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Abstract

This thesis is dedicated to the research of fractionation and valorization
of different types of woody biomass. In the first part, oak (Quercus suber) and
birch (Betula pendula) barks are considered. Bark is the outer layer of wood
and is treated as waste in the current wood processing technologies. The main
polymers which form bark are lignin (aromatic polyether) and suberin (ali-
phatic polyester). In the present study, these compounds have been trans-
formed into monomeric phenols which may serve as a precursors for bio-
based polyesters, and hydrocarbon bio-oil of gasoline, diesel, and heavy gas
oil ranges. The bio-oil has been studied with GC-MS, 2D GC, and simulated
distillation techniques.

The second part concerns birch heartwood. In contrast with bark, wood
does not contain suberin but has a higher content of lignin. A variety of frac-
tionation processes are known for wood. The major disadvantages are con-
tamination of pulp with catalyst and irreversible recondensation of lignin
which takes place in harsh pulping conditions. For the purpose of solving these
problems, a flow process has been developed in which the biomass and the
catalyst are separated in time and space and the lignin is stabilized and cleaved
into monomers immediately after its extraction. The process has been opti-
mized to obtain monophenolic lignin-derived compounds, while the remain-
ing cellulose pulp was enzymatically converted into glucose. Hemicellulose
serves as a hydrogen donor for the lignin reduction, and therefore no external
hydrogen source is required. The experimental work was complemented with
a theoretical study of the process of lignin cleavage on the Pd surface. Com-
putations under the ReaxFF approach were used to model the successive steps
of the adsorption of the molecules on the catalyst, their fragmentation, reac-
tions, and desorption. The products obtained in the experiment have been also
observed in this simulation.






Popularvetenskaplig sammanfattning

For narvarande produceras huvuddelen av branslen och material fran
fossila kéllor. Fastdn denna ravara ar billig, finns i rikligt, mangd samt har
varit en viktig resurs for vart valstand, sa har decenniers anvandning lett till
vaxthusutslapp som orsakar klimatférandringar. Av den anledning letar
forskare efter andra resurser som pa sikt skulle vara mer palitliga och
miljovénliga. Exempel &r sol- och vindkraftverk som anvénds for fossilfri
produktion av energi. Tyvarr kan inte dessa kallor mota vara behov vid
tillverkning av mediciner, material och vissa behov inom transporter. Darfor
behover vi alternativ till raoljan och en kandidat ar véxtbiomassa, vilket ar av
sarskilt intresse for sadana lander som Sverige, det vill sdga de lander som ar
rika pa skogens resurser.

I den har avhandlingen dgnar vi oss at omvandling av olika traslag till
branslen och kemikalier. I kapitel 2 och 3 beskrivs vart arbete med tradbark
som ar en avfallsprodukt fran skogsindustrin. Bark uppldsas och omvandlas
till kolvaten for anvandning som biobransle. | kapitel 4 och 5 utvecklas en
reaktorteknik for separering av olika komponenter i bjorktra. De erhdllna
produkterna kan anvandas som reagens for att tillverka hallbara polymerer
som potentiellt kan ersétta fossila plaster.

Vi hoppas att detta arbete kommer att bidra till utvecklingen mot en fossilfri
ekonomi i Sverige.
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1. Introduction

1.1. Woody biomass

Biomass is a collective term for organic matter derived from biological
sources (e.g. plants or animals).! The most available type of biomass is ligno-
cellulose, obtained from higher plants. Its main components are lignin (15—
35%), cellulose (38-50%), and hemicellulose (23-32%), bound to each other
to form lignin-carbohydrate complexes (LCC).? In the case of bark, the list of
components is amplified with suberin (20-40%).3 Apart from the polymeric
components, biomass also contains a variety of weakly bonded compounds of
low molecular weight, such as alkanols, carboxylic acids, terpenes and betu-
lin, which usually can be removed by extraction (up to 40% in bark).* In this
thesis, bark is distinguished from internal tissues present in trees (heartwood,
sapwood etc.) which are referred to as “wood”.

1.1.1. Lignin

Lignin (Figure 1) is an aromatic polyether of a complex branched structure.
It is synthesized in plant tissues in the process of radical oxidative coupling of
hydroxycynnamyl alcohols, namely, coniferyl, sinapyl and coumaryl.® The
monomers form different types of bonds but the most abundant one is $-O-4’
(ca. 70% of all linkages). The starting point of the polymerization mechanism
is an enzymatically catalyzed radical oxidation of monolignols with hydrogen
peroxide,® leading to the formation of resonance-stabilized phenoxide radi-
cals.” The radicals then undergo coupling reactions (Scheme 1).

The lignin content in biomass heavily depends on its source and also on
the part of a plant which it has been derived from. Hardwood (birch, maple,
poplar, eucalyptus) contains 18 to 25 wt.% of lignin, while for softwood
(spruce, pine) this value is 25 to 35 wt.%, and for grasses 10 to 30 wt.%.8 The
tree parts which possess the highest lignin content are the external ones such
as bark. On the contrary, leaves contain no lignin but instead contain large
amounts of hemicellulose (85%).°

The types of lignin monomers also vary and depend on the plant type.
Hardwood lignin is predominantly composed of syringyl, softwood lignin of
guaiacyl, and grass lignin of coumaryl units.



Figure 1. A simulative fragment of lignin structure. The dominant types
of linkages are depicted.

enzymes
—_—
H20,

Scheme 1. Pathways of formation of different types of interunit linkages
in lignin.

1.1.2. Suberin

Suberin (Figure 2) is found in external and growing tissues of plants and
plays the role of protective barrier.!! In contrast with lignin, suberin is an ali-
phatic polyester, presumably comprising mono- and polyhydroxylated fatty
acids, though minor amounts of typical monolignol derivatives are also pre-
sent. The monomers are bound through ester linkages.*>3



The suberized tissues possess a lower oxygen content than wood. For in-
stance, the O:C ratio of Quercus suber bark, used in our studies was measured
to be 0.46, which is significantly lower than for wood (0.6—0.7).1* Therefore,
suberin may be considered to have a good potential as a biofuel precursor due
to its low oxygen content.

(0]

Figure 2. A simulative fragment of suberin structure. Both aliphatic and
aromatic types of monomers are shown.

1.1.3. Carbohydrates

The two major types of carbohydrates present in higher plants are cellulose
and hemicellulose (Figure 3). Both are of polymeric nature. Cellulose consists
of glucose monomers linked with -1,4-bonds; the amount of monomers var-
ies from hundreds to thousands per each chain. During the process of biosyn-
thesis, the growing cellulose polymers are assembled into microfibrills stabi-
lized with non-covalent interactions such as van der Waals and hydrogen
bonds. The microfibrills are in their turn packed into fibers, and thus the whole
structure becomes crystalline-like and insoluble, though it contains both well-
ordered and amorphous domains.

The term ‘hemicellulose’ refers to a heterogeneous group of polysaccha-
rides such as mannans, xylans, and galactans. They are composed of partially
acetylated pentoses and hexoses linked through 1,3, 1,6, and 1,4-glycosidic
bonds. The resulting polymeric structures are more branched, labile, and
amorphous than the structure of cellulose and act as links between cellulose
and lignin. Hemicellulose is much more prone to degradation and depolymer-
ization than cellulose and thus is readily removed upon biomass treatment.

Hach

a OH b o
OH o o
o Hortr~o A A S et
HO o o AIVO d Omo J OT
OH n ~»,,./" OH n
OH

Figure 3. Simulative fragments of structures of cellulose (a) and hemicellu-
lose (b).



1.2. Valorization of the biomass

Biomass is a renewable matter as it is continuously formed in the bio-
sphere. Together with a high energy content, this property is the reason why
different pathways of biomass transformation toward fuels and chemicals are
being widely explored. Such technologies would make it possible to liquidate
the dependence on fossil 0ils.!>%17 In general, biomass can be valorized in a
number of ways, in accordance with the composition of each feedstock. It may
be converted into syngas or bio-oil by gasification, pyrolysis and liquefaction
processes, and also converted into value-added compounds and platform
chemicals.

In order to perform further transformations efficiently, it is necessary to
separate lignin and other hydrophobic components from the hydrophilic car-
bohydrate domain, i.e. to fractionate the biomass.'® Several industrially used
methods have been developed, such as sulfite, kraft, soda, and organosolv
pulping processes.® In these processes, lignin is solubilized and thus cellulo-
sic fibers are made free of the lignocellulosic matrix, i.e. pulp is obtained. The
separation becomes possible due to partial depolymerization of lignin and the
breakdown of lignin-carbohydrate complexes. Therefore, the pulping proce-
dures lead to significant modification of the structure of the separated lignin.?°

A variety of well-established processes are developed for the valorization
of the carbohydrate part of the biomass for production of paper, nitrocellulose
and cellulose fibers, as well as monomeric sugars (glucose) and valuable
chemicals: xylitol, furfural, 5-hydroxymethylfurfural, y-valerolactone, and or-
ganic acids.?+?22 Processes of valorization of suberin and lignin domains are
less developed. This thesis focuses on the treatment of lignin and suberin do-
mains.

1.2.1. Traditional pulping methodologies

The main pulping methodology currently used in industry is the kraft pulp-
ing which accounts for about 85% of world lignin generation (4-10" tons per
year).?* The procedure involves treatment of the biomass with an aqueous al-
kaline/sulfide solution (typically, Na,S and NaOH) at 160-180 °C for several
hours. During the process, lignin and hemicellulose are partially degraded,
depolymerized, and solubilized while cellulose remains as a solid in the form
of pulp. Acidification of the resulting solution (black liquor) makes it possible
to isolate the lignin precipitate.?> The remaining liquid is then treated in a
boiler in order to recycle inorganic chemicals.

The kraft lignin thus obtained has an average molecular weight of 1000—
3000 Da (with maximum of 1.5-10* Da and polydispersity index PD = 2.5
3.5).% This product is significantly modified as compared to the native lignin.
Strongly alkaline conditions lead to the formation of quinone methide inter-
mediates (Scheme 2) which then undergo polycondensation reactions by



means of the formation of new C—C bonds, inclusion of sulfur-containing
groups into the polymer structure and the increase of the average molecular
weight. In particular, the abundance of f-O-4’ bonds is significantly low-
ered.?” The new polycondensated structures are not prone to cleavage and cat-
alytic transformations because C—C bonds have high dissociation energies and
the sulfur-containing groups are poisonous to the metal catalysts.?® Also, the
lignin is contaminated with the products of hemicellulose decomposition and
fatty acids. Therefore, further valorization of the kraft lignin is complicated.

Another important type of industrial pulping is the process in which bio-
mass is treated with an aqueous sulfite at 120-150° C (sulfite pulping).?® The
general methodology is the same: lignin is dissolved while cellulose remains
solid. Production of lignosulfonates (10° ton per year) is lower than the pro-
duction of kraft lignin.%® An advantage of this method is the lower degree of
degradation of the obtained lignin as compared to the kraft one; also, some
polar groups in the lignin structure are generated which favor its higher solu-
bility. However the B-O-4’ are as well labile under the pulping conditions and
their cleavage results in the formation of sulfonated oligolignols. Molecular
weight of the generated lignosulfonates significantly varies (1000 to 5-10* Da,
PD = 4.2-7.0). The main contaminants are carbohydrates and ash. Lignosul-
fonates are used in different fields of industry, such as production of vanillin,
surfactants, and dispersing agents.>!

MeO oy  Polycondensation,
OrR formation of new C—C bonds
HO

+U Cleavage, insertion
Nu=S,0,.. of nucleophiles into structure

MeO. MeO.
MeO, Z > X | (etc...)
OrR e o loss of carbon
o HO HO'

Scheme 2. Overview of lignin transformations taking place upon pulping
of woody biomass.



1.2.2. Organosolv pulping

Organosolv methodology has been developed with an intention to provide
a more environmentally-friendly pulping technique. In this type of process,
the biomass is treated with organic solvents (MeOH, EtOH, dioxane) mixed
with water in the presence of acids and other additives (such as peroxides) at
180-200°C.* The bonds between lignin and carbohydrates are broken and the
lignin is released in a form which is relatively close to the native one. This
affords to implement further valorization procedures. The major side reaction
is the acid-catalyzed formation of benzylic cations due to water subtraction
from a positions of the -O-4 bonds; these intermediates then undergo con-
densation reactions with electron-rich aromatic rings. Despite this, average
molecular weight of the extracted lignin is 500 to 5000 Da (PD ~ 1.5) which
is lower than in case of traditional pulping methods.* The major drawback of
the methodology is low quality of the obtained cellulose fibers. This is the
reason why organosolv pulping is not widely used in industry.

1.2.3. Lignin-first approach

In the typical organosolv pulping conditions, the extracted lignin still un-
dergoes recondensation processes which lead to the formation of new C-C
bonds (Scheme 3). This causes an increase of the molecular weight of lignin,
tangles its structure and makes isolation of products and further valorization
difficult. In order to overcome these issues, a number of so-called lignin-first
approaches was investigated, focusing on even more effective lignin preser-
vation and isolation. Other terms used in the literature include “Catalytic bio-
mass fractionation” and “Catalytic upgrading biorefinery”. These approaches
also facilitate valorization of other biomass components, which are carbohy-
drates.®

In this type of processes, biomass is subjected to modified organosolv
pulping procedure. The extracted lignin undergoes in situ catalytic transfor-
mations and forms stable products, i.e. intermediates are directly trapped and
prevented from recondensation. The cellulose remains intact in the form of
solid pulp. Other carbohydrates (hemicellulose) are either preserved, extracted
together with lignin or utilized as the hydrogen source in the lignin transfor-
mation. Polar products may be separated by extraction with water.

The groups of Rinaldi,® Sels,*® Abu-Omar,® Kou,*® and our own,*®
showed that the promising type of lignin-first approach involves the reduction
of the generated lignin monomers as the trapping reaction. One of the recent
articles reports a simple type of lignin-first approach in which organosolv lig-
nin is trapped and stabilized using protection of 1,3-diol moiety of B-O-4’
linkages with formaldehyde.*

As well as other pulping methodologies, processes based on lignin-first
approach have so far been performed in batch reactors by mixing together bi-



omass and the catalyst. As a result, purification of the pulp becomes compli-
cated. Moreover, in such a system it is difficult to investigate the reaction
mechanisms involved, i.e. the individual roles of the solvent mediated solvol-
ysis and the catalyst promoted depolymerization and also the nature of inter-

mediates.
u Polycondensation U
MeO.
e 0 OH MeO. oH
OR O
HO HO
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OH OH o o OH o ™
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-H,0 OR
OR HO HO

+[H] Meo oH
trapping
HoO Stable
M50:©/\/ monomers
HO

Lignin-first approach

Scheme 3. Polycondensation problem arising in the organosolv pulping
processes and how lignin-first approach allows to avoid it

1.2.4. Suberin isolation, characterization, and valorization

The general requirement for suberin depolymerization is to apply alkaline
conditions which promote the cleavage of ester bonds. This is in conflict with
the goal to depolymerize lignin smoothly which demands implementation of
acidic medium.*

The typical analytical procedure for suberin isolation involves refluxing of
the biomass sample with 1-5% solution of sodium methoxide in methanol. In
these conditions, suberin undergoes methanolysis (Scheme 4) and is removed.
Lignin and carbohydrates remain relatively intact. Afterwards, the solution is
diluted with water and suberin derivatives are extracted with organic solvent
such as chloroform, dichloromethane, or ether. The organic fraction may then
be subjected to GC-MS or NMR analysis. A number of variations of this pro-
cedure have been studied, including steam explosion and enzymatic pretreat-
ments of the biomass. Methanolysis enables to extract suberin completely with
typical yields of 20-40% of bark weight. **

One of the reported fractionation procedures which allows to isolate su-
berin implements typical lignin-first approach conditions. In the procedure,
suberin is partially depolymerized into a range of fatty acids and alcohols.



Further depolymerization in alkaline conditions is needed to accomplish the
transformation.*? Another method involves FeCls-catalyzed lignin isolation;
however, the suberin part was not described in detail in the original paper.*

(o}
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Scheme 4. Depolymerization of suberin through methanolysis of ester
bonds.

1.2.5. Further transformation of suberin and lignin into chemicals and
fuels

Transformation of the lignin and suberin into a biofuel requires a further
deoxygenation. However, the oxygen content in lignin is rather high (25—
30%). This is the reason why development of lignin-based biofuels remains a
challenge,* though a variety of deoxygenative processes was developed lead-
ing to alkanes and alkanols. Another issue is the complexity of structures of
lignins obtained in common pulping processes.

Products of partial lignin deoxygenation and depolymerization may also
be of interest. The lignin structure itself involves a range of motifs which can
serve as building blocks for valuable chemicals such as pharmaceuticals and
polymers (Scheme 5)*. Therefore, full removal of oxygen and defunctionali-
zation may be a less rational approach than utilization of the present frag-
ments. As shown recently, it is possible to use phenols obtained from lignin
as precursors for green polymers.*

. . . . MeO. R
Lignocellulosic Fractionation
. —_— >
biomass (Lignin-first approach) o

CH,0
HCI/H,0, 100°C

MeO.
(CCly),CO5  Ho R i
QL
S

OMe

EtsN, 35°C

Thermoset
Thermoplastic polycyanurate
polycarbonate

Scheme 5. Lignin-derived precursors for polymers.*

Structures of suberin and the products of its depolymerization are simpler,
possess lower oxygen content (15-20%) and therefore it is easier to convert
suberin into fuel-type compounds. However, to our knowledge, procedures for



full suberin deoxygenation have not been previously developed. One of our
intentions was to fill this gap.

The basis for such a procedure should be found among the variety of al-
ready known methods of the deoxygenation of carboxylic acids and alcohols.
Catalytic deoxygenation of fatty acids in the gas phase was demonstrated in
1982,% with decarboxylation of octanoic acid over palladium and nickel.*’
Hydrocracking of fatty acids and triglycerides toward C15—C2 hydrocarbons
was shown to be catalyzed by NiO-MoOs and CoO-MoOs bimetallic systems
at 350-450 °C and 48-150 bar.*® Similar reactions have also been shown to
proceed over activated Al,03.%%% The side products are ketones formed as the
result of condensation of two molecules of a carboxylic acid.*

Subsequently, liquid phase reactions were explored using several types of
catalysts of different nature. Both hydrogenation as well as subtraction of car-
boxylic group was studied extensively using stearic acid as a model com-
pound,®® implementing a wide scope of metal catalysts (Pd, Pt, Mo, Ni, Ru,
Rh, Ir, and Os, as well as oxide-based and bimetallic catalysts). Several sup-
ports were explored such as zeolites, activated carbon and mesoporous syn-
thetic carbon, as well as oxides (Cr20s, SiOz, Al:0s). Pd and Pt on carbon
were found to be the most promising catalysts for this type of reaction. Com-
plete decarboxylation of stearic acid into heptadecane was achieved over pal-
ladium on microporous carbon at 300 °C and 6 hours reaction time.

An efficient bimetallic Pt-MoOy catalysts with a TiO, support for the con-
version of various biomass-related oxygenated compounds have recently been
reported.® The catalyst afforded higher turnover numbers than previously de-
scribed ones. The process is solvent-free and provides alkanes as products.
The important feature is that the reaction proceeds without C—C bond cleav-
age, i.e. there is no carbon atom loss.

The mechanism of the reaction in connection with the catalyst structure
have been investigated. Kinetic curves of concentrations of intermediates and
side products supported the idea of stepwise reduction of carboxylic group
(Scheme 6, a). IR study of the ketone absorption led to the conclusion that the
catalyst activity emerges due to cooperation between Pt atoms and the Lewis
acid sites of MoOx (Scheme 6, b). The C=0 stretching band was shifted from
1703-1709 cm™ (observed over other Pt catalysts) to 1690 cm™ (over Pt-
MoO,/TiOy). This suggests that the C=0 bond was weakened by the coordi-
nation to Mo™" acidic sites.

Thus, the deoxygenation of the biomass-derived compounds is well devel-
oped and it would be easy to apply the modified procedures to the new feed-
stock such as bark.
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Scheme 6. Steps of the carboxylic group reduction over Pt-MoO/TiO;
(a), the cooperation of Pt and Mo™ catalytic sites (b).

1.3. Aim of the thesis

This thesis focuses on the study and development of methods for valoriza-
tion of two types of biomass: wood and bark. The general strategy is catalytic
reductive depolymerization of lignin (in case of wood) and both lignin and
suberin (in case of bark) using environmentally-friendly procedures.

Specific goals include:

» investigate whether a lignin-first approach can be applied to bark to both
depolymerize the suberin and lignin.

* study the product composition resulting from lignin first methodology
applied to bark.

» evaluate the possibility of further valorization of the product composition
from bark.

» elucidate whether flow-through conditions can be applied to the lignin-
first approach, i.e. if pulping and the catalytic stages can be separated in space
and time.

» establish the individual roles of pulping and the catalysis in the lignin-
first process on wood.
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2. Valorization of oak bark toward
hydrocarbon bio-oil and 4-ethylguaiacol

(paper )

2.1. Background

Bark is the external protective layer of plants’ stems. In the current biomass
processing technologies, the bark is usually separated from wood and treated
as waste, i.e. burnt to produce heat and electricity.*?

The chemical composition of bark includes weakly bonded extractives
(mainly glycerides, 10-40 wt.%), suberin (20—40%), lignin (10-20%), and
polysaccharides (10-30%).5% Bark therefore includes larger amounts of com-
ponents with high energy content when compared to wood in which carbohy-
drates are prevalent. As a result, bark exhibits higher energy content: typical
heat of bark combustion* is 24 MJ-kg * while for wood this value is 21 MJ-kg"
1, This supports the idea to convert bark into fuel-type compounds. Further-
more, the oxygen of bark can be easily removed using a variety of previously
developed procedures of hydrodeoxygenation of carboxylic acids, esters, and
alcohols.*®

In this work, we investigate whether the lignin-first approach can be ap-
plied to Quercus suber which is used as a model of bark such as birch bark
and develop a process which would afford parallel transformation of both lig-
nin and suberin, and investigate if the bark may act as a source of valuable
chemicals and fuel-range hydrocarbons.

2.2. The process overview

A procedure including three steps was envisioned (Table 1). 1) Organosolv
pulping is performed in the presence of Pd/C catalyst. Lignin and suberin are
partially depolymerized and also lignin is reduced. 2) Volatile monomeric de-
rivatives of lignin are separated by distillation in vacuum. 3) The residue is
subjected to hydrodeoxygenation, affording a range of hydrocarbons.

11



Table 1. Overview of the developed process of bark valorization.
Feedstock Stage 1 Stage 2

. L - 4-ethylguiacol
Monomeric derivatives of lignin 2.6%yogf bark

12% of lignin
X X
i “OMe  MeO” i “OMe MeO” i
OH OH OH MeO

OH

Lignin oligomers

Quercus suber bark

31% suberin Various hydrocarbons

21% lignin
12% carbohydrates e
12% extractives
5% moisture MeO OMe NN

Partially hydrolyzed suberin and extractives

R R
COOMe . ©/ O/
Z O/\/\/\/\/\ﬂ Average composition

C14.9H28.400.00-0.06

el 42% of bark
OMe ~ i 77% of suberin+lignin
o - 64% of total bark carbon

2.3. Organosolv pulping of bark

The main challenge is to accomplish transformation of both lignin and su-
berin at the same time. This means that both ether and ester linkages should
be cleaved. These two processes are known to be favored at different pH val-
ues. Lignin depolymerization proceeds more fluently in acidic or neutral con-
ditions in which suberin is not hydrolyzed. On the other hand, alkaline condi-
tions facilitate suberin hydrolysis but also lead to the processes of lignin re-
condensation, thus decreasing the yield of lignin monomers. The dependence
of yields of different lignin products on the medium pH has been studied in
detail.*> The challenge of suberin depolymerization in neutral media is also
mentioned in the literature** and is confirmed by our studies.

As a starting point, we considered a method of tandem organosolv pulping
with palladium-catalyzed hydrogenolysis which, for heartwood, has been de-
veloped in our group previously. The bark was subjected to organosolv pulp-
ing in MeOH-H;0 mixture at 200 °C in the presence of 5% Pd/C catalyst.
Optionally, acidic or basic additives were used.

Under the employed reaction conditions, the lignin is extracted and reduc-
tively cleaved into monomers and oligomers. It was previously shown that
carbohydrates present in the biomass, formates derived in situ during pulping,
or solvent (methanol) may all serve as the sources of hydrogen equivalents
which are transferred to lignin by the Pd/C catalyst.*4%% Therefore this step
of the developed process does not require any external hydrogen source. In

12



parallel with lignin cleavage, methanolysis of suberin takes place, and the
formed oligomeric esters are also extracted into the pulping solution.

We performed a brief optimization of the reaction conditions with respect
to the goal of transforming both lignin and suberin. GC-MS was used for mon-
itoring of composition of the obtained mixture of monomers. First, we per-
formed the reaction in typical organosolv conditions, either neutral or acidic
ones (2.8 g-Lt HsPO4 in MeOH-H,0 2:1 v/v, Figure 4, A, B). This type of
solvent system is efficient for wood fractionation, as shown in paper Il (Chap-
ter 4). Indeed lignin monomers (1-8) were observed, however suberin re-
mained intact (no fatty acid derivatives were observed).

WA 2.8 gL HiPOs
B: neutral

C:0.9 gL NaOH HO. N
D: 2.8 gL NaOH
E: 6.0 g-L” NaOH 1 2 3 4
Me! MeO' MeGr MeO’
OH OH OH OH
H
5 6 7
I 1 MeQ OMe  MeG OMe  MeO OMe
OH aH OH
N

Relative yield towards i.s.

l‘SOOH

(CHzlp COOH

S I
‘g,'-? B o - 10 (GHzko
& MeO’ OMe (Griah CHz0H

CH,0H

§ oH
&

Figure 4. Products of the first step of the process: organosolv pulping
combined with transfer hydrogenolysis.

Then we examined the reaction in the alkaline conditions (0.9 t0 6.0 g-L*
NaOH, Figure 11, C, D, E) in order to facilitate the suberin cleavage. The yield
of fatty acids gradually increased as the base concentration raised and the yield
of lignin monomers decreased, as expected. However, for two reasons we de-
cided to continue using the alkaline medium (6.0 g-L ! NaOH). First, the al-
kaline conditions enabled us to perform both transfer hydrogenolysis of lignin
and alkaline methanolysis of suberin in parallel in one step. Second, even
though the overall yield of identified lignin derivatives is lower than in case
of neutral and acidic conditions, the selectivity of the reaction is higher: 4-
ethylguaiacol (1) of 90% purity (according to NMR and GC data) can be sep-
arated. Meanwhile, selectivity of the reaction in neutral and acidic media is
about 50% toward the main product (4-(3-hydroxypropyl)guaiacol (3) or 4-
propenylguaiacol (4)).

The structure of 4-ethylguaiacol (1) differs from the structures of products
obtained in the neutral and acidic media (2, 3, 4, 6, 7, 8) by means of the alkyl
chain length (ethyl instead of propyl or propenyl). Shortening of the side chain
of monolignolic derivatives in alkaline conditions is a well-known process. It
most likely proceeds through a quinone methide intermediate losing a formal-
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dehyde molecule.*® Another possible precursor of 4-ethylguaiacol (1) is ferul-
lic acid, one of the minor suberin monomers. A model study showed that under
the employed reaction conditions (in the presence of Pd/C and alkali) ferullic
acid undergoes decarboxylation and thus generates 4-ethylguaiacol (1).

The main products of suberin cleavage observed in the reaction mixture
(Figure 5) were 18-hydroxy-9-octadecenoic acid (9) and 22-hydroxydocosa-
noic acid (10). Other suberin monomers detected by the analysis of the bark
feedstock, such as 20-hydroxyeicosanoic acid and 24-hydroxytetracosanoic
acid, were not found. Therefore, suberin depolymerization is not complete and
the products entering the next step of the valorization process are of oligo-
meric nature. This conclusion was confirmed with a kinetic study of the deox-
ygenation step.

al)| 1 a2)

(std) 10

3
4

_.‘ T l\ . 5? ] Ll"Jt,L..lJ.'.‘-_.L - ! H I

Al o

b1)| 4 b2) 9

1

i i

Figure 5. Gas chromatograms of products obtained at different steps of the
process (in the form of TMS derivatives). Step 1 (a): Partial depolymeriza-
tion and formation of monomeric phenols; alkaline media (al) and neutral
media (a2). Step 2 (b): Monomeric phenolic com-pounds obtained in alka-
line media (b1) and neutral media (b2), separat-ed by distillation.
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2.4. Isolation of 4-ethylguaiacol

4-Ethylguaiacol (1) was separated by means of simple vacuum distillation
using Kugelrohr (150 °C, 1 mbar). The product of 90% purity (NMR, GC-
MS) was obtained as a colorless liquid. The yield corresponds to 12% with
respect to the initial content of acid insoluble lignin initially present in the bark
feedstock. The major contaminants were guaiacol and 4-propylguaiacol.

2.5. Hydrodeoxygenation of lignin and suberin deriva-

tives

The residue which remained after distillation possessed twice lower oxy-
gen content than the initial material. In order to fully remove the oxygen and
thus convert the oil into hydrocarbons, we subjected the oil to hydrotreatment.
Typical monometallic catalysts Pd/C and Pt/C were successfully tested in the
reaction with model compound stearic acid (provided heptadecane and octa-
decane as products) but showed no reactivity in the case of the actual mixture.

We decided to avoid an extensive screening of catalysts since the goal of
our study was to show a novel concept of bark valorization but not a detailed
optimization of the conditions. Therefore, we considered the recently reported
bimetallic Pt-MoOs/TiO, catalyst which was previously shown to be efficient
for hydrodeoxygenation reactions.®* The catalyst was prepared according to
the literature procedure except that it was not reduced prior to the reaction.
Hydrodeoxygenation was carried out for 20 h at 350 °C with 50 bar of hydro-
gen gas. The product was subjected to distillation in Kugelrohr to afford col-
orless or yellowish oil (42 wt.% of initial bark weight). The obtained hydro-
carbon oil was analyzed using a number of techniques.

2.6. 2D GC analysis of the hydrocarbon bio-oll

Using 1D GC afforded to identify some of saturated hydrocarbons with
high carbon atom numbers. However only two-dimensional gas chromatog-
raphy (2D GC) technique made it possible to get an insight into the precise
composition of the mixture.

2D GC (see Appendix) implements a system of two connected columns of
different polarity.>® The flow which leaves the first column is trapped with a
modulator which is located in between the columns. The modulator collects
fractions over certain periods of time before injecting them into the second
column. The resulting chromatogram is represented in a two-dimensional
form using a specialized software. The retention times on each axis are usually
correlated with polarity and boiling point.

In this study, 2D GC (Figure 6, Table 2) made it possible to distinguish
between n-alkanes, isoalkanes, alkenes, and other types of structurally similar
compounds contained in the complex mixture. Therefore it also allowed to
derive average molecular formulas for each type of compounds and for the
mixture as a whole. The following expressions were used for the calculation:
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o Zan(Av(A)
' 2av(4)

o = 2ani(A)v(A)M;

b Zav( M)
where x; and w; are molar and mass fractions of element i in the bio-
oil, n;(A) is the number of atoms of element i in the component A of the bio-
oil, v(A) is molar content of A in the bio-oil, M; is molar weight of element i,

M (A) is molar weight of A.

The most abundant compounds found in the reaction mixture were Cg—Cy7
n-alkanes (33%) of the average molecular formula Cis9Hsss. In the range of
carbon atom numbers from 10 to 21, the distribution of n-alkanes was rather
wide and the content of each compound was 0.7-1.6%.

The second largest type of compounds were cycloalkanes and alkenes with
the average formula Ci3sH276, comprising 26% of the mixture. Composition
of this group is relatively shifted toward lower carbon atom numbers.

Each of the other types of compounds (isoalkanes, alkylbenzenes, naph-
talenes, etc.) does not constitute more than 12% of the mixture. The average
composition is Cia.9H28.400.00-0.06, i.€. the residual oxygen content is less than
0.5 wt.% (Table 3).

Heat of combustion (the higher heating value, HHV) of the bio-oil was
estimated with according to the formula: HHV = a;w; + agwy + apwy
with various increments known from literature. The values of a; increments
and the HHV values are given in Table 2. The higher heating value estimated
for this composition using several linear formulas is 46-49 MJ-kg™.

(Eqn. 1)

(Eqn. 2)

Table 2. Estimated HHV (MJ-kg?).

ac ay ao HHV
33.83 144.28 —-14.05 47.9...48.2
35.17 116.25 -11.10 45.4...45.7
33.62 141.93 —-14.53 47.4...47.8
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Figure 6. Composition of the hydrocarbon bio-oil (2D GC data).

Table 3. Composition of the bark-derived hydrocarbon bio-oil.
Average molecular

Type of compounds Content, mol. % formula
n-alkanes 32.6 Cie9Hzss
iso-alkanes 12.3 Ci73H367
Cycloalkanes and 25.9 CizsH276
alkenes
Alkylbenzenes 7.7 CireH172
Tetralins, indans and 111 CurHues
naphtalenes
Higher aromatics 4.5 Ci45H11.100.06
Others 59 -
Total 100.0 C14.9H28.400.00-0.06

2.7. Simulated distillation

Simulated distillation is a GC (see Appendix) method which allows to es-
timate the boiling range distribution of a small sample without performing a
large-scale distillation of a bulk material.>® Samples are subjected to GC in a
non-polar column and the retention times are correlated with boiling points.
For the latter, a calibration curve is used which is obtained by testing of a
known mixture of hydrocarbons, usually n-alkanes of the expected boiling
point range, under the same conditions.

The results of simulated distillation are given in the form of function which
correlates the eluted portion of sample with the established boiling points, just
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as in the case of usual large-scale distillation. Thus, the simulated distillation
is rapid and efficient analytical tool which is widely used for the petroleum
analysis.

In this study, the results of simulated distillation (standard IP480 method;
Figure 7) were in accordance with the 2D GC data. The oil includes about
20% of products of gasoline boiling point range (<200 °C), 45% of diesel
(200-300 °C), 33% of heavy gas oil (300-420 °C), and only 2% of non-vola-
tile waxes (>420 °C). For the range 161-380 °C and 8-93% of distilled mate-
rial, the distillation curve is described by the linear equation: wt.% = 0.43 -
T°C — 63.9, with R*> = 0.996. Heavy low-volatile hydrocarbons representing
one third part of the obtained material may be used as lubricants or subjected
to the further cracking to yield fractions of fuel range.

Gasoline/naphta  Diesel/kerosene Heavy gas oil ~ Waxes
(<200°C) (200-300°C) (300-420°C)  (>420°C)

80
20% 45% (% 2%

20 —__/
0

0 100 200 300 400 500
T°C

8

wt. % distilled off

Figure 7. Simulated distillation of the hydrocarbon bio-oil.

2.8. Van Krevelen plot of the process

Van Krevelen plot depicts the ratios of hydrogen, oxygen, and carbon in a
studied sample, typically of coal or petroleum nature.>” The vertical axis
stands for H:C ratio and the horizontal axis for O:C ratio. We used this type
of representation to show the transformation of bark material throughout the
process (Figure 8). The plot was built according to the elemental analysis (for
the products of the stages 1 and 2) and 2D GC data (for the product of stage
3).

The initial bark sample itself was oxygen-rich (H:C = 0.45, O:C = 1.45).
First stage of the process decreases the oxygen content, thus the O:C ratio for
the obtained intermediate oil is only 0.27. The residue after distillation pos-
sesses slightly higher O:C ratio, probably due to condensation and dehydration
processes. The final reduction subtracts the oxygen, leading to the hydrocar-
bon oil with an close to zero O:C ratio.
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Figure 8. Van Krevelen plot for the developed process of bark valoriza-
tion.

2.9. Summary

Lignin-first methodology could not be applied directly to bark because of
the presence of suberin. Instead, slightly basic conditions were required to de-
polymerize both suberin and lignin. Under these conditions, the bark was con-
verted into a mixture of monophenolic compounds, oligomers from lignin, and
fatty acids and oligomers from suberin. 4-ethylguaiacol (1) (2.6% of bark
weight, 90% purity) could easily be distilled off. The resulting mixture was
then hydrodeoxygenated to generate a hydrocarbon bio-oil (42% of bark
weight). The carbohydrate domain is partially consumed and serves as a
source of hydrogen in the initial reaction of the lignin cleavage implemented
at the first stage of the process.

The obtained oil was studied with GC-MS, 2D GC, and Simulated distil-
lation techniques, and was shown to contain a variety of hydrocarbons (al-
kanes, alkenes, cycloalkanes, aromatics) of 6 to 27 carbons. The average com-
position is C14.9H28.400.00-0.06 (l€ss than 0.5 wt.% of the residual oxygen). The
estimated higher heating value for this composition is 46-49 MJ-kg.

Thus, bark has been shown to have potential as a renewable feedstock of
chemicals and fuels.
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3. Conversion of birch bark to biofuels in a
recyclable solvent system (paper Il)

3.1. Background

The process described in the previous chapter, though allowing to separate
and valorize the components of bark, possesses sufficient drawbacks. First,
the utilization of nonvolatile ionic compound, sodium hydroxide, does not al-
low to recycle the solvent. Second, the palladium catalyst is also scarcely re-
cyclable because of the mixing with bark residue. Therefore, this process can-
not be implemented at the industrial scale.

To get closer to an environmentally friendly and cost-efficient scheme, we
decided to replace sodium hydroxide with a volatile base triethylamine and
focus on complete hydrodeoxygenation of the extract instead of isolation of
lignin monomers.

3.2. The process overview

In the upgraded version of the process, we moved from the bark of oak
(Quercus suber) to the bark of birch (Betula pendula). The latter is produced
as waste in Swedish pulp mills, the annual quantity reaching 1.5 million tons.
Therefore this feedstock is more representative of Swedish conditions and is
more interesting practically.

The bark was treated with MeOH-H,O-EtsN mixture at 160-220°C in a
stainless steel reactor (Scheme 8). In these conditions, trimethylamine works
as a base and deprotonates water to generate hydroxide anions, which in turn
can cleave the ester linkages of suberin. Methanol then solubilizes the released
fatty acids. After the reaction, the insoluble bark tissues (7%) are filtered off.
The solvent is evaporated from the filtrate and collected. The residue can be
directly hydrotreated under the conditions which are described in chapter 2.
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Lignin-suberin complex in tree bark mixture of Diesel range hydrocarbons
A) Insoluble crosslinked polymer My ~ 900 Da, Myy ~ 2600 Da <C> = 16.8, H/C = 1.83, bp 2719C

M A ~OH == H,0 + Et;N 5
OH
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Scheme 8. A) Chemistry of the bark conversion to biofuel. B) Scheme
of the procedure.i

3.3. Solubilization of bark in MeOH-H>O-Et3N solvent

system

Water and alcohols at 300 °C — 400 °C can solubilize plant biomass in the
absence of catalyst. However, the necessity to heat the solvent to these tem-
peratures would create a prohibitive additional demand of 10-20 MJ per kilo-
gram of the biofuel product and make it necessary to use a high pressure equip-
ment. In the present procedure, EtsN catalyst enables suberin depolymeriza-
tion and thus allows to run the process at 200 °C and to avoid extra expendi-
tures.

The optimal conditions for solubilization of bark at the first step were
found with the focus on minimization of the mass of insoluble tissues (Figure
9). The degrees of solubilization (%) are reported here in relation to the mass
of extractive-free bark (EtOH extractives plus water content of 29%). As a
starting point, the bark was treated with MeOH-H,0 (1:1 v/v or 46% volume
fraction of H>0) at 220 °C for 1 h in the absence of EtsN. Without a catalyst,
only 27% of the bark was solubilized. Addition of EtsN (4% volume fraction)
improved the results and 69% of the bark was solubilized. Increasing the vol-
ume fraction of EtsN to 7% gave 91% solubilization of the bark. A further
increase in the EtsN volume fraction (12%) caused a decrease in the solubili-
zation degree (73%). Using the optimized EtsN volume fraction (7%), the role

i Copyright by RSC. Reprinted from paper 1l with permission of RSC.
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of water in the solvent mixture was explored. If no water was added (i.e., a
EtsN-MeOH mixture was used), the solubilization degree was lower than that
obtained with MeOH-H,0 1:1 v/v, but still relatively high (70%). Addition of
water (30% volume fraction) did not greatly improve the solubilization (72%).
When water became the major component at a volume fraction of 60%, the
degree of solubilization reached a maximum (93%). Use of the H,O-Et;N sys-
tem without MeOH led to a small decrease in the degree of solubilization
(89%); however, the resulting mixture was difficult to handle during filtration.
For optimal solubilization and separation, a MeOH volume fraction of 46%
was used. The effect of temperature was also investigated. When the process
was carried out for 1 h with the optimized solvent system (MeOH-H,0 1:1
v/v, 7% volume fraction of EtsN) at 160 °C, poor solubilization was observed
(13%). Increased temperature afforded better results with degrees of solubili-
zation of 45% at 180°C, 54% at 200°C, and 91% at 220°C.

Solubilization (0 to 100%)

& HpOvol.% (0to 100%) / 7% EtgN and MeOH, 220 °C, 1 h
---l-- Et3N vol.% (0 to 12%) / H,O:MeOH 1:1,220°C, 1 h
—@&—Time, h (0.3 to 3.0) / 7% EtgN in H,O:MeOH 1:1, 220 °C
——T°C (160 to 220) / 7% EtgN in H,O:MeOH 1:1,220°C, 1 h

Figure 9. Optimization of conditions for bark solubilization.i

The gum obtained from this extract after removal of the solvent was stud-
ied by means of size-exclusion chromatography, elemental analysis, NMR and
gas chromatography. The oligomeric products of cleavage of suberin and lig-
nin had average molecular weights My = 2630 Da and My = 932 Da (PD =
2.8). This means that the average dissolved molecule was composed of 4-5
monomeric units of lignin and/or suberin. The elemental composition (C,
66.7% // H,10.2% // N, 2.1% // O, 21.4%) was similar to that of the initial
bark. The gum was dispersable in hexane, moderately soluble in toluene (28%
of the mass), and readily dispersable in methanol (87% of the mass). Notably,
it became miscible with tall oil fatty acids at 120 °C, and the suspension re-
mained stable at room temperature. The viscosity of the suspension was 15—

i Copyright by RSC. Reprinted from paper Il with permission of RSC.
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500 mPa-s for the mass fraction range of 7%—-33% and temperatures 25°C—
70°C. Therefore, biomass-derived tall oil fatty acids can be used as a carrier
liquid in industrial gum hydrotreatment processes, as shown previously for
kraft lignin acylated with fatty acids.®

HSQC NMR results (Figure 10, A) demonstrated the presence of typical
structural motifs of suberin and were in accordance with previous data ob-
tained for birch bark.®* To analyze the monomeric fatty acids, the gum was
subjected to alkaline methanolysis and the extract was studied by GC (Figure
10, B). A variety of C16—Cy, hydroxylated carboxylic acids and diacids were
identified,*® ¢ with the main components being 22-hydroxydocosanoic acid
(26% TIC as silylated derivative) and 1,18-octadec-9-enedioic acid (14%). In
addition, ferulic acid (3%) was detected.
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Figure 10. Analyses of bark-derived gum by A) HSQC NMR and B) by
GC-MS of methanolysate.

3.4. Hydrodeoxygenation of the extract

The mixture of solubilized lignin and suberin was hydrotreated in the pres-
ence of Pt/MoOs/TiO; catalyst which was tested in the previous project. At
the lab scale, the reaction is run in neat, which makes the analysis of products
easier. However, the gum was shown to be miscible with tall oil fatty acids:
the mixtures possess convenient viscosities 10-500 mPa-s at 25—-70°C and can
be used as feeds in a hydrotreater.

Composition of the obtained biofuel was initially studied by means of sim-
ulated distillation (see Appendix). As in the previous project, the mixture was
shown to be composed of hydrocarbons within the aviation and road fuel
ranges, with the initial boiling point 70 °C and 90% of the mixture boiling
below 350 °C (Figure 11, A). Further analysis with 2D GC (see Appendix)
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allowed to discover various classes of compounds present in the mixture (Figi-
ure 11, B). The whole range of hydrocarbons from C7 to C26 has been found,
with the maximum abundance for C15-C19. It should be noted that the initial
suberin fatty acids have only even carbon numbers: cracking and decarboxy-
lation are the possible reasons for the presence of compounds with uneven
carbon numbers in the biofuel. Highly unsaturated yet low-molecular-weight
hydrocarbons such as benzenes and naphtalenes (20% mass fraction) can also
be products of cracking. In total, unsaturated compounds comprise 73% of the
mixture by mass; and the average number and/or cycles per molecule for the
whole mixture is 2.4 and the H/C ratio is 1.83. The theoretically estimated
higher heating value of the biofuel is 45.4-48.2 MJ kg™! (average of 46.5
MJ-kg™).
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Figure 11. A) Simulated distillation, B) 2D GC of the bio-oil.

3.5. Recycling of the solvent

When the mixture becomes too viscous to be used for solubilization of
more bark, the solvent should be recycled by distillation at about 100 mbar
(water pump). The maximum normal boiling point is 90°C (triethylamine),
therefore almost quantitative evaporation can be accomplished. Efficiency of
recycling was estimated by analyzing the composition of the mixture after
each run by means of 'H NMR in acetone-ds. The concentration of EtsN
slightly decreased after each distillation. This did not have large impact on the
results of further reactions (Table 4). As the major loss was observed in the
first distillation, we assumed that the equipment might be saturated with vol-
atiles.

Table 4. Recycling of the solvent by evaporation.

Solvent composition (vol.%) Bark sol-

Ne of Solvent recovery (wt.%) ubiliza-
run EtsN MeOH H20 [compared to initial mass] tion

(wt.%)
1 7 47 46 94 [94 91
2 6 49 45 99 [93 92
3 6 48 46 99 [92] 87
4 6 40 54 — 89
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3.6. Estimation of the energy demand

Table 5. Parameters used for the estimation of energy demand

Symbol Meaning Value Units Estimation method
volume of the solvent per kg P .
v of bark feedstock (stage 1) 8-10 Lke experiment
yield of the bio-fuel per kg of
Y bark feedstock (stage 2), 0.4 dimensionless | experiment
0<Y<1
vaporization heat of the sol- i .
Q1 vent (stage 1) 1.48 MJ-L calculated additively
vaporization heat of the bio- o vaporization enthalpy of
Q2 fuel (stage 2) 0-31 MJ kg hexadexane
C, heat capacity of the solvent 2.86-10° | MJ-K*' L' | calculated additively
(stage 1)
c, heat capacity of the bio-fuel 221-10° | MJ-K* kg heat capacity of hexade-
(stage 2) cane
Tor boiling point of the solvent <358 K calculated through Ra-
(stage 1) oult law
boiling pouint of the bio-fuel calculated from Simdis
To2 (stage 2) <553 K and 2D GC data
c. heat (;apauty of the reactor 5. 104 MJ Kt kgt heat capacity of stainless
material steel
m mass of the reactor divided by | see Estima- dimensioness | [a]
the bark mass tion method
surface area of the reactor di- | see Estima- 2 o
S vided by the bark mass tion method m"- kg [b]
coefficient of heat transfer be- - MJ-m2-K? coefficient of heat Frans-
w - 10 - fer between the stainless
tween the reactor and air - min )
steel and air
t; reaction time (stage 1) 120 min experiment
t, reaction time (stage 2) 120 min experiment
Ty reaction temperature (stage 1) 493 K experiment
Ty reaction temperature (stage 2) 643 K experiment
number of reaction cycles .
. - . . . different values are con-
ne proceeding without cooling 1-20 dimensionless | .
sidered, see Table 6
down the system
number of reaction cycles .
. . . . different values are con-
ng proceeding without evapora- 1-3 dimensionless | .
; - sidered, see Table 6
tion or replacing the solvent
D energy required for distilla- (to be cal- MJ per kg of
B tion of the solvent (stage 1) culated) the bio-fuel
D energy required for distilla- | (to be cal- MJ per kg of
2 tion of the bio-fuel (stage 2) culated) the bio-fuel
H energy required for heating of | (to be cal- MJ per kg of
! the reactor (stage 1) culated) the bio-fuel
H energy required for heating of | (to be cal- MJ per kg of
2 the reactor (stage 2) culated) the bio-fuel
[a] m~2TPR . ((0.24x/p)'/ + Ar)® — &

x [ka] is Ioaa(ing of the bark feedstock, pRp= 8103 [kg - m~] is density of stainless steel, Ar =
0.01...0.05 [m] is thickness of the reactor wall, p = 150 [kg - m~] is density of bark packing in the

reactor

12.56

[b] S ~=="- ((0.24x/p)*/? + Ar)?
x [kg] is loading of the bark feedstock, Ar = 0.01...0.05 [m] is thickness of the reactor wall, p = 150
[kg - m~] is the density of bark packing in the reactor
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Energy [M] for producing 1 kg of the biofuel]

Dy = (Qq +C; - (Tgg —293)) - V/(Y - ng) (Ean. 4)
Hy=(C, V+Cm/ng+S-w-t)) (Toy — 293)/Y (Eqn. 6)
HZ = (CZ N Y + Cr " m/nc + S W tz) " (Trz - 293)/Y (Eqn 7)

To get an insight into the conditions which would make the process cost-
efficient, energy demand of the process has been roughly estimated. Four prin-
cipal summands were considered, corresponding to heating and distillation of
the reaction components at both stages (Table 5 and Equations 3-7). Other
energy inputs were assumed to be negligible.

The energies H, and H, required for heating of the reaction mixture at each
stage include contributions from the increase of temperature of the reaction
mixture and the reactor and from maintaining the required temperature. Simi-
lar contributions there are in the case of distillation energies. Table 6 shows
that stage 1 has the main influence on the energy demand, shared equally be-
tween heating and distillation. Energy efficiency of the process can be defined
as the difference between the heat of biofuel combustion (ca. 46 MJ kg?) and
the energy required for it’s production. The calculation reveals that the process
becomes energetically efficient only at the industrial scale, for several tons of
bark loading and with efficient recycling of the solvent.

Table 6. Theoretically estimated energy demand of the described process
with variable parameters.

% Energy demand for each step [MJ - kg™] Total energy de-
ne | s | g (ks (with 96 of total) mand

N ][ % |[D|%[H]|%|[D] % [MJ - kg7
1|1 1 10 |35 | 31 |42 |35 |4033] 1 1 119
1] 1] 10° ) 10 | 46|26 |42 67| 4|6 | 1] 1 62
1] 1] 200 ] 10 /45|25 a2 |70 |2 |4a|1]| 2 60
011100 ] 10 |45 |25 |2 70| 2|3 |1] 2 59
013 1 10° | 10 |15 |47 |24 |4a| 2|5 | 1| 3 31
0310 | 7 |49 (46|10 43| 2| 7|1 4 23

3.7. Estimation of the environmental impact

With the data on conditions and energy demand of the optimized process
in hand, we evaluated its environmental benefits and drawbacks using a meth-
odology of Life Cycle Asessment (LCA). LCA follows the framework stand-
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ardized by 1SO 14040. As the result of this calculation, one gets a set of im-
pacts expressed in different units such as kg of Cu equivalents for metal de-
pletion or kg of SO, equivalents for terrestrial acidification.

The principal stages and components of the process which were included
in the assessment are shown in Figure 12. The feedstock supply section in-
cludes the materials used in the procedure (bark chips, methanol, trimethyla-
mine, water, catalyst) as well as the heat energy and fuels for transportation.
The section for conversion includes all operations undertaken with the feed-
stock; solubilization, filtration and distillation, bark residue incineration,
wastewater treatment and hydro-deoxygenation treatment. For comparison, a
similar assessment for fossil-based diesel production was performed, based on
the steps of extraction of crude oil, distillation/fractionation of crude oil, and
treating processing for production of diesel. The combustion energies for bio-
fuel and fossil-derived fuel were assumed to be equal.

i ]
1 | i i '
‘1 FEEDSTOCK i |  BIODIESEL PRODUCTION | i
i | SUPPLY i | i !
| | | |
" 1 | i !
" | I i |
[ - H ] i
i i | Birch bark (chips) }— i i i i
i [l
N | i ! i ! !
[ Methanal i | i !
' | i i '
[ H | ! |
[ | i - . ! i
b i | - Bark solubilization ' i
{1 Trethylamine | ! | | -Filtration and distilation ~ ——> !
i i I TRANSPORT | | _ Bark residue incineration i :
L i I"| - Wastewater treatment : i
i i | Water }7 : i - Hydro-deoxygenation _i_.. !
L ! | | process : !
[ 1 | i !
i i | Catalyst }7 i i i i
[ | | ! |
" i i i '
[ | | ! |
(] i I
i i | Heat energy }— i i i i
L ’ : : l
[l I
. | Fuel }— | ! ! !
I b : !
! i

Figure 12. Stages and components of the process included in the assess-
ment

To find possible improvements for the process, four scenarios have been
examined in this environmental assessment (Table 6). In the Scenario 1, the
process is considered stand-alone and continuous. The solvent is recycled and
continuously added back to the reaction. Energy is supposed to come from
burning of natural gas. In this scenario, biofuel was found to have less envi-
ronmental impact than the fossil-based fuel only in the following categories:
fine particulate matter formation, fossil depletion, freshwater consumption,
ionizing radiation, marine eutrophication, photochemical ozone formation,
stratospheric ozone depletion, and terrestrial acidification. Climate change,
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freshwater eutrophication, land use, human toxicity, metal depletion, and
freshwater, marine, and terrestrial ecotoxicity are the categories where the pro-
posed process, under scenario 1, turned out to have worse properties than the
fossil-based production. In particular, in this case the process would produce
1.7 kg of CO- eq. of greenhouse gas emissions for 1 kg of biofuel.

Table 6. Scenarios for the environmental performance assessment of birch
bark conversion into biofuel

Scenario  Description

#1

#2

#3

#4

Baseline, continuous process

Reaction in a continuous process. Milled bark is treated in the
solvent and the mixture is filtered. The filtrate, which includes
solubilized bark, is returned to the system to play the role of sol-
vent for the next portion of feedstock. After two runs recirculat-
ing the solvent, the filtrate becomes viscous and it is then dis-
tilled to recover the solvent for subsequent reactions. New sol-
vent is continuously added to substitute the solvent loss of 2%
by volume per distillation. Natural gas is the source of heat
energy.

Electricity mix as input for heat energy, Europe

Reaction in a continuous process (baseline). The average elec-
tricity mix of Europe, mostly based on fossil fuel electricity gen-
eration, is the source of heat energy.

Electricity mix as input for heat energy, Sweden

Reaction in a continuous process (baseline). The average elec-
tricity mix of Sweden is the source of heat energy. Sweden was
chosen for this scenario as an example of a country with elec-
tricity production based on low-carbon technologies (mainly hy-
dropower and nuclear power).5!

Heat energy and methanol as waste streams of paper and
pulp industry

The best-case scenario specifically for countries like Sweden,
where excess heat and methanol from the paper and pulp indus-
tries can be used in the bark valorization process. The environ-
mental impacts of these two feedstocks are thus considered zero.

Scenarios 2 and 3 are similar to the first one but heat is supplied by elec-
tricity instead of combustion of natural gas. Under the second scenario, elec-
tricity from the sources typical for Europe is assumed to be used. This scenario
relies largely on fossil fuel, therefore it has even higher environmental impact

28



than the first one. Scenario 3 which implements Swedish energy sources—hy-
dropower and nuclear power—also has big impacts in the categories for ioniz-
ing radiation and land use, however, it performed better than the other two
scenarios when pertaining to climate change, fine particulate matter for-
mation, and terrestrial acidification.

In comparison with the fossil-based diesel production, scenarios 2 and 3
can be benefitial in the categories of formation, terrestrial ecotoxicity, climate
change (the greenhouse gas emissions decrease to 0.495 kg of CO; eqg. in the
scenario 3), fine particulate matter formation, fossil depletion, stratospheric
ozone depletion, and terrestrial acidification. In other categories, the usual
fossil-based diesel still showed better results.

In the scenario 4, the process of bark valorization is interconnected with
the existing facilities of pulp industry. It is the best-case scenario which is
feasible in the areas close to pulp mills which can supply the excess heat and
methanol. Therefore the environmental impacts associated with the corre-
sponding stages of the process will be negligible. In comparison with the fos-
sil-based diesel production, Scenario 4 has lower impact in all categories ex-
cept freshwater eutrophication, human toxicity, and metal depletion. The
GHG emissions are decreased to —0.06 kg of CO- eq. In this case, the land use
would be also close to null because the bark can be collected as waste product
of the pulp mill, as well as the most of other environmental impacts included
in the assessment.

3.8. Summary

In this project, a process for solubilization and hydrodeoxygenation of
birch bark was developed. For the solubilization stage, we used a recyclable,
salt and metal-free solvent system of MeOH-H,O—Et;N with triethylamine as
a basic catalyst for hydrolysis of ester bonds in the bark tissue. For hydrode-
oxygenation, we treated the solubilized lignin and suberin with hydrogen gas
in the presence of Pt catalyst. As the product, a fuel within the gasoline—avia-
tion—diesel range was obtained with a 40% yield from the initial bark mass.
At the lab scale, the process is not energetically efficient nor green enough,
however, at the industrial scale it is expected to become affordable, requiring
only 23 MJ of energy to yield 1 kg of diesel product.

To get an insight into the potential environmental impact of this technol-
ogy, a Life Cycle Assessment has been performed, taking into account differ-
ent scenarios which can take place upon implementation of the process in in-
dustry. Various categories of impacts were considered, and the only categories
in which the conventional fossil-derived fuel is definitely more beneficial than
the biofuel are freshwater eutrophication, human toxicity, and metal depletion.
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4. Lignin depolymerization to monophenolic
compounds in a flow-through system (paper
[1)

4.1. Background

As mentioned previously, the lignin-first approach offers a number of ad-
vantages as a biomass fractionation strategy. In particular, it allows to capture
high-value lignin products directly after the depolymerization.

However, the majority of the developed procedures also have substantial
drawbacks. Typically they require to mix heterogeneous metal catalysts with
a solid biomass in one batch reactor. As a result, the fractionation becomes
complicated with respect to catalyst recovery, mass transfer, and pulp contam-
ination with the catalyst; external hydrogen and other additives (for instance,
trapping agents for lignin monomers) are sometimes needed. These problems
limit applicability of the method.

The goal of this study was to separate the pulping and the catalytic stages
in space and time and to investigate the mechanism of the reactions taking
place in the lignin-first process, i.e., to establish the individual roles of the
solvent and the catalyst.

4.2. The flow process overview

In order to overcome the mentioned drawbacks, we have envisioned a pro-
cess in which the biomass pulping and the catalytic transfer hydrogenolysis
are separated in space and time and the mass transfer is accomplished by the
flow of a solvent mixture. The arrangement of the equipment and some details
of the procedure are shown in Scheme 9. The first cartridge contains the bio-
mass to fractionate (milled birch wood). The second cartridge is loaded with
the catalyst (Pd/C, 5 wt.%). Both cartridges are plugged with filters in order
to keep solids inside. A preheater is installed before each cartridge: this guar-
antees that the solvent flow enters the cartridge at the desired temperature. In
order to study the first step of the process separately, the system can be assem-
bled with only one cartridge. In the end of the line, a back pressure regulator
(BPR) is installed to prevent solvents from boiling.

Once the reactor is assembled, the solvent system is streamed at a certain
flow rate using an HPLC pump. After all of the components are moistened
with solvent, the heat is applied (temperatures of cartridges and corresponding
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preheater are marked as T1 and T») and the emanating solution of products is
collected.

The workup of the mixture is carried out by diluting with DCM and water
and collecting the organic phase which contains lignin-derived products. The
aqueous phase containing residual carbohydrates is also analyzed. The pulp is
recovered from the first cartridge and enzymatically converted into glucose.

preheater preheater @ "/ Agueous: hemicellulose
\ @_{_ 1% cartridge @ 2 ¢ cartridge &. _+bom destruction products
Z (milled wood) (Pd/C) JBPR ) o+ H 0

Cellulose pulp remains here Organic: lignin derivatives

So\ventsystem Products

(H4PO, in MeOH-H,0) l+ enzyme blend

Glucose

Scheme 9. The flow process

4.3. Optimization of the reaction conditions

The reaction conditions were optimized by means of the yield of lignin-
derived monomeric phenolic compounds which are the most valuable prod-
ucts of the process (Figure 13). MeOH-H,0 solvent system was chosen which
is typical for organosolv pulping. It was shown recently that the acidic reaction
conditions are more favorable than the alkaline ones for the cleavage of lignin
toward monomeric compounds,* and therefore we focused on acidic media
which was created by addition of phosphoric acid to the solvent system.

HO
2 3 6
OMe OMe MeO oM
OH OH OH
HO MeO MeO
7 11 12
MeO OMe MeO OMe oM
OH OH OH

Figure 13. The main phenolic products of the flow process.

Several parameters have been varied: H,O content in the mixture; concen-
tration of H3PO,; temperatures T1and To; flow rate r; reaction time. Independ-
ent variation of all parameters would require a huge number of runs, therefore
we optimized them one by one, using the data found on each step for the sub-
sequent step.

Initially, the reactions were run in methanol without water addition, with
T1=200°C, T, =180 °C, r = 0.2 mL-min*. This system afforded poor yields,
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however the concentration of HsPO4 was optimized. Under variation of con-
centration from 0 to 10 g-L* the yield increased from 0 to 6% with an opti-
mum of 9% at 2.8 g-L .

Then, we examined the effect of composition of solvent mixture. Upon
dilution of methanol with water, the yields of the phenolic monomers raised
gradually until the concentration of water reached 30 vol.%. Further dilution
(50 vol.%) caused a decrease of the yields.

Some of the results from the temperature optimization are presented in the
Table 7 (see Sl of the paper Il, section 4.2, for more comprehensive data).
Starting point with Ty = T, = 180 °C and r = 0.2 mL-min! (entry 1) provided
monomer yield of 17%. Increasing T1 to 200 °C resulted in improvement of
the yield to 27% (entry 2). Further raise T1 to 220 °C, however, led to a drop
in yield to 24% (entry 3). Similarly, variation of T, from low to high values
(160 to 200 °C, entries 1, 4, 5, yields 22 to 27%) showed that the T, optimum
is in between (180 °C). After optimization of both T, and T (200 and 180 °C),
we have varied flow rates from 0.1 to 0.5 mL-min™* (entries 2, 6, 7, 8).

The flow rate 0.1 mL-min* resulted in zero yield of phenolic monomers,
presumably because of over reduction. On the other hand rate of 0.5 mL-min-
! afforded the products but the yield (22%) was lower than in the case of r =
0.2 mL-min. The optimum was found to be at 0.3 mL-min* (31% yield of
phenolic monomers).

Table 7. Selected points of the process optimization.

Lignin
tr;l/zz e C;I;l T, (°C) (mFLI-Or\;]Vi r:it)e monomers
yield (wt %) @

1 180 180 0.2 17
2 200 180 0.2 27
3 220 180 0.2 24
4 200 200 0.2 22
5 200 160 0.2 22
6 200 180 0.3 31
7 200 180 0.5 21
8 200 180 0.1 0
g bd 200 180 0.3 29

10° 200 180 0.3 39 (379

Reaction conditions: birch wood meal (150 mg, untreated unless otherwise
stated), 5 wt% Pd/C (150 mg, ~1:2 Pd:lignin mole ratio), solvent system:
2.8 g-Lfl H3PO4 in MeOH-H,0 7:3 viv.

214 NMR data, internal standard CHsNO, represented wt% of total lignin.
b Solvent-pretreated wood meal (soaked with solvent overnight).

¢ GC-MS data, internal standard tetracosane.

¢ Dewaxed wood meal (EtOH, Soxhlet extractor, then air drying).
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Finally, we investigated the effects of the biomass pretreatment. The
typical pre-extraction procedure (EtOH in Soxhlet) unexpectedly led to the
decrease of the biomass susceptivity to the pulping conditions. The proba-
ble reason is that the extraction followed by drying causes modification of
the wood fibers, making them less accessible to the pulping solvent. On the
contrary, overnight pre-soaking of the biomass with solvent followed by the
flow process led to a significant improvement of the monomers yield (39%
NMR vyield or 37% GC yield, entry 10).

4.4. The reaction mechanism

To study the delignification kinetics, we conducted the reaction in the flow
reactor with the second cartridge removed. Therefore, only the first (organo-
solv pulping) step have been run. The lignin concentration was measured us-
ing UV spectroscopy. We have found that the delignification is rapid and be-
comes almost complete after 60 minutes of the run (Figure 14). As expected,
the relative content of lignin with higher molecular weight in the fractions
increased over timaej as shown by SEC (Figure 15, a).

B 5 o

e without Pd/C
with Pd/C

o B M

@ 8 W0 0 40 180 18 20
time (min)

lignin amount in each fraction
(% from total lignin obtained)
&

[
=]
&

Figure 14. Lignin content in fractions obtained at different reaction times
in Pd/C-involving and Pd/C-free flow processes (% from total lignin ob-
tained).

In contrast, the overall process (with two cartridges involved) takes about
3 hours to proceed. The lignin content in the first fractions is neglectable, then
it goes through a maximum and gradually decreases (Figure 14). Therefore,
the catalyst in the second cartridge plays the role of an adsorbent, detaining
lignin derivatives on their way through the system.

33



a. Apparent Mw (Da)

66000 9130 3470 1250 682 266
Apparent Mw (Da)

66000 9130 3470 1250 682 266

= 1
\ by trasfe

o x2

Relative abundance

J
A
[ x10
15 20 25 30

t(min) ——

t(min) ———

Figure 15. Gradual raise of molecular weight of the lignin removed in the
flow organosolv process (a) and the comparison of distributions of molecu-
lar weights for organosolv and Pd/C-treated lignins (b).

Unexpectedly, the flow procedure allowed to get an insight into the mech-
anism of the lignin depolymerization under the organosolv conditions. 2D
NMR study of products of the first (organosolv pulping) step showed a signif-
icant abundance of allylic monolignol moiety among with the expected -O-
4’ fragments (Scheme 10, A, B, C). The oxidation state of the allylic moiety
is lower than the oxidation state of interunit linkages in the lignin polymer.
The yield of two monolignols (methyl ethers of sinapyl and coniferyl alcohols;
Scheme 10, F, G) was 15-21% which is higher than the yield which could
have been produced by simple leaching of terminal units of lignin chains. This
means that some part of lignin is reduced directly during the organosolv pro-
cess on the first step, before entering the catalyst cartridge.

The conclusion is indirectly supported by comparison of SEC chromato-
grams of organosolv lignin and Pd/C-treated lignin (Figure 15, b), since the
products of low molecular weight are observed in both cases. However, the
presence of high molecular weight lignin in the organosolv sample also indi-
cates that the depolymerization was far from completion.

There are two possible reductants which might act in the depolymerization
process taking place in the absence of Pd/C catalyst: alcohol and hemicellu-
lose, as we know that cellulose remains untouched. We have conducted a
model reaction to investigate which of the two is more likely be the reactant.
Reduction of isoeugenol into 4-propylguaiacol in the optimized solvent sys-
tem in the presence of Pd/C and xylose showed 39% conversion of the starting
material while in the absence of xylose the conversion was 7%. Therefore,
hemicellulose is more likely to be the reductant than methanol in the employed
reaction conditions.
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Scheme 10. HSQC spectra of organosolv lignin and Pd/C-cleaved lignin
obtained in the flow process.

In order to explain the non-catalytic depolymerization of lignin, we have
proposed two mechanisms, radical and ionic, based on literature data (Scheme
11). The reduction takes place either due to carbohydrate addition to the a-
position of lignin Cs-chain followed by retro-aldol reaction (mechanism 1) or
due to the direct transfer of H atom to the radical center of the quinone methide
structure (mechanism 2).
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4.5. Utilization of carbohydrates

After the pulping is accomplished, 92% of initial amount of wood cellulose
remains in the first cartridge in the form of pulp. This cellulose is enzymati-
cally converted into glucose (87% glucose yield, as compared to the initial
wood composition). The possibility to achieve enzymatic transformation
shows that the pulp possesses high quality: enzymes are typically sensitive to
the lignin residue. Moreover, system of two cartridges affords to keep the pulp
clean of palladium which may also be poisonous to the enzyme.

On the other hand, hemicellulose is completely degraded during the pro-
cess, serving as a hydrogen donor for lignin reduction. Neglectable concentra-
tions of the hemicellulose-derived carbohydrates (xylose, methyl-a-D-xy-
lopyranoside, methyl-p-D-xylopyranoside) are found in the aqueous layer af-

ter the reaction workup (Table 8).
1.
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Scheme 11. The two possible mechanisms for depolymerization of lignin
taking place in the absence of Pd/C: ionic (1) and radical (2).
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Table 8. Mass balance of the flow process
Before the frac-

After the fractionation

tionation
Birch wood Solid fraction Liquid frac-
tion
Extrac- 3 B )
tives
Xylans 25 0 o
Glucans 39 35 0
Lignin 23° 15 18°¢
Sum ) 36.5 18

545

& Acid soluble lignin plus acid insoluble lignin
® methyl-a-D-xylopyranoside, methyl-B-D-xylopyranoside and xylose
¢ 9% monomers plus 9% oligomers (the latter estimated with SEC data)

4.7. Summary

We have demonstrated that the solvolysis during the pulping and the trans-
fer hydrogenolysis promoted by the transition metal catalyst can be separated
in time and space by using flow-through methodology. By separating the two
processes, we have been able to distinguish the role of pulping and transition
metal catalyzed reactions. Interestingly, and to our knowledge not known, the
solvolysis, i.e. pulping is responsible for substantial depolymerization of the
lignin polymer and above 20% conversion to monophenolic compounds were
observed. The role of the catalyst is dual. One of the roles is to convert highly
reactive allylic alcohols from the solvolysis into less reactive species. This is
very important to prevent recondensation and thereby affects the monomer
yield. The other role of the transition metal is to depolymerize oligomers from
the lignin polymer. Thereby, the transition metal transfer hydrogenolysis is
required to get high yields of monophenolic compounds (39%). We propose
that solvolysis is responsible for cleaving terminal ether bonds by pealing and
that the transition metal is responsible for cleaving internal ether bonds. The
advantage of using the flow-through system is that the pulp and catalyst do
not need any tedious separation.
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5. Study of adsorption of lignin derivatives on
Pd/C catalyst (papers 1V, V)

5.1. Background

The experiments in a flow-through reactor described above showed that
the organosolv fractionation was a relatively fast process and that he transfer
hydrogenolysis over Pd/C was slower. That is, although the organosolv pulp-
ing in the wood-containing cartridge was finished within 1 hour, the the hy-
drogenated products left the second cartridge only after 3 hours (Figure 13).
The difference could arise due to the strong adsorption of lignin fragments on
Pd/C. That suggested us the idea to study the interaction of lignin fragments
with Pd/C separately.

5.2. Adsorption isotherms of lignin derivatives on Pd/C

First, to study the physical adsorption of lignin model species on Pd/C, we
reproduced the molar ratio of water, methanol, palladium, and lignin which
was characteristic of the flow reactor, (4 x 10%) : (4 x 10%) : 1 : 2, respectively.
Concentrations of individual lignin species (1—7) were varied to obtain the
dependence of adsorption on the concentration. Pd/C, solvent, and model
compound were mixed in a test tube and vigorously stirred for 20 min. The
mixture was then filtered and extracted, and the species which remained de-
sorbed were quantified with NMR.

The results were processed using the Langmuir isotherm equation which
binds the concentration of dissolved compound with the degree of adsorption.

mmol compound]  agKc
gram Pd/C - 1+Kc

(Egn. 6)

This is the simpliest model and it does not take into account the possibility
of multilayer adsorption and the interactions of adsorbed molecules within the
single layer. There are only two parameters; a, is the maximum surface cov-
erage which is achieved in case of very high concentrations, and K is adsorp-
tion equilibrium constant:

0

T {d-0)c
where 6 = a/a, is the surface occupation degree.

K (Egn. 7)
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Advanced models implement more than two parameters and therefore re-
quire much higher accuracy of measurement. It is also more complicated to
bind the variety of parameters with the features of molecular structure.

For each compound, a C code was used to find values ao and K, which
correspond to the minimum standard deviation (omin) Of the calculated adsorp-
tion versus experimental data. Ranges of values of ag and K were found in
which ¢ < 1.016min.

Dimeric compound 17 exhibited the highest affinity toward the catalyst
surface (Figure 16 and Table 9), with adsorption constant K = 7.0 x 103
L-mol~!'. Monomer 13 is formed as the main product of the first stage of sol-
volysis of hardwoods (i.e., birch). This compound also demonstrated a high
adsorption constant K = 6.6 x 10 L-mol™!, which can be explained by the
presence of electron-rich aryl, a double bond, and two hydroxyl groups that
can bind to the catalyst surface. The two methoxy groups can also increase the
coordination by donating electron density to the aryl.

Allylic alcohol 14 with guiacol unit demonstrated surprisingly low affinity
toward the catalyst (K = 1.5 x 10° L-mol™"), presumably to the absence of the
second methoxygroup and therefore too weak coordination of the aryl ring. 4-
(3-hydroxypropyl)syringol 7, a product of hydrogenation of monolignol 13,
had lower adsorption constant (K = 3.4 x 10% L-mol ™) than that of 13, which
suggests that the presence of the double bond is important for efficient bond-
ing. For guaiacol derivative 3, a significantly lower affinity was observed
(K=0.3 x 10 L- mol™') compared with that of the syringol analogue. This
supports the idea that methoxy groups coordinate relatively strongly to the
palladium surface.

Propylphenols 6 and 2, formed by complete hydrogenation of side chain in
lignin fragments, were finally studied. Syringol propane 6 had, as expected, a
further decrease in the adsorption ability (K = 1.2 x 10° L-mol™') as compared
to 7 (K=3.4x10%L- mol!) and 13 (K = 6.6 x 10° L-mol™). In the case of
guaiacol propane 2, an unexpected increase was observed (K = 1.7 x 10°
L-mol™") as compared to 3 (K = 0.4 x 10° L-mol™'), and the adsorption was
similar to that of substrate 14 (K = 1.5 x 10% L-mol™).

According to these results, the species emerging during the initial solvoly-
sis of lignocellulose tend to bond to Pd/C surface stronger than the final hy-
drogenation products, which can explain the difference of the apparent rates
of solvolysis and hydrogenation.
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Figure 16. Adsorption curves of lignin model compounds on Pd/C.ii

i Copyright by ACS. Reprinted with permission of ACS.
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Table 9. Parameters of the Langmuir isotherm for the studied lignin com-
pounds

Structural f | Max. adsorption Adsorption
ructural formula 2 0] Bt min
OH OMe

(0]
mj@ 048050 (0.49) 6.0-8.1(7.0)  0.04
HO OH

MeO N OH

Hom 0.28-0.30 (0.29) 4.6-8.8 (6.6) 0.05
MeO X OH

W 1.27-1.46 (1.37) 1.2-2.2(1.5)  0.16
HO 14
MeO OH

o . 0.94-0.97 (0.95) 2.9-40(3.4)  0.08

OMe
MeO OH
W 165-1.76 (L.70) 0.2-0.3(03)  0.06
HO 3

124-1.32(1.31) 11-16(12)  0.11

: 3
@] o
z ;

MeO
1.07-1.11 (1.09) 1.5-2.0(1.7) 0.10

d

HO
[a] The interval corresponding to o < 1.010y,,. [0] Mmol of substrate
per gram of Pd/C (best-fitting value). [c] 10° L-mol (best-fitting value).

A linear correlation (r? = 0.89) was observed between the maximum sur-
face coverage a, and the free energy of adsorption expressed as AG,4s =
—RT InK + const. This trend (Figure 17) can be explained as follows. It is
reasonable to assume that a, is in inverse ratio to the characteristic surface
area occupied by a single molecule in the saturation state: a, = u;/s — u,,
where u, and u, are parameters corresponding to the fact that a, becomes
zero under finite values of s (it is not necessary to have infinite s to get a, =
0). u, is a proportionality coefficient which may be considered to be roughly
equal to the overall active surface of the catalyst. The ratio u,/u, has the
physical sense of the maximum surface area of a molecule which still can be
adsorbed. Therefore, s = u,/(ay + u,). If the majority of the surface is oc-
cupied by solvent or if the bonding sites are represented by small nanoparti-
cles, the bonding of very large molecules is impossible. Then u, > a,
ands =~ uy(u, — ag)/u3, i.e. s is tentatively a linear function of a,. On the
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other hand, s is aligned with what can be called effective number of sites by
which the adsorbed molecule is bounded to the surface. Therefore s indeed
may be linearly dependent on the free energy of bonding and so far as s(a,)
is linear, AG(a,) is also linear.

1  AGu(kd-mol™) = const + 5.2-a, (mmol per gram of Pd/C) 3.
« r’=0.89 :
£ P U
E:__ o ‘6... _____
I 2 *Y
= [ 14
3 EI_ .........
e s
+ T 7
$ 13 g7 .7
G i [ ] 9
Q
T T T T T T T T 1
000 020 040 060 080 100 120 140 160  1.80

Maximum coverage a, (mmol per gram of Pd/C)
Figure 17. Linear correlation of maximum surface coverage ao with AGags
= -RT In K + const. Each point corresponds to the molecule with the speci-
fied number.

5.3. Theoretical study of lignin fragmentation over Pd

catalyst

To get further insight into the mechanism of lignin transformation in the
developed system, we have studied the interaction between model species and
the Pd catalyst theoretically. We implemented the method of reactive force-
field (ReaxFF) and quantum chemistry calculations © % 8 to model the con-
ditions inside the Pd-containing cartridge of the flow-through system.

The ReaxFF method fills the gap between methods fully based on the prin-
ciples of quantum chemistry, and methods implementing classical interatomic
potential energies.%® The first of the mentioned groups of methods consider
electronic structure of molecules and even though it affords higher accuracy,
the procedures are too computationally tedious to be used when dealing with
large systems. The second group of methods, on the contrary, require much
less computational resources and is preferred for simulations over longer time-
scales and larger scales. However, the bonds between atoms are supposed to
be predefined, therefore it is impossible to simulate chemical reactions in these
cases. The ReaxFF method combines advantages of both approaches by intro-
ducing an empirical potential of interaction between atoms, thus avoiding ex-
tensive calculations through quantum mechanics.
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The model species selected for this study, a dimer with B-O-4' linkages
(18) and an allylic monolignolic alcohol (13), are shown in Scheme 12. These
species contain the structural motifs which have been experimentally shown
to play the main role in the considered transformation. For the compound 18,
we focused on the Pd-catalyzed cleavage of C—-O bond, and for 13 on the hy-
drogenation of the double bond.

OH OMe
MeO. O. MeO. MeO
B —
+
HO HO  MeO HO HO
OMe OMe OMe
18 19 20
MeO.
X"oH MeO o
—_—
HO HO
OMe OMe
13 7

Scheme 12. The molecular species and fragmentation products ob-
served in the simulation

Figure 18 displays the energy and structure of a system made up of Pd
surface, 18 (B-O-4' model) and the solvent as a function of the simulation time
together with selected structures which represent various steps of the mecha-
nism. Configurations A-C correspond to the initial adsorption of 18 on Pd
surface, with gradual strengthening of the binding between the benzylic oxy-
gen and the surface. In the configuration D, a chemical bond appears, with
simultaneous cleavage of the O-H bond in the initial structure and also with
binding of the H atom to the surface. The process of the chemical adsorption
takes ~10 ps and is followed by cleavage of the ether C-O bond. Syringol (19)
is then readily desorbed from the surface while the other fragment (20) is still
strongly bonded and can be hydrogenated further to afford the final products.
Before separation, the two fragments 19 and 20 are oriented in parallel (Figure
18, T) due to n-stacking interaction between aromatic rings.

43



7'5 n'»o
Time (ps)

Figure 18. A-K, intermediate structures from the simulation of the ad-
sorption of 18 on the Pd surface. Plot, evolution of the potential energy of
the system with time.

In the case of molecule 13, we studied hydrogenation of the double bond
over the Pd surface. The process of hydrogenation starts with adsorption of
aromatic ring. Figure 19 shows the gradual elongation of C—C distance as the
result of double bond cleavage and binding of the carbon atoms to the surface.
This is accompanied by formation of the new C—H bond. Rough estimates of
the adsorption energies were obtained through a calculation taking into ac-
count only the interaction between the Pd surface and the adsorbed molecule,
not including the surrounding species. The adsorption energy of the initial
species (double bond) is =101 kcal/mol which is higher than of the final spe-
cies (single bond + hydrogen) by ca. 50 kcal/mol. More accurate calculation
gave results of —109 and —100 kcal/mol, respectively. Therefore, the hydro-
genated products should have a relatively higher concentration in the solution.
(These values should be considered limits of the real energies, as they still do
not include all interactions which might weaken adsorption.)
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Figure 19. Elongation of the C—C bond in the 13 as the result of hy-
drogenation.

5.4. Summary

We have studied the adsorption isotherms of several lignin model mole-
cules on the Pd/C catalyst. The results are in accordance with previous obser-
vations of the flowthrough system. The dimeric model compound, illustrating
the native B-O-4' bond, possesses the highest adsorption equilibrium constant
(7.0 x 10® L-mol™"). The monolignols that are also formed during organosolv
pulping in the absence of catalyst demonstrate slightly lower but still
significant values (6.6 x 10® and 1.5 x 10° L-mol™"). The products of hydro-
genation show smaller affinity toward the catalyst surface (0.3-3.4 x 10°
L-mol™). The maximum surface-coverage values correlate with the free en-
ergy of adsorption, which might mean that characteristic catalyst surface per
adsorbed molecule.

Further computational studies revealed the mechanism of transformation
of the adsorbed lignin species. For the B-O-4’ model molecule 18, cleavage of
the C-O bond was observed, and in case of monolignol with allyl moiety 13,
hydrogenation of the double bond. Both reactions led to the fragments which
correspond to those obtained in the experiment.
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6. Concluding remarks

The thesis describes research dedicated to valorization of various types of
woody biomass; bark and heartwood of oak (Quercus suber) and birch (Betula
pendula). Through these examples, we have demonstrated new approaches for
processing of two components of the biomass: suberin polyester and lignin
polyether.

In the case of bark, conventional lignin-first approach was not efficient as
the suberin was not depolymerized and instead we ran the lignin-first under
slightly basic conditions (NaOH). First, we applied a Pd-catalyzed process to
Quercus suber bark. Suberin and lignin were depolymerized, and the product
mixture consisted of monomers from both lignin and suberin as well as oligo-
mers of both. By applying a three-step deoxygenative process, we could val-
orize both suberin and lignin into hydrocarbon bio-oil (42% of bark weight,
64% of total bark carbon), and obtain 4-ethylguaiacol (1) (2.6% bark weight,
90% purity) as the product of partial reductive depolymerization of lignin. The
bio-oil have been extensively studied with GC-MS, 2D GC, and Simulated
distillation techniques. It was shown to contain C¢—C,7 hydrocarbons and has
average molecular formula Ci4.9H25.400.00-0.0s, Which leads to the estimated
heat of combustion 46-49 MJ-kg.

To overcome the drawbacks of the procedure with Pd catalysis such as pulp
contamination with salt and metal, we developed a different method which
implements a recyclable, salt and metal-free solvent system of MeOH-H,0O-
EtsN. Triethylamine plays the role of a basic catalyst for hydrolysis of ester
bonds in the bark tissue. For hydrodeoxygenation, we treated the solubilized
lignin and suberin with hydrogen gas in the presence of Pt catalyst. As the
product, a fuel within the gasoline—aviation— diesel range was obtained with a
40% yield from the initial bark mass. At the industrial scale, the procedure is
expected to become affordable, requiring only 23 MJ of energy to yield 1 kg
of diesel product.

In the case of Betula pendula wood, we have developed a procedure for
biomass fractionation under continuous flow conditions. The method affords
metal-free cellulose pulp of high quality (87% enzymatically produced glu-
cose Yyield) and lignin-derived aromatic monomers (39% NMR yield, 83% of
theoretical maximum). The system implements internal hydrogen donors
(hemicellulose, solvent) to accomplish the process of trapping the lignin in-
termediates. Both pulping of biomass and the reductive trapping of intermedi-
ates were for the first time accomplished separately in space and time within
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one flow-through system. It was found that under the employed pulping con-
ditions lignin is partially reductively cleaved into monolignols even in the ab-
sence of metal catalyst. These unstable allylic alcohols are trapped by the Pd/C
catalyst which hydrogenates their double bonds and thus stabilizes them. The
Pd/C is also responsible for depolymerization of oligomeric fragments of lig-
nin, presumably by cleaving less available ether linkages. The yield of lignin
monomers is 21% without catalyst and 39% with the catalyst (the latter corre-
sponds to 83% of theoretical maximum estimated from $-O-4’ bond content).
The yield of enzymatically produced glucose is 87% of the cellulose content
in the biomass.

The data obtained in the flow system were complemented with a study of
adsorption isotherms of several lignin model molecules on the Pd/C catalyst.
The results allowed to explain the difference in rates of processes of lignin
solvolysis and consequent hydrogenolysis of the intermediates; the affinity of
dimeric B-O-4> model and monolignols toward Pd/C surface is higher than
that of saturated products. Further computational studies revealed the mecha-
nism of transformation of the adsorbed lignin species. For the f-O-4" model
molecule 18, cleavage of the C-O bond was observed, and in case of mono-
lignol with allyl moiety 13, hydrogenation of the double bond. Both reactions
led to the fragments which correspond to those obtained in the experiment.
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8. Appendix

This section contains a more detailed description of 2D GC and Simulated
distillation techniques.

6.2. Simulated distillation

Physical distillation of bulk samples is widely used to determine the boil-
ing point ranges. Simulated distillation, first introduced in 1960,% is a gas
chromatography technique which is an alternative to the physical distillation.
The procedure requires only a microlitre sample and is rapid, reproducible,
and easily automated, and is widely used to analyze hydrocarbon mixtures.

Simulated distillation algorithm implements the property of hydrocarbons
to be eluted from a nonpolar column in boiling point order. The column tem-
perature is tuned so that all sample is eluted. The retention times of the mixture
components are correlated to temperature by running a standard mixture in the
same conditions. The standard typically consists of a range of linear alkanes
with known boiling points. Using the GC data, it is possible to build the dis-
tillation curve, i.e. to calculate the percentage recovered at any temperature.®’

6.1. Two-dimensional gas chromatography (2D GC)

A 2D GC experiment implements combination of two chromatographic
columns with different stationary phases. The output of the first column is a
sample stream for the second one. The samples a taken regularly throughout
the process and thus a secondary chromatogram is generated for each point of
the primary chromatogram. All substances containing in the initial mixture
pass through both columns. Each substance is characterized by two retention
times, which are determined by the interaction of the substance with two in-
dependent stationary phases. The resulting plot is therefore a 2D chromato-
gram.®® 2D GC is able to separate isomers of hydrocarbons. By running a sam-
ple and comparing the sample to a library of known standards, very detailed
information of a sample is obtained. This methodology is used in the petro-
leum industry.
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