310-ISQ-QD, Thermo Scientific), with the same column (TG-1701MS, Thermo Scientific).

Pyrolysis of the purified samples was an isothermal pyrolysis at 600 °C. Total pyrolysis time
was 2 s, with a heating time of 8 ms, before entering the GC. For the unpurified samples,
pyrolysis was a fractionated pyrolysis (Uden 1993) at temperatures 350 and 600 °C, before
each GCMS-analysis. For this to be representative, it is of utmost importance that the amount
of secondary pyrolysis reactions occurring is not significant or non-existing, which is achieved
with a fast heating rate and time (175 000 °C/s, 8 ms). The amounts of each component were
normalized and therefore represent the change in composition as a function of SE-severity.
Each pyrolysis has been performed in three replicates, and the values shown (Figure 1-7) are

the average with corresponding standard deviation.

2D-NMR Heteronuclear Single Quantum Coherence (HSQC)

The NMR spectra were recorded on a Bruker Ascend 400 spectrometer (400 MHz), with a 5
mm PABBO-probe. The HSQC were run with DMSO-ds as a solvent with 60 mg of MWLp
sample in 0.5 mL. The NMR spectra were recorded with a width of 0 — 10 ppm in 'H and 0 —

165 ppm in '3C, number of scans were 128 at 27 °C for both dimensions. The relaxation time



for 'H-'3C was 1.5 s and the FID decay dimensions 2048 and 256, with 120 scans at 27 °C

(Aarum et al. 2017). The NMR experiments were done in triplicates.

Results and Discussion

Composition of wood samples

The compositional and carbohydrate analysis (Table S1) were used to calculate the amount of
pseudo-lignin generated under SE, Table 1. The calculation takes into account the loss of
total biomass from hydrolysis of hemicellulose represented as mannose and xylose. For the
first SE sample the estimated pseudo-lignin is a negative value (-0.4%) as the model over

estimates the amount of observed lignin.

Table 1. Effect of SE severities factor on biomass composition, and estimated pseudo-
lignin. Amounts are expressed as percentage of dry matter. The amount of carbohydrate

were calculated using the mass of anhydrous sugar.

Severity Observed Remaini .

Carbohydrate loss ng Estimated  Observed Pseudo-
factor —carbohydrates .0/ ') oq)p biomass  lignin (%)? lignin (%)¢ lignin (%)
(log Ro)  (man/xyl, %)? ’ (%)e
— 15.2 0.0 100.0 31.2 31.2 0.0
3.1 11.7 4.0 96.0 325 32.1 -0.4
33 11.0 4.7 953 32.7 332 0.5
34 9.2 6.6 93.4 334 34.1 0.7
3.6 7.4 8.4 91.6 34.1 34.8 0.7
3.6 6.8 9.0 91.0 343 35.7 1.4
39 5.0 10.7 89.3 35.0 37.2 2.2
39 5.8 10.0 90.0 34.7 39.0 43
4.2 4.0 11.7 88.3 353 41.7 6.4

2 The amount of all components are expressed as percentage of dry matter. The amount of carbohydrates
(mannose = man and xylose =xyl) was calculated using the mass of anhydrous sugar, from protocol NREL/TP-
510-42618, (A. Sluiter 2004).

b Assuming that the reduction of carbohydrates content during SE is due to loss of carbohydrates from the
biomass (and not pseudo-lignin formation), the loss of carbohydrates can be estimated based on xylan content
before (15.2 g) and after pretreatment: 15.2 =X + (100 - X)*Y/100 where X = carbohydrate loss and Y =
observed carbohydrate content after pretreatment.



¢ Calculated as 100 — carbohydrate loss.
4 Calculated as lignin content in non-treated spruce (31.2 g) divided by remaining biomass (Z): 31.2/(Z/100).
¢ Lignin content was measured following the protocol from NREL/TP-510-42618, (A. Sluiter 2004).

Purified samples

The MWL extracted samples analyzed with semi-quantitative 2D-NMR (HSQC), (Sette et al.
2011) show a strong decrease in the B-O-4 bonding pattern (43.4 — 14.8%, Table 2), with

increasing SE-severity (Heikkinen et al. 2014).

With the decreasing 3-O-4 bonding pattern, there was a small increase of the other two bonding
patterns, B-p and B-5/a-O-4 (3.60 — 4.36% and 10.5 — 17.0%, respectively), Table 2. The most
noticeable difference in the spectra is the increase of the soluble carbohydrate fraction after
even the lowest severity SE (180 °C, 5 min). In the anomeric area between 90.0/4.0 until
110/5.3 ppm there is an upsurge of signals. In addition, the corresponding carbohydrate signals
(C2-C6) between 65.0/2.80 and 85.0/4.30 all have the same signal increase. By running a few
standards (Table S2), we have denoted some of the shifts to be anomeric carbon in different
carbohydrates (C1) in both acetal and hemiacetal from hemicellulose carbohydrates
(galactoglucomannan, GGM), full assignment is given in Table S1. The anomeric carbon (C1)
in galactose (Gall, 91.9/4.92 ppm), glucose (Glul, 92.2/4.87 ppm) and mannose (Manl,
93.9/4.88) are not visible in the untreated MWL sample. At severity factor 3.1 the reducing end
Gall, Glul and Manl increases to 18.6, 23.5 and 60.5, respectively per 100 aromatic (G2-
signal). This continues to increase until 85.6, 34.0 and 188.9 at severity factor 4.2. These
samples are isolated with MWL and should contain only minor amounts of carbohydrates; this
means that some of holocellulose has been hydrolyzed into smaller polymers or oligomers that
is then isolated with the lignin. Hemicellulose is expected to hydrolyze, and if so will be
extracted with the first liquid fraction after SE. This means that the hemicellulose is hydrolyzed

in random places and not from the end, first to smaller polymers, then oligomers and in the end
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into water soluble di- and monomers (Biermann et al. 1984; Garrote et al. 1999). This is
confirmed by the fact that the intensity of the hemiacetal signal increases with SE-severity,

meaning it must include a large number of reducing ends.

Table 2. Amount of the three most abundant lignin bonding patterns p-O-4, -5, and §-
in [%], as an effect of SE-severity. The signal intensity is per 100 G2-signals, with

standard deviation of three replicates.

Severity

tctor B-0-4 B-5/a-0-4 B-p

- 434403 10.5+0.1 3.60+0.16
3.1 344403 12.5+0.1 320+0.14
33 26.7+1.7 14.3+0.3 3.73+0.26
3.4 31.8+0.8 12.9+0.2 270 +0.36
3.6 23.7+0.7 14.6 0.3 3.43+0.12
3.6 19.4+0.4 162 +0.1 4.07 +0.05
3.9 19.3+0.7 15.5+0.4 3.57+0.14
3.9 152+ 1.4 172404 3.45+0.38
4.2 14.8+1.9 17.0+£0.7 4.36+0.29

The pyrolysis of MWL purified samples reflected the change from the NMR spectra, as most
of the lignin components where detected in equal amounts at all SE-severities, Figure 1. The
major observed change was the increase of 2-methoxy-4-methylphenol and the decrease of 4-
hydroxy-3-methoxy-benzaldehyd (vanillin). This decrease of oxygen in lignin is expected as
lignin also undergoes hydrolysis in SE, especially in the 3-O-4 bond, Table 2. This is confirmed

with the HSQC-spectra, where a decreasing signal intensity can be seen.

There is little change in the composition with increasing SE-severity, with the exception of the

hydrolysis for the purified samples. This means that either the lignin changes very little or that

11



the only one type of lignin is extracted and the hydrolyzed carbohydrates are too large for water

fractionation.

A few new components do accumulate in the pyrograms after SE, component 2-furanaldehyde,
1,2-cyclopentadione, 5-methyl-2-furaldehyde and 2-hydroxy-3-methyl-2-cyclopenten-1-one
(Figure 2). All of these components are furan-like components (Date et al. 2017; Steinbach et

al. 2017) resulting from degradation of carbohydrates.

12



Amounts %

= Phenol

® 2-Methylphenol

m 4-Methoxy-3-methylphenol
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m 2-Methoxy-4-(prop-2-en-1-yl)phenol

m 2-Methoxy-4-[(1Z)-1-propen-1-yl]phenol
= 4-Hydroxy-3-methoxybenzaldehyde

B |-(4-Hydroxy-3-methoxyphenyl)ethanone
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H (4-Hydroxy-3-methoxyphenyl)acetic acid
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m4-[(1Z)-3-Hydroxy-1-propen-1-yl]-2-methoxyphenol

® 4-[(1E)-3-Hydroxy-1-propen-1-yl]-2-methoxyphenol

Severity (log R,)

Figure 1. Amount of all lignin components in MWL-isolated samples from py-GC-MS,

non-lignin components are not shown and are less than 15 %. The SE-samples with
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identical log Ro are placed with the low-high temperature from left to right. Pyrolysis

temperature was 600 °C and the samples were run in triplicates.

4.5 m 2-Furaldehyde u | 2-Cyclopentanedione
® 5-Methyl-2-furaldehyde B 2-Hydroxy-3-methyl-2-cyclopenten-1-one
4
3.5
3
=
2.5
=
=
@]
E2
<
1.5
1
0.5
0
- 3.1 33 34 3.6 3.6 3.9 3.9 4.2
Severity (log R,)

Figure 2. Amounts of furan and degraded furan components in MWL-isolated samples
from py-GC-MS, not identified components are not shown and is less than 7%. The SE-
samples with identical log Ro are placed with the low-high temperature from left to right.

Pyrolysis temperature was 600 °C and the samples were done in triplicates.

Unpurified samples

The first observation from the pyrograms were the increased complexity of the chromatograms,
prior to purification. The matrix complexity including the cellulose and hemicellulose in the

pyrolysis, could be circumvented by the use of fractionated pyrolysis. The 350 °C pyrolysis is
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mainly performed to reduce the amount of carbohydrates, giving a decreased sample
complexity. This is in accord with previous observation regarding the structure of

carbohydrates (weak acetal bonding) (Aarum et al. 2018; Jurak 2015).

We found seven components that were unidentified and not present in the purified samples.
Two of these could originate from hemicellulose as they match the molecular ions and
fragmentation pattern of a previous work done on pyrolysis of hemicellulose (Table S3)
(Gomez-Pardo and d'Angelo 1991; Ohnishi and Katd 1977), but it was non-conclusive as there

was too few fragmentation peaks (only 3 in each mass spectra).

Pyrogram 350 °C

In the 350 °C analysis there is little changes in amount of the lignin derivatives with increasing
SE-severity (Figure 3). One of the reasons is that SE will hydrolyze the lignin into smaller
polymers. The degree of hydrolyzed lignin will increase with SE-severity. 3-(4-hydroxy-3-
methoxyphenyl)prop-2-enal is a pyrolytic degradation component of lignin, since this
decreases (13 — 3%) with increasing SE, this means that the lignin bonding pattern responsible
for making coniferyl aldehyde under pyrolysis have been degraded with SE-severity. In the
same way 1-(4-hydroxy-3-methoxyphenyl)butan-1-one (1 — 7%) and 2-methoxy-4-
propylphenol (2 — 6%) increases, with SE-severity as a result of hydrolysis removing oxygen

in general.
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m 2-Methoxyphenol ® 2-Methoxy-4-vinylphenol

u 4-Allyl-2-methoxyphenol ® 4-Hydroxy-3-methoxybenzaldehyde
H 2-Methoxy-4-propylphenol H 2-Methoxy-1,4-diolbenzene
1-(4-Hydroxy-3-methoxyphenyl)ethanon B |-(4-Hydroxy-3-methoxyphenyl)propan-2-one
¥ 1-(4-Hydroxy-3-methoxyphenyl)butan-1-one 3-(4-Hydroxy-3-methoxyphenyl)prop-2-enal
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Figure 3. Benzene components from 350 °C fractionated pyrolysis, the samples were done
in triplicates. The SE-samples with identical log Ro are placed with the low-high

temperature from left to right

Especially noteworthy is the change of vanillin amounts that increase from 11% in untreated
samples to a stable level, 31% =3, throughout the SE samples. This is different from the purified
samples, where there was a sudden increase from 10% in untreated to 16% in log Ro 3.1 (Figure
1). However, with increasing SE the vanillin amount then continually decreases (16 — 12%).
The most obvious explanation for this is that this is dependent on the extraction method.
Apparently, the MWL purification method gives less vanillin, this could mean that the vanillin
is directly involved in lignin-carbohydrate-complex (LCC) and by isolating lignin (and
removing carbohydrates) we reduce the amount of vanillin in the pyrograms. The sudden

increase of vanillin in both methods indicates that when the biomass is hydrolyzed under SE,
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the LCC’s and amorphous areas are most likely hydrolyzed into soluble components and give

rise to more vanillin than normal in the lignin partition.

The components from the 350 °C pyrogram that did not include a six-membered aromatic
moiety are shown in Figure 4. All of these components are normal pyrolysis degradation
products from biomass, such as 5-hydroxymethylfurfural (5-HMF). However, there is a steady
increase of 5-HMF (9 — 20%) and decrease of acetic acid (19 — 2%) with increasing SE. This

means that there is a generation of 5-HMF under SE.

B Acetic acid ~ ®Furfural ~ ®2-Furanmethanol =~ ®2H-Pyran-2,6(3H)-dione B 5-Hydroxymethylfurfural

45

40

| i ! I ! ! !
0 ! ! !
- 3.1 33 34 3.6 3.62 3.9 3.93 42

Figure 4. Non-benzene components from 350 °C fractionated pyrolysis on the unpurified

3
f=]
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—_
(=]

W

samples, the samples were done in triplicates. The SE-samples with identical log Ro are

placed with the low-high temperature from left to right.

Pyrogram 600 °C
From the pyrograms at 600 °C (Figure 5 and Figure 6) the lignin component amounts are

relatively stable. This means that very little changes in the core lignin, except that it becomes
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more volatile, as showed with the increase of lignin components in the 350 °C pyrogram. The
exceptions are 4-methyl-1,2-benzdiol and 3-methyl-1,2-benzdiol that both increase with SE-
severity, 1 — 9% and 1 — 3%, respectively. The increase in amounts of these two different diols
is interesting together with the increase of 5-HMF previously described. Since pseudo-lignin
is defined as an increase in Klason lignin weight, it cannot stem from lignin reacting with itself
in any form, as this will not increase the mass of Klason-lignin. The only possible weight
increase comes from either; i) a degraded carbohydrate by-product formed under SE that can
withstand strong acidic hydrolysis, or ii) a nucleophilic attack on lignin by a degraded

carbohydrate, which can withstand the same conditions.

Early research in carbohydrate chemistry has studied the degradation of carbohydrates under
mild acidic water conditions. As far back as 1910, the first mechanism of acid degradation was
published (Nef 1910). Later this has been studied in more detail. The major feature of the
mechanism is he degradation of carbohydrate (D-fructose) into S-HMF (Li et al. 2005; Moye
1966; Sun et al. 2016). A documented by-product formed when carbohydrates are heated in a
dilute acidic environment, is a furan polymer called humin. This is in particular the case with
temperatures from 200 °C and above (Mednick 1962; Newth 1951). There have been some
research into the structure of humins using NMR, but this has been done with a solid-state
probe (Baccile et al. 2009; Herzfeld et al. 2011). Since the humins are not soluble at any pH or
in organic solvents, mild acidic conversion gives a furan polymeric structure (van Zandvoort
et al. 2015). An additional publication on the formation of humin with a 1,2,4-
trihydroxybenzene as a supplement, gave a substantially higher crystal growth (van Zandvoort

etal. 2013).

18



Differences

In both the purified and unpurified samples there is only small changes to the benzene
component amount, with increasing SE-severity, only vanillin can be identified as a major
product. For the purified samples a steady increase can be seen after the SE treatment (log Ro
3.2), while for the unpurified samples the amount is unchanged. In addition there is an
emerging amounts of diols, 2-methoxy-1,4-benzediol (350 °C, Figure 3) and 4-methyl-1,2-
benzediol (600 °C, Figure 5) in the unpurified samples. Based on the calculation of estimated
and observed lignin in the samples there was an unnatural increase of observed lignin of
about 6 % (Table 1). This is the denoted pseudo-lignin. The comparison of py-GC-MS from
purified and unpurified samples show that pseudo-lignin is mostly removed in the
purification step (MWLp), as the amounts of non-benzene components are low (less than

10% including non-identified components).

In the non-benzene components there are a significant change in the py-GC-MS results. There
is an increase of 5-HMF and the two diols in py-GC-MS as an effect of SE-severity. The 5-
HMF can also undergo conversion into 1,2,4-trihydroxybenzene. This happens mostly in the
temperature range of 290 — 350 °C (Luijkx et al. 1993). In this case a strong acid (H2SO4) was
utilized and even in diluted form (0.5% solids w/w) this will increase the degradation of
holocellulose much faster than with autohydrolysis (release of acetic acid from hemicellulose
in hardwoods, (Chen et al. 2010; Li et al. 2014)). Sulfuric acid has a dissociation constant pKai
of -3, in addition to hygroscopic properties, this will push the hydrolysis reaction forward and
the degradation will be more significant than autohydrolysis. This strong acid will then also
help to further degrade lignin and furans into the diol benzenes. These two types of aromatic
components can then polymerize into a new polymer, i.e. pseudo-lignin with some structural

variations from pseudo-lignin of autohydrolysis. The formation of pseudo-lignin is rather the
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degradation of carbohydrates into furans, such as 5-HMF, with further degradation into a

humin-like structure.

® 4-Methylphenol ® 3-Methylphenol
m 2-Methoxy-4-methylphenol 3.,4-Dimethylphenol
B 4-Ethyl-2-methoxyphenol m 2-Methoxy-4-vinylphenol
m4-Allyl-2-methoxypheno | | ,2-Benzenediol
m 2-Methoxy-4-(1-propenyl)phenol m 3-Methyl-1,2-benzenediol
m 3-Methoxy-5-methylphenol 4-Methyl-1,2-benzenediol
2-Methoxy-4-(1-propenyl)phenol ® 4-Hydroxy-3-methoxybenzaldehyde

H 2-Methoxy-4-propylphenol B |-(4-Hydroxy-3-methoxyphenyl)ethanon
B 1-(4-Hydroxy-3-methoxyphenyl)-2-propanone u 4-(1-Hydroxyallyl)-2-methoxyphenol
= 4-Hydroxy-3-methoxybenzenepropanol
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Figure 5. Benzene components from 600 °C fractionated pyrolysis, the samples were done
in triplicates. The SE-samples with identical log Ro are placed with the low-high

temperature from left to right
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For the non-benzene components Figure 6, the biggest change is the abrupt decrease of acetic
acid (19 — 2%), a small increase of 5-HMF (9 — 13%) and the increase of 2-hydroxy-3-methyl-

2-cyclopenten-1-one (3 — 5%).

| Acetic acid m |-Hydroxypropan-2-one
® Furfural m 2-Furanmethanol
1,2-Cyclopentanedione ® Not identified

m 2(5H)-Furanone m 2-Hydroxy-3-methyl-2-cyclopenten-1-one
30 m 5-Hydroxymethylfurfural
25
20
15
10

0
- 3.1 33 34 3.6 3.62 39 3.93 42

Figure 6. Non-benzene components from 600 °C fractionated pyrolysis on the unpurified
samples, the samples were done in triplicates. The SE-samples with identical log Ro are

placed with the low-high temperature from left to right

Conclusions

With SE and increasing severity factor the lignin and holocellulose is degraded into smaller
polymers. This yields more carbohydrate impurities in the MWLp than untreated wood.

Interestingly the results implies that LCC are mostly connected to lignin through vanillin type
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units. The difference between the purified and unpurified samples show some insight into the

pseudo-lignin structure, it mostly contains furans and diols.
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Table S1. Compositional and carbohydrate analysis of steam exploded spruce. The amount
of all components are expressed as percentage of dry matter. The amount of carbohydrates

were calculated using the mass of anhydrous sugar.

Sf;:tl;)i:y Glucan Arabinan Mannan  Galactan Xylan Lignin Moisture

(ogRo) (%) (%) (%) (%) (%) (%) (%)
— 44.6 1.6 10 1.5 52 31.2 8.9
3.1 373 1 6.7 1.2 5 32.1 76.7
33 374 0.8 59 1 5.1 332 74.4
3.4 36.1 0.8 52 0.9 4 34.1 76.5
3.6 38 0.6 42 0.7 32 34.8 76
3.6 372 0.8 3.7 0.6 3.1 35.7 74.9
39 382 0.6 24 0.4 2.6 37.2 75.1
3.9 379 0.5 2.9 0.3 2.9 39 74.1

4.2 39.7 0.3 22 0.2 1.8 41.7 753




Table S2. List of standards used for GC-MS analysis.

Retention
time
Standard (min) M*(m/z)
2-methoxyphenol 27.652 109.0
2-methylphenol 28.482 108.0
4-methylphenol 29.478 107.0
3-methylphenol 29.482 108.0
2-methoxy-5-methylphenol 30.482 123.0
1-(2-hydroxy-5-methylphenyl)ethanone 33.900 135.0
3-methoxy-1,2-benzenediol 36.066 140.0
2-methoxy-4-(2-propenyl)phenol 37.192 164.0
2-methoxy-4-propylphenol- 37.274 137.0
1,2,4-trimethoxybenzene 37.767 153.0
1,2-dihydroxybenzene 38.120 110.0
2,6-dimethoxyphenol 38.379 154.0
1,2,3-trimethoxy-5-methylbenzene 38.549 182.0
2-methoxy-4-(1E-propenyl)phenol 39.481 164.0
2-methoxy-4-(1Z-propenyl)phenol 42.185 164.0
3,5-dimethoxy-4-hydroxytoluene 42.705 168.0
3-methoxy-4-hydroxybenzaldehyde 43.225 152.0
3-methoxy-4-hydroxyacetophenone 46.973 151.0
1-(3,4-dimethoxyphenyl)ethanone 49.585 165.0
2,6-dimethoxy-4-(2-propenyl)phenol 50.198 194.0
1-(3-hydroxy-4-methoxyphenyl)ethanone 51.504 151.0
4-hydroxy-3,5-dimethoxybenzaldehyde 57.303 182.0
1-(4-hydroxy-3,5-dimethoxyphenyl)ethanone 60.761 181.0




Table S3. Mass spectrometry fragmentation pattern of the two possible hemicellulose

indicators.
relative relative relative
Component RT m/z intensity m/z intensity m/z intensity
Not identified 1 23.01 114 25 86 80 55 100

Not identified 2 24.17 114 100 58 80 57 35




Table S4. Assignment of 3C-'H correlations in HSQC spectra of untreated spruce

(MWLp), severity factor 3.1 and severity factor 4.2.

Label oclou [ppm] Assignment

Cp 53.1/3.44 Cp — Hp in phenylcoumarane substructures (C)
By 53.4/3.06 Cp — Hp in resinol substructures (B)

Fp 55.0/2.75 Cp — Hp in diphenylethane substructures (F)
MeO 55.3/3.74 C — H in methoxyls

A, 59.8/3.3-3.7 C, — H, in $-O-4’ substructures (A)

C, 62.5/3.7 C, — H, in phenylcoumarane substructures (C)
As 71.1/4.7 Cu — Hy in B-O-4° substructures (A)

Ap 83.8/4.27 Cp — Hp in -O-4" substructures (A)

B. 84.7/4.6 Cy — Hy in resinol substructures (B)

C, 86.9/5.46 Cy — Hq in phenylcoumarane substructures (C)
G2 110.9/6.98 C2— H; in guaiacyl units (G)

Gs 115/6.8 Cs — Hs in guaiacyl units (G)

Gs 119/6.8 Cs — Hg in guaiacyl units (G)

Gall 91.9/4.9 Ci — Hj in galactose with reducing end

Glul 92.2/4.9 Ci — Hj in glucose with reducing end

Manl 93.9/4.9 Ci — Hi in mannose with reducing end

F3 109.4/6.6 C3 — H3 in 5-hydroxymethylfuran (F)

F6 55.7/4.5 Cs — Hg in 5-hydroxymethylfuran (F)
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Abstract:

Background: Acetylated galactoglucomannan (AcGGM) is a complex hemicellulose found in
softwoods such as Norway spruce (Picea abies). AcGGM has a large potential as a biorefinery
feedstock and source of oligosaccharides for high value industrial applications. Steam explosion is an
effective method for extraction of carbohydrates from plant biomass. Increasing the reaction pH
reduces the combined severity (R’o) of treatment, affecting yields and properties of extracted
oligosaccharides. In this study, steam explosion was used to extract oligosaccharides from Norway
spruce wood chips soaked with sodium citrate and potassium phosphate buffers with pH of 4.0-7.0.
Yields, monosaccharide composition of released oligosaccharides and biomass residue, their acetate
content and composition of their lignin fraction were examined to determine the impact of steam

explosion buffering on the extraction of softwood hemicellulose.

Results: Reducing the severity of steam explosion resulted in lower yields, although the extracted
oligosaccharides had a higher degree of polymerization. Higher buffering pH also resulted in a higher
fraction of xylan in the extracted oligos. Oligosaccharides extracted in buffers of pH >5.0 were
deacetylated. Buffering lead to a removal of acetylations from both the extracted oligosaccharides
and the hemicellulose in the residual biomass. Treatment of the residual biomass with a GH5 family
mannanase from Aspergillus nidulans was not able to improve the AcGGM yields. No
hydroxymethylfurfural formation, a decomposition product from hexoses, was observed in samples

soaked with buffers at pH higher than 4.0.

Conclusions: Buffering the steam explosion reactions proved to be an effective way to reduce the
combined severity (R’o) and produce a wide range of products from the same feedstock at the same
physical conditions. The results highlight the impact of chemical autohydrolysis of hemicellulose by
acetic acid released from the biomass in hydrothermal pretreatments. Lower combined severity
results in products with a lower degree of acetylation of both the extracted oligosaccharides and

residual biomass. Decrease in severity appears not to be the result of reduced acetate release, but



rather a result of inhibited autohydrolysis by the released acetate. Based on the results presented,

the optimal soaking pH for fine tuning properties of extracted AcGGM is below 5.0.



Background:

Steam explosion (SE) is an effective and scalable method for solubilizing hemicellulose from
plant biomass, applicable to a wide range of biorefinery feedstocks. SE extraction was successfully
used as pretreatment for production of biogas from hay (1), sugarcane bagasse (2) and corn stover
(3), birchwood (4) as well as the production of ethanol from spruce bark (5) and many other

platform chemicals from a wide range of lignocellulose feedstocks (6).

Steam explosion combines hydrothermal treatment of biomass with defibration by a rapid
release of pressure at the end of the process. These two processes are independent of each other,
and results comparable with SE have been obtained by hydrothermal treatment with a mechanical
refining step, as long as the treatment severity was the same (7). In the course of the hydrothermal
pretreatment, a major part of the hemicellulose and lignin present in the secondary cell wall
lamellae is separated from the adjacent cellulose microfibrils, and becomes water soluble (8). At the
same time, some of the acetate naturally linked to the xylan and mannan in the lignocellulose is
released and contributes to the autohydrolyis of biomass. Release of acetic acid is the reason for the
low pH usually seen in the SE product slurry. Properties of SE treated material depend on a range of
factors, the most important being the residence time and temperature in the vessel. Impact of
temperature on the material is described by the severity factor R, = e Texp ~100)/1475 (g) p
combined severity factor R’y = (107PH) « (¢t x eTexp ~100)/1475) (10) was developed to include
the contribution of H* to the hydrolysis process. This combined severity factor was previously used
to predict and compare the severities of treatments where pH, rather than temperature or residence
time, was the variable (11, 12). Mitigating the severity of pretreatment by controlling pH is a

potential means of fine-tuning the products.

A number of factors besides temperature and residence time also play a role, such as the
biomass particle size and the rate of steam and liquid diffusion through the particle, the ratio of

solids to liquid loaded into the SE vessel and the chemicals brought in from upstream processing



stages. During SE treatment, acetylated hemicellulose releases acetic acid, which decreases the pH

and facilitates chemical hydrolysis of polysaccharides. Acetate mediated autohydrolysis depends on
the diffusion of liquid through the biomass particles (13). Diffusion rate depends on the particle size
and the surface to volume ratio. The final pH of the product slurry after hydrothermal pretreatment
depends on the composition of the liquid fraction, its amount and buffering capacity. The intricacies
of hemicellulose breakdown in hydrothermal pretreatment, and difficulties in the analysis of the

process are brilliantly explained by Rissanen et al. (13).

For inclusion in microbial fermentation, conditions are usually selected with the aim of
highest possible breakdown of biomass, while keeping the formation of chemicals inhibitory to
enzymatic hydrolysis or fermentation to a minimum (14, 15). In literature pertaining SE and pre-
treatments fermentability and end-product yields are often selected as the main evaluation criteria,
favoring high severity conditions often using acids or sulphates as additives (6, 16). These high
severity conditions yield oligosaccharides with low degree of polymerization (DP), low degree of
acetylation (DA) and fewer branchings, which require fewer enzymes for hydrolysis to
monosaccharides. For GGM, this means a partial or complete deacetylation and removal of
galactose sidechains. In contemporary biorefining focused on production of higher value chemicals
such as food and feed ingredients, nutraceuticals (17) or hydrocolloids (18), controlled extraction
conditions yielding high molecular mass and high complexity can be a more attractive pretreatment
option. With the right enzyme toolbox, further tailoring and breakdown into constituent monomers
is easy to achieve, while synthesis of highly branched and decorated polysaccharides in large
amounts is almost impossible. Obtaining more complex hemicelluloses is of interest for several
reasons: more complex products with novel physicochemical properties open doors to new
applications, higher complexity may improve selectivity in microbial degradation (19), and increase
the biodiversity of gut microbiomes when used as prebiotics. More complex oligosaccharides that
more closely resemble in vivo hemicellulose would also make attractive substrates for studying

activity of carbohydrate active enzymes.



Galactoglucomannan (GGM) is the main hemicellulose in Norway spruce (Picea abies). Itisa
complex hemicellulose consisting of a backbone of B-(1->4)-D-Manp and B-(1->4)-D-Glcp residues
with a-(1->6)-D-Galp branches, prevalently attached to the Manp, and to a lesser extent on Glcp
(19). An estimated 30% of the D-Manp residues of spruce GGM are O-acetylated at carbons 2, 3 and
6, as well as 4 in the non-reducing ends of oligosaccharides (19)Acetylation of spruce mannan is a
particularly important feature, since it affects the accessibility of mannans to microbes, and the
physicochemical properties of mannans in solution. At the same time, release of acetylations from
hemicellulose and hydrolysis of polysaccharides by the released acetate is a crucial process for the

solubilization of hemicellulose (8).

In this study, SE extraction was carried out with pH control resulting in a mitigation of
treatment severity. Six experimental conditions at five pH levels as well as a control sample using
water only were used for SE to yield significantly different oligosaccharides in the extract. The
relationship between the combined severity factor and the product composition was evaluated by
assessing the yields, apparent DP, oligosaccharide acetylation, monosaccharide composition of
products and biomass residue, MALDI-ToF MS analysis of extracted oligosaccharides, NMR analysis
of lignin released, and analysis of susceptibility of biomass residue to treatment with a GH5

mannanase.



Results and discussion:

Figure 1. Flowchart of sample treatment and analyses carried out. The steam exploded wood chips were transferred from
the collection vessel to plastic buckets and allowed to cool, pH measurements were taken once the slurry reached room
temperature. Water was then added to aid extraction. Samples were mixed and transferred to funnels laid with Whatman
B1 filters. Aliquots of this filtrate were used for quantification of acetate content, total carbohydrate content and reducing
sugars. Samples of the filtrate were freeze dried and used for monosaccharide composition analysis, and analysis of lignin
by NMR. SE wood retained by the filteres was dried at 100°C for 36-48 hours, until steady weight was reached. Samples of
dried extracted wood were used for monosaccharide composition and enzymatic hydrolysis.

A detailed description of sample handling and analysis pipeline is illustrated in the flowchart
above (figure 1). Citrate and phosphate based buffers were selected due to their respective buffer
ranges and temperature stability. In all samples except the citrate pH 4.0, the pH has dropped after
SE due to release of acetate from the wood (table 1). Higher buffer concentrations would be
necessary to keep the post-SE pH exactly as the soaking buffers, however this would cause more
interference with downstream analysis. The range of buffers resulted in combined severities ranging
from 0.004 to 0.519 in the buffer controlled samples. Non-buffered controls had the highest R’; at
1.68-1.75. The wide range of calculated R’yis entirely attributable to the buffered conditions, since
other conditions in the reaction were the same. The large difference in R’o between the buffered

samples illustrates the room for adjustment and possibility for fine-tuning granted by pH controlled

extractions.

Table 1. Sample treatments, slurry pH after steam explosion and the combined severity factors calculated as in (11) which

determine severities based on the pH after the treatment. In all samples buffering the SE reaction has resulted in final pH



higher (pH 4.22- 6.32) than that of the control samples (average pH 3.70). 0.5M citrate and 1M phosphate at pH 6.0

resulted in different final pH, highlighting the difference in the buffering capacity between citrate and phosphate.

Buffer: Average  St. dev. Average St. dev. Man:Glc:Gal Bound acetate
pH: Combined ratio: umole/mg
Severity R’o: carbohydrate.
MilliQ H20 Control 3.703 0.009 1.707 0.037 1.88:1:0.28 0.303
0.5M Citrate pH 4.0 4.227 0.009 0.511 0.011 2.71:1:0.39 0.306
0.5M Citrate pH 5.0 4.973 0.041 0.092 0.009 1.64:1:0.51 0.112
0.5M Citrate pH 6.0 5.553 0.012 0.024 0.001 0.67:1:0.53 n.d.
1M Phosphate pH 6.0 5.317 0.045 0.042 0.004 1.39:1:0.23 n.d.
1M Phosphate pH 6.5 5.917 0.017 0.010 0.000 0.19:1:0.11 n.d.
1M Phosphate pH 7.0 6.303 0.031 0.004 0.000 0.23:1: 0.16 n.d.

Yields and composition of extracted hemicellulose:

Higher severity treatment yielded higher amounts of solubilized carbohydrates, with the
highest yield of 17.4 % average based on dry wood weight for the non-buffered samples (figure 2A).
Yields dropped for the buffered samples, with only the citrate pH 4.0 among the buffered samples
(average R’o=0.511) being close to the non-buffered sample (13.1 % average yields). The total yield
of soluble carbohydrates dropped rapidly with the decreasing R’q although the yields remained over
4 % (4.4 % for the potassium phosphate pH 7.0 buffered samples, R’0=0.0045). Yields from the three
least severe treatments (sodium citrate pH 6.0, average R’o= 0.0241; and potassium phosphate pH
6.5 and 7.0, R’o=0.0104 and R’o= 0.0045, respectively) shift very slightly (6.1 % for citrate pH 6.0, 5.2
% and 4.4 % for phosphate pH 6.5 and 7.0, respectively) despite a considerable drop in the R’q. This
decrease in efficiency with increasing pH was attributed to reaction pH being higher than the pK, of
acetic acid (4.76). Under these conditions, the reactivity of acetic acid and its contribution to

autohydrolysis of hemicellulose are markedly decreased. Characteristics of products from these low



severity treatments illustrate a baseline for extraction in a SE reaction with a minor contribution of
autohydrolysis. The extracts approximate the products of an extraction with steam and temperature

only.

In order to assess yields as well as the degree of hemicellulose breakdown occurring during
extraction, total carbohydrate content of each sample was determined using the phenol-sulphuric
acid method of Dubois (20). Concentrations of reducing sugars were estimated by Miller’s
dinitrosalycilic acid assay (21). For comparison of severity effects on the estimated length of
oligosaccharides in the soluble fraction, the ratio of total carbohydrates to reducing sugars was used
as an approximation for the DP of the solubilized oligosaccharides (Figure 2A). Comparison of yields
and DP of extracted oligosaccharides shows the increase of average DP (from 2.52 at R’o= 1.707 to
5.22 at R’o=0.004), accompanied by a reduction in yields (decrease from 17.4 % of dry wood weight
at R’o=1.707 to 4.4 % at R’o= 0.004). An overview of oligosaccharide length and sample composition
is presented in MALDI-ToF MS spectra (figure S2). Multiple oligosaccharides with m/z over 1000 are
present in all samples, despite the comparison of total to reducing sugars indicating the average DP
range to be between 2.52 (control) to 6.99 (potassium phosphate pH 6.5). This apparent discrepancy
is due to the fact that MALDI-ToF was not able to detect monosaccharides and cleary visualize the
oligosaccharides <750 m/z due to high background from the salts and other contaminants in the

samples.

Figure 2. A: Percentage yields of total carbohydrates (blue bars) from dry wood mass, and the average DP of extracted
oligosaccharides (red bars), error bars show standard deviation between technical replicates. B: Bar chart of acetate in
filtrate (blue bars), and acetate released from the oligosaccharides in solution (red bars) after KOH treatment. Error bars
indicate the standard deviation between technical replicates. C: Scatterplot of acetate content of filtered samples at the

various severities. D: Scatterplot of acetate content of dried biomass residue, dry wood raw material in red.



Composition of extracted hemicellulose:

Beside the yields and apparent DP, buffering the SE reaction had an impact on the
composition of extracted oligosaccharides. A comparison of the monosaccharide composition of all
samples and the extracted wood is summarized in figure 3, and supplementary tables S2 and S3. At
lower severity, more xylo-oligosaccharides were released, with only the citrate buffered and control
samples yielding GGM as the predominant hemicellulose. No rhamnose was detected in the dried
solids biomass residue after any treatment. Loss of arabinose in the high severity samples can be
attributed to hydrolysis observed previously in low pH extractions (22). In samples buffered with pH
6.0, 6.5 and 7.0 phosphate, the relative content of mannose in the solubilized carbohydrate fraction
was several times lower than that of xylose (figure 3, supplementary table s2). Galactose content
and the apparent Gal:Man ratio have increased with decreasing severity, although we were unable
to ascertain if the galactose was bound to GGM oligosaccharides, or was present as
monosaccharides resulting from debranching of GGM in the cell wall. The decrease in efficiency of
extraction over the wide range of severities is apparent in figure 3, the content of hemicellulose left

in dried biomass residue increases with the decrease in combined severity.

The gradual shift from extraction of AcGGM towards xylan and glucuronoxylan is illustrated
in figure 4. In order to clear the MALDI-ToF spectrum and avoid ambiguity of m/z assignment (such
as in the case of peak 1097 m/z, which appears in the hexose and pentose series), aliquots of the
extracts were deacetylated by adding 100mM NaOH. The control sample and sodium citrate pH 4.0
samples spectra contain predominantly hexose peaks, while xylooligosaccharide peaks are dominant

in the spectra of citrate pH 5.0 and 6.0 samples.

Extraction buffered with sodium citrate at pH 4.0 produced the highest relative content of
GGM in the filtrate (figure 3) and with the highest degree of acetylation of extracts (figure 2B and 5).
The apparent increase in relative mannan content in soluble fraction of citrate pH 4.0 buffered

samples (R’o=0.511) comes at a reduction of yield from 17.3% to 13.1% compared to the control
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sample (figure 2A). The corresponding dried biomass residue samples have a very similar
monosaccharide distribution: 37.56% mannose and 6.01 % galactose for the control sample residue,
39.51% mannose and 6.92 % galactose for citrate pH 4.0 (table s2). SE with citrate pH 4.0 buffering
appears more selective towards mannan, while the unbuffered control had a higher overall

efficiency.

The Man:Glc:Gal ratio (table 1) is an indication of complexity of yielded
mannooligosaccharides. In high severity hydrothermal extraction, the a-(1->6)-D-Galp branchings of
GGM are cleaved off (23). For the Norwegian Spruce (Picea abies) the Man:Glc:Gal ratios reported in
literature is 4:1:0.1 3.8:1:0.4 (19, 24). The ratio varies based on the wood and extraction methods.
When the GGM constituent ratios are considered, buffering with citrate at pH 5.0 has yielded the
best results, nearly doubling the galactose content of the extracted oligos from control samples
(table 1). The ratios were 1.88: 1: 0.28 Man:Glc:Gal in the control samples and 1.64:1:0.51 in the
citrate pH 5.0. At the same time, citrate at pH 5.0 increased the apparent DP of the oligosaccharides
from 2.52 to 3.34 (figure 2A). The improvement in Man:Glc:Gal ratio was accompanied with a
pronounced decrease in yield (7.93% for citrate pH 5.0), and the mannose content of the extract
(32.55% for citrate pH 5.0 vs 46.41% for control). Citrate pH 5.0 extracts contained 28.09% xylose,
nearly twice as much as the control (15.94% for xylose) (table s2, figure), and had nearly three times

lower degree of acetylation (figure 2B).

Figure 3. Top: Relative monosaccharide composition of carbohydrates in the dried, washed solids. Bottom: Relative
monosaccharide composition of carbohydrates in aqueous extracts of steam exploded wood. The composition of untreated

spruce chips raw material (wood) is provided for comparison.

Figure 4. MALDI-ToF MS Spectra of extract samples deacetylated with NaOH. In the control and sodium citrate pH 4.0

samples, GGM peaks are the main components, with small xylooligosaccharide peaks alongside GGM in the sodium citrate
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pH 4.0. In sodium citrate pH 5.0 and 6.0 the dominant peaks are the xylooligosaccharides and methylglucuronic acids. Xyl —

xylose, H-hexose, MeGIcUA — methylglucuronic acid, Ac-acetylation.

Figure 5 MALDI-TOF MS spectra of extracted oligosaccharides from the buffer control (black),
sodium citrate pH 4.0 (blue), sodium citrate pH 5.0 (red), sodium citrate pH 6.0 (green). Peak labelled
1097.42%* is either a double acetylated mannohexose or non-acetylated octapentose. Xyl — xylose, H-

hexose, MeGIcUA — methylglucuronic acid, Ac-acetylation.

Acetate content of soluble fractions:

Acetate content in the filtrate decreased quickly with increasing severity (figure 2C). The
same trend was apparent in analysis of acetate content in biomass residue. Biomass from buffered
samples contained between 0.064-0.040 umole of acetate per mg of biomass (figure 2D), while the
control samples contained 0.142 umole of acetate per mg. Dried biomass from control samples
retained 65.8% of the acetate measured in wood raw material (0.142 umole vs 0.218 pmole of
acetate per mg). Since it is difficult to estimate the factual DP of oligosaccharide products,

acetylation values were calculated as pmole of acetate per mg of solubilized carbohydrates.

In the severity range between the control samples and the samples buffered with sodium
citrate pH 6.0, hemicellulose peaks seen in MALDI-ToF MS gradually became deacetylated (figure 5).
The relative intensities of peaks corresponding to acetylated mannooligosaccharides indicate that
the highest content of acetylated mannooligos was extracted in the control sample. Acetylated
mannooligos are the majority of peaks in the control and sodium citrate pH 4.0 samples, and

disappear in sodium citrate pH 6.0 samples.

Aliquots of the aqueous extracts were treated with KOH to deacetylate the oligosaccharides

in solution. KOH treatment removed the acetylations on oligos in solution, and allowed for
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comparison between the free acetate and bound acetate. Only the Citrate pH 4.0, 5.0, and the
control samples contained appreciable amounts of acetate bound to carbohydrates (figure 2B, table
1). Despite the fact that high pH and low severity conditions yield more acetate per mg of released
hemicellulose, the acetate was present free in solution. Whether this occurred as a result of pH in
the SE vessel or occurred during storage of the sample (since buffer solution is still present) is
unclear. From previous, unpublished experimental results at the same scale, as well as pilot scale
where over 700 kg of spruce was processed, we know that storage at the control sample pH (3.6 -

4.0) did not cause a deacetylation even at ambient temperatures, for two to four weeks.

Acetylation of extracted oligosaccharides is a characteristic crucial for their physicochemical
properties. The DA affects water solubility, susceptibility to enzymatic hydrolysis and availability as a
carbon source for microbes. Release of acetate during hydrothermal pretreatment is one of the
mechanisms of cell wall breakdown, and a decrease in severity would be expected to correlate with
a decrease in the acetate released and in the amounts of acetate bound to oligosaccharides. This
was however, not the case as more acetate was released with higher buffer pH. This may be due to

de-esterification which is accelerated at higher pHs (25).

Enzymatic treatment of solid residue.

Enzymatic hydrolysis was tested as a means to assist the release of hemicellulose from wood
treated with SE in conditions of inhibited autohydrolysis. Samples of dried residual biomass were
treated with a GH5 family endomannanase from Aspergillus nidulans (26) to find out if severity of SE
had an effect on the availability of hemicellulose in the steam exploded wood to hydrolytic enzymes.
Even at low combined severity, the hemicellulose matrix is exposed to extreme conditions and
undergoes defibration in the pressure release. These conditions were hypothesized to open the
secondary cell wall matrix and render the hemicellulose more accessible to mannanases. GH5 family
mannanases have been shown to be more efficient on less acetylated substrates (27), and since a
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large part of the acetate was removed in the steam explosion, it was hypothesized that a hydrolytic
enzyme could to a larger extent access the residual mannan and thus improve the yields of manno-
oligosaccharides. However, mannanase treatment of dried residual biomass from SE did not release
appreciable amounts of manno-oligosaccharides, indicating that mannan in the biomass residue
remains largely inaccessible to hydrolytic enzymes, regardless of the material being acetylated (high
severity) or non-acetylated (low severity). While there was an apparent effect of the mannanase
when the relative content of carbohydrates in enzyme treatment solution was analyzed (figure 5),
the only observable effect was a slight increase in the combined galactose and mannose fraction of
the released oligosaccharides as compared to the control sample incubated at the same conditions
in buffer without the enzyme. Enzymatic treatment with this enzyme was not a viable means of

improving the yields of low severity SE.

Figure 6. Content of galactose and mannose as a fraction of total carbohydrates extracted with GH5 mannanase treatment.
Red bars represent the Gal+Man fraction in mannanase treated samples; blue bars represent control samples with no

enzyme.

NMR analysis of lignin content in the solubilized fraction:

Figure 7. HSQC 2D NMR Spectra of lignin content in biomass residues: (A) sodium citrate pH 4.0 buffered sample, (B) no
buffer control, (C) sodium citrate pH 6.0 and (D) potassium phosphate pH 7.0. 5-hydroxymethylfurfural (5-HMF) and Guaicy!
are depicted in the lower right of panel A, signals are colored and numbered according to the structures they relate to.

The HSQC 2D-NMR experiments taken of the solvable fraction of the samples shows the
proton-carbon corresponding peaks. The spectra mainly contain carbohydrate signals, however
there are detectable amounts of aromatic signals in all the samples (figure 6). The Cs/Hs-signal for

guaiacyl unit (G5) at 114.9/6.7 ppm has the highest intensity in the sample citrate buffer pH 4 (figure
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6A) and in the control (figure 6B), and only the control sample shows the Ces/He-signal for guaiacyl
unit (G6) at 118.6/6.7. Control sample (figure 6A) had a pH of 3.7 after steam explosion. Both the
control (figure 8A) and citrate pH 4.0 (figure 6B) samples were steam exploded at a lower pH (3-4)
and the degradation of lignocellulose is more intense for both in comparison to the higher pH steam
exploded samples, citrate pH 6 (figure 6C) and phosphate pH 7 (figure 6D). During SE the lignin
undergoes hydrolysis and degrades into smaller units of lignin (28). These units should be detectable
in the solvable fraction if they are small enough. With a lower pH, as in sample A and B the
hydrolysis is more extensive and lignin was detected in the solvable fraction (figure 6). In addition to
the signals from degraded lignin, there were some signals from dehydrated carbohydrates in the
form of 5-hydroxymethylfurfural (5-HMF, (29)), these were again only visible in citrate buffered
sample pH 4 (A) and in the control (B) (table 2). The pH is therefore important for control of both
lignin and carbohydrate degradation.

Table 2. Determination of the 13C/*H correlation signals acquired in 2D-NMR HSQC of the samples and semi quantitative

analysis of lignin. Based on the summarized integrated areas of 5-HMF and guaiacyl relative to co-extracted mannose,

signals is calculated per 100 mannose C1/H1 signal (%).

Label  8¢/61(ppm) Assignment A (Citrate pH 4) B (control)
G5 114.9/6.7 Cs/Hs in a Guaiacyl unit 66 % 22 %

G6 118.6/6.7 Ce/He in a Guaiacyl unit  — 12 %

F3 124.1/7.5 C3/H3 in a 5-HMF unit 28 % 8%

F4 109.4/6.6 Ca/Ha in a 5-HMF unit 41 % 9%

F6 55.4/4.5 Ceé/Hs in @ 5-HMF unit -42 % 9%

The signals for 5-HMF (F) and guaiacyl (G) unit were integrated in NMR with the C1/H; signal
of mannose as an internal reference signal (30). In the citrate buffer pH 4 sample the G5-signals was

66% (calculated per 100 mannose Ci/Hs, table 2) in comparison to control which had only 22%. This
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means that the relative amount of lignin is higher in the citrate buffer than in the control, even
though the final pH in control sample was lower, as is expected based on existing research (31). As
the initial pH in the control was not 3.7 before SE, the degree of hydrolysis seems to be more severe
with continuously low pH. The same effect of more severe degradation is also detected with the
carbohydrate fraction, as there is more 5-HMF, a common decomposition product of hexoses (32), in
citric buffer (A) than control (B) (table 2). Besides the effect on properties of extracted
oligosaccharides, inhibition of polysaccharide autohydrolysis in samples soaked with buffers >5.0

prevented the formation of HMF.

Optimal pH range for the production of acetylated galactoglucomannan.

From the wide range of combined severities tested in this study, between R’4=1.707 and
R’6=0.092 (controls, citrate pH 4.0 and 5.0 buffered samples) appears to be the best range for
production of acetylated galactoglucomannan. Extracts within this range contained acetylated
oligosaccharides with varying DP, DA and Man:Glc:Gal ratios. At the same time, only the control and
citrate pH 4.0 samples contained detectable levels of HMF. In the range between unbuffered and pH
5.0, buffering can mitigate the deacetylation, autohydrolysis and formation of HMF, at the cost of
yield. As seen in the comparison between the control sample and citrate pH 4.0 the apparent loss in
yield is partly due to increased specificity towards mannan extraction. Some general trends are
apparent in the data presented here: increased combined severity results in higher yields and higher
degree of acetylation of extracted oligosaccharides, while at the same time reducing the degree of
polymerization. Further experiments into steam explosion production of tailored oligosaccharides

from Norway spruce should be focused on this severity range.
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Conclusions:

Introducing buffers to a steam explosion reaction has shown to be an efficient approach for
mitigating the severity of the treatment, and production of a wide range of oligosaccharides from
the same feedstock at the same temperature and pressure. Vast differences in monosaccharide
composition, oligosaccharide size and degree of acetylation of the solubilized carbohydrate fraction
were caused by the difference in pH. Notably, higher pH resulted in more pronounced deacetylation

of residual biomass and extracted oligosaccharides.

Altering the pH did not reduce the severity by preventing the acetate release from the
biomass, but by limiting acid hydrolysis of hemicellulose. Buffering mitigates the reactivity of acetate
once it is released. The results show that the role of temperature and pressure is mainly to create
conditions where autohydrolysis can occur. When the autohydrolysis was inhibited by buffering, the
yields dropped and the breakdown of oligosaccharides was reduced. This study clearly shows that
pH largely affects product composition and yields. It has been argued that pH has more impact on SE

(12) reactions than temperature or pressure, and the results presented here support this claim.

Materials and Methods:

Buffers:

1M sodium citrate and 2M potassium phosphate buffers were prepared by mixing 1M solutions
of sodium citrate (Sigma-Aldrich, Germany) and citric acid (Sigma-Aldrich, Germany), and 2M
solutions of di- and mono-basic potassium phosphate (Sigma-Aldrich, Germany) were mixed to reach
the desired pH. Citrate buffers produced were pH 4.0, 5.0, and 6.0, phosphate pH was 6.0, 6.5 and
7.0. The higher concentration of phosphate buffers was used to counteract the poor pH retention

after SE in the phosphate buffered samples observed in initial trial experiments (unpublished).
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Wood:

Dry Norway spruce (Picea abies) wood was milled using a hammer mill with a 2 mm sieve.
500 gram samples of spruce chips were soaked with buffers and MilliQ water ina 1: 1: 1 (g: mL: mL)
ratio prior to SE. Water was added to ensure the buffers were thoroughly mixed into the wood,
resulting in final buffer concentrations of 0.5 M for sodium citrate and 1 M for potassium phosphate.
The wood chips were stirred until the sample was thoroughly soaked and transferred into the SE

reactor.

Steam Explosion and extraction of water-soluble material:

Soaked spruce chips were hydrothermally treated in a steam explosion unit (Cambi, Asker,
Norway) consisting of a 20 L pressure vessel and a flash tank with collection bucket. Steam was
generated in a 25 kW electric boiler (Parat, Flekkefjord, Norway). The steam explosion unit is
described in detail in (33). Treatment conditions were 200° C, 14.5 bar, biomass residence time was

10 minutes.

Handling of extracts and residuals:

After SE, water was added, the slurry was stirred for extraction and filtered through a
whatman B1 filter paper (Sigma Aldritch, Norway). The residual water-insoluble material was
squeezed to release the remaining soluble oligosaccharides, which were combined with the extract.
Aliquots were frozen to determine extract yield and to supply samples for carbohydrate, lignin and
acetyl analysis. 200 mL of each sample was freeze dried for the analysis of constituent neutral
monosaccharides (GC) and uronic acid (colorimetry) of the released oligosaccharides. Insoluble
materials were dried in an oven at 100°C for 36-48 hours, to constant weight, then milled on a cutter
mill (Retsch, Haan, Germany) with a 0.5 mm sieve.
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Poly- and oligosaccharide constituent sugars, carbohydrate content and reducing sugar in

extract and non-soluble residuals:

Concentration of carbohydrates in solution were quantified according to the Dubois method
(20), and reducing sugars content according to the Miller method (21). Calibration curves for both
colorimetric methods were based on glucose. Constituent monosaccharide of residuals and extracts
were quantified by GC via alditol acetates after acid hydrolysis (34) and uronic acids in the

hydrolysates were determined by a colorimetric assay (35).

MALDI-ToF analysis:

MALDI-ToF analysis of hydrolysis product was conducted on an UltraFlextreme MALDI-ToF
instrument (Bruker Daltonics GmbH, Germany) equipped with a nitrogen 337 nm laser beam. Samples
were prepared by applying 2 pL of a 9mg/mL solution of 2,5-dihydroxybenzoic acid (Sigma-Aldrich,
Germany) in 30% acetonitrile (VWR) to an MTP 384 ground steel target plate (Bruker Daltonics GmbH,
Germany), adding 1 pL of sample (0.1-1 mg/mL) and mixing the drop with the pipette. Sample drops

were then dried under a stream of warm air.

Acetate content analysis:

For the analysis of free acetate content in solution, the filtered liquid fraction washed from
the biomass was diluted 1:2 with MilliQ water (to measure acetate in solution) or 100 mM KOH (to
release the acetate bound to the oligosaccharides). 50 uL samples of the liquid phase were collected
and analyzed by HPLC. All values were corrected for the concentration of oligosaccharides in solution

and exact weight of biomass in the sample.

For the analysis of acetate content in the biomass residue, 100 mg +10 % samples of the

dried, milled residue were soaked overnight with 500 pL of 0.1 M KOH, left in a thermomixer
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(Eppendorf, Oslo, Norway) overnight at 1000 rpm, 40 °C. After 18 hours, 500 pL of MilliQ water was
added to the samples, which were then mixed by vortexing and spun down at x10000 g, for 5
minutes, and analyzed by HPLC. All values were corrected for the concentration of oligosaccharides

in solution and exact weight of biomass in the sample.

HPLC:

Acetate content was analysed by HPLC using a REZEX ROA-Organic Acid H+ (Phenomenex,
Torrance, California, USA) 300x7.8mm ion exclusion column, isocratic elution with 0.6 mL/min 4mM

H,S0,4 at 65 °C and UV detection at 210 nm.

Enzymatic treatment:

Milled, dry samples were washed with water to remove remaining soluble carbohydrates
and buffer salts from the SE slurry, dried and resuspended in 25 mL of 50 mM sodium acetate buffer
at pH 5.5. A GH5 family mannanase from Aspergillus nidulans (26) was applied to the sample with
loadings of 0.01 mg : 1mg (1%), 0.1 mg : 1mg (10%) and 0.3mg : 1mg (30%) of enzyme : mannan in
samples, based on an estimate of 20 % of the substrate being mannan. Samples were left in a

shaking incubator overnight at 50° C, which is the optimum temperature for enzymatic activity.

NMR of lignin fraction:

The NMR spectra were recorded on a Bruker Ascend 400 spectrometer (400 MHz) at 320 K usinga 5
mm PABBO probe. The samples (45 mg) were dissolved in DMSO-ds (1 mL), sonicated for 30 min and
filtered through glass wool to remove any undissolved particles directly into the NMR-tube. Two of

the samples did not fully dissolve. The Heteronuclear Single Quantum Coherence (HSQC)
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spectroscopy recorded with a spectral width of 0 — 12 ppm and 0 — 250 ppm in *H and *3C,
respectively. The number of scans for both were 512 at 27°C. For the *H-3C parameters the
relaxation time was 1.5 s and the free induction decay dimensions was 2048 and 256, while the
number of scans were 120 at 27°C. Integrations were done with MestReNova (version 9.1.0), where

the C1 of mannose were used as an internal reference.
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Supplementary:

A sample of Norwegian spruce extracted by milled wood lignin (36) (MWL) was run as a reference

standard for HSQC NMR.

Figure S1. 2D-NMR HSQC of Norwegian spruce lignin (Milled Wood Lignin extracted (MWL)), focused on H: 2.7 — 7.7 and

13C: 50.0 — 135.4 ppm.

Figure S2. MALDI-ToF spectra of extracted oligosaccharides samples from all treatment. Relative intensities show the most

prevalent oligosaccharide sizes to be in the 1000-1500m/z range (DP6-DP9 for hexoses) and highly acetylated in the control

21



and citrate pH 4.0 samples. In further treatments the hexose peaks are gradually replaced with xylooligosaccharide peaks

at much higher intensities and with no acetylations. The peak at 723 m/z is a persistent contamination.

Table S1. Determination of the 13C/'H correlation signals acquired in the 2D-NMR HSQC spectrum of MWL spruce.B8-0-4

reflect the 8-aryl ether as sketched in figure S1, G2, -5 and -6-reflects the aromatic signals and MeO reflects the methoxyl-

group in the guaiacyl! units sketched in figure S1.

Label
MeO
6-0-4a
6-0—486
6-0—4y
G2

G5

G6

8c/6H (ppm)
55.7/3.7
71.9/4.8
86.1/4.1
59.7/3.5
111.0/7.0
114.9/6.8

118.9/6.8

Assignment

C/H is methoxyl- in C3 position on a guaiacyl unit

Co/Ha from B—0-4 lignin bonding pattern

Cp/Hp from B—0—4 lignin bonding pattern

Cy/Hy from B—0-4 lignin bonding pattern

C2/H; in a Guaiacyl unit

Cs/Hs in a Guaiacyl unit

Cs/He in a Guaiacyl unit

Table S2. Monosaccharide composition of carbohydrates in freeze dried aliquots of filtered, water soluble fractions.

Sample:

Control

Citrate pH 4.0
Citrate pH 5.0
Phosphate 6.0
Citrate pH 6.0
Phosphate pH 6.5

Phosphate 7.0

Combined

Rha

severity R’p:

1.707

0.511

0.092

0.042

0.024

0.010

0.004

0.90

0.95

1.60

0.75

2.22

0.63

1.08

Fuc

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

Ara

4.95

2.97

7.82

5.29

12.72

6.99

8.06

Xyl

15.94
14.30
28.09
17.27
41.35
23.38

27.49

Man

46.41

54.02

32.55

40.59

13.40

10.10

10.47

Gal

7.10

7.87

10.17

6.95

10.52

6.11

7.16

Glc

24.68

19.89

19.78

29.14

19.79

52.79

45.75
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Table S3. Monosaccharide composition of dried residual biomass.

Combined
Sample: Rha  Fuc Ara Xyl Man  Gal Glc
severity R’o:
Control 1.707 nd. nd. nd 2262 3756 6.01 30.20
Citrate pH 4.0 0.511 nd. nd. 094 2209 3951 692 27.60
Citrate pH 5.0 0.092 nd. nd. 249 1851 4833 8.14 19.37
Phosphate pH 6.0 | 0.042 nd. nd. 328 17.63 46.15 7.42 22.16
Citrate pH 6.0 0.024 nd. nd. 358 1891 47.62 7.57 18.84
Phosphate pH 6.5 | 0.010 nd. nd. 470 20.56 43.42 7.07 20.11
Phosphate pH 7.0 | 0.004 nd. nd. 539 2236 41.22 690 19.48
Wood N/A 390 0.00 195 872 19.89 268 66.77

Table S4 Acetate present in filtered slurry and released from solubilized carbohydrates in KOH treatment. Data from Figure

2B,Cand D.
Combined severity ~ Acetate in solution  Alkali released Acetate in biomass
Ro: in umole/mg acetate in residue in umole/mg
carbohydrate. umole/mg biomass.
carbohydrate.
1.707 0.083 0.303 0.143
0.511 0.406 0.306 0.063
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0.092

0.042

0.024

0.010

0.004

Wood

1.128

1.712

2.201

2.333

2.639

0.112

n.d.

n.d.

n.d.

n.d.

0.064

0.061

0.068

0.048

0.081

0.218
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