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Abstract

Despite the high potential of lignin as a source of renewable aromatics, it is mainly treated
as a low value product due to its recalcitrant character. The goal of this PhD study was to
degrade lignin to fuels and higher value chemicals. To this end, lignin was dispersed in a
solvent and treated at elevated temperature in the presence of a catalyst and under hydrogen
pressure. Mainly conversion of lignosulfonate, as one of the major types of commercial lignin,
was investigated. Lignosulfonate was provided by its world leading supplier, Borregaard A/S.

The role of solvent in degradation of lignosulfonate was evaluated in ethylene glycol and
ethanol media at 250 °C using Ni based catalysts and 50 bar hydrogen. A similar yield of
liquefied products was obtained by catalytic conversion in ethanol and ethylene glycol, being
31 and 32 wt%, respectively. It was observed that the solvent clearly affects the products of the
degradation. The oil fractions from depolymerization in ethanol had lower molecular weight
compared to the oil products obtained in ethylene glycol medium, indicating higher degree of
degradation of liquefied products in ethanol. On the other hand, ethylene glycol showed
superior activity in inhibiting condensation reactions and char formation; 16 and 46 wt% THF
soluble and THF insoluble fractions were obtained from catalytic conversion of H-LS in
ethanol, while those numbers from conversion in ethylene glycol medium were 45 and 23 wt%,
respectively. Formation of char was only observed in ethanol medium. No effect was observed
by changing the support material, which indicates that only Ni sites are active in hydrogenolysis
of lignosulfonate. The presence of NiS in the spent catalyst was confirmed by X-ray
crystallography and ion coupled plasma (ICP). It was suggested that Ni/NiS sites may catalyze
the reaction via a sulfur removal cycle.

Lignosulfonate was further subjected to a reductive catalytic degradation over an alumina
supported NiMo catalyst (provided by Haldor Topsge A/S) in ethanol medium at 310 °C. A
high oil yield and low char yield of 88 and 15 wt% were obtained, respectively, with catalyst:
lignin: solvent ratio of 2 g: 10 g: 100 ml. The role of ethanol was prominent for the stabilization
of reactive intermediates, which was catalyzed in the presence of NiMo. Simultaneous
deoxygenation and desulfurization reactions took place in the presence of catalyst. The oxygen
and sulfur content in the oil fraction obtained after 4 hours reaction time were 11.2 and 0.1
wt%, indicating considerable deoxygenation and desulfurization compared to the
lignosulfonate feed (O: 30.8 wt%, S: 3.1 wt%), suggesting that this oil fraction can be used as
a fuel additive or further be upgraded. It was noticeable that despite the high yields of degraded
compounds in the presence of catalyst, the liquefied fractions were mainly within the range of
dimers and oligomers. The reusability of the catalyst without any pretreatment was confirmed
for at least two times.

In a further series of experiments, direct conversion of beech wood was targeted over a
sulfided NiMo/Al,O3 catalyst (provided by Haldor Topsge A/S) in ethanol medium at 300 °C.
Biomass was converted into monomers and dimers, derived from lignin, and light
hydrocarbons, originating from cellulose and hemicellulose. The main identified monomers
were 4-propyl guaiacol (PG) and 4-propyl syringol (PS) with total monomer yield of 18.1 wt%
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based on the Klason lignin content in beech wood. Studies of the influence of reaction
temperature indicated that at 200 °C, the process targets only the lignin with a monomer yield
of 12.1 wt% based on the Klason lignin content, while the holocellulose is conserved. The
highest monomer yield of 20.0 wt% based on the Klason lignin content was obtained at 260
°C, indicating that the optimum temperature required for degradation of lignin fractions to
monomers is within 200-260 °C. The direct conversion of biomass with high yield of lignin
monomers showed promise compared to a two-step procedure involving isolation of lignin by
the organosolv method and subsequent conversion of organosolv lignin. Here, a monomer yield
of only 4.3 wt% was detected from conversion of organosolv lignin at 300 °C. Moreover, the
oil from direct biomass conversion possessed a lower molecular weight compared to the oil
from conversion of organosolv lignin.



Resumé

Pa trods af lignins store potentiale som kilde til baeredygtigt producerede aromatiske
kemikalier betragtes lignin stadig som et produkt af lav veerdi. Dette er pa grund af lignins
modstandsdygtighed over for nedbrydning til de aromatiske byggesten. Malet for dette PhD-
projekt var at nedbryde lignin til brendstofkemikalier og kemikalier af hgjere verdi. For at
opna dette mal blev lignin dispergeret i et solvent og udsat for forhgjede temperaturer under et
forhgjet tryk af brint. Der blev fokuseret pa omdannelsen af lignosulfonat (LS), som en af de
primeaere kommercielle lignintyper. Lignosulfonaten kommer fra Borregaard A/S, som er den
ledende globale leverander af lignosulfonat.

Solventets rolle i nedbrydningen af lignosulfonat blev undersggt i ethylenglykol (EG) eller
ethanol (EtOH) ved 250 °C med brug af en Ni-baserede katalysatorer og 50 bars brinttryk.
Udbytterne af veeskeformige lignin-derivater var meget ens i ethanol og ethylenglykol, nemlig
31 hhv. 32 vegt%. Det observeredes at solventet har en markbar effekt pa
nedbrydningsprodukterne. Oliefraktionerne fra depolymerisering i EtOH havde en laverer
molvagt end olieprodukter dannet i EG mediet, hvilket indikerer en starre grad af nedbrydning
af de vaeskeformige produkter i EtOH. Pa den anden side viser EG sig bedre til at inhibere
kondensationsreaktioner og kuldannelse. De THF-oplgselige og THF-uoplgselige
produktandele var 16 hhv. 46 veegt% efter nedbrydning af H-LS i ethanol. Til sammenligning
var verdierne fra omdannelse i ethylenglykol 45 hhv. 23 vaegt%. Dannelsen af kul blev kun
observeret med ethanol som solvent. Der blev ikke observeret nogen effekt af at sndre
berermaterialet for Ni katalysatoren, hvilket indikerer at kun Ni spiller en rolle i
hydrogenolysen af lignosulfonat. Tilstedeveerelsen af NiS i den brugte katalysator bekreeftedes
af rgntgenkrystallografi og ion coupled plasma (ICP) spektroskopi. Det foreslas at Ni/NiS
katalyserer nedbrydningsreaktionen via en cyklus hvor svovlfjernelse spiller en rolle.

Derudover blev lignosulfonat underkastet en reduktiv katalytisk nedbrydning over en
alumina-baren NiMo katalysator (leveret af Haldor Topsge A/S) i ethanolsolvent ved 310 °C.
Der blev opnaet et hgijt olieudbytte og et lavt kuludbytte pa 88 hhv. 15 vegt% med et
katalysator:lingnin:solvent forhold pa 2 g:10 g:100 mL. Ethanol spillede en vasentlig rolle i
stabiliseringen af de reaktive intermediaere, og disse stabliserende reaktioner med ethanol synes
ogsa at veere karalyseret af NiMo katalysatoren. Samtidig forlab der deoxygenerings- og
afsvovlingsreaktioner under tilstedeveerelse af katalysatoren. Indholdet af ilt og svovl i
oliefraktionen opnaet efter 4 timers reaktionstid var 11.2 hhv. 0.1 veegt%, hvilket indikerer
betragtelig afiltning og afsvovling sammenlignet med den oprindelige lignosulfonat (O: 30.8
vaegt%, S: 3.1 vaegtd). Dette tyder pa, at oliefraktionen kan anvendes som braendstof-additiv
eller opgraderes yderligere til hgjkvalitets breendstof. Det var tydeligt, at pa trods af de hgje
udbytter af nedbrudte specier, sa bestod de veaskeformige fraktioner fortrinsvis af specier i
dimer- og oligomer-starrelse. Muligheden for at genbruge katalysatoren uden forbehandling
blev bekreeftet med mindst 2 gentagelser.

En yderligere forsggsserie undersggte den direkte omdannelse af birketree over en
sulfideret NiMo/Al2Os katalysator (leveret af Haldor Topsge A/S) i ethanolsolvent ved 300 °C.



Resumé

Det observeredes at biomassens lignin blev omdannet til monomerer og dimerer, og derudover
dannedes lette kulbrinter fra cellulosen og hemicellulosen. De primere identificerede
monomerer var 4-Propyl guaiacol (PG) og 4-Propyl syringol (PS) med et samlet monomer-
udbytte pa 18.1 vaegt% baseret op Klason ligninindholdet i birketraeet. Undersggelser af
reaktionstemperaturens indflydelse indikerede at ved 200 °C omdannes kun ligninen og
reaktionen gav et monomerudbytte pa 12.1 vaegt% baseret pa Klason ligninindholdet,
hvorimod cellulosefraktionerne er bevare. Det hgjeste monomerudbytte pa 20.0 vaegt% baseret
pa Klason ligninindholdet blev opnaet ved 260 °C, hvilket indikerer at den optimale temperatur
for nedbrydning af biomassens lignindel til monomerer er i temperaturomradet 200 -260 °C.
Den direkte omdannelse af biomasse med et hgjt udbytte af lignin-monomerer er en lovende
rute sammenlignet med 2-trins processer hvor ligninen farst isoleres med organosolv-metoden
og hvor organosolv-ligninen efterfglgende omdannes. Med denne metode blev der kun
observeret et monomerudbytte pa 4.3 vaegt% ved 300 °C. Derudover havde olieproduktet fra
den direkte biomasseomdannelse en lavere molekyleveegt end olien fra omdannelse af
organosolv lignin.
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1. Introduction

The growth of the global population and depletion of the fossil-based fuels, beside the
environmental effects of the greenhouse gasses, drives interest towards sustainable and carbon-
neutral resources for energy supply [1]. Conversion of biomass is one of the main approaches
for development of the renewable and non-fossil based fuels and chemicals [2]. The potential
resources of biomass should not affect the food crops of the human and animals and also must
not result in environmental degradation [3]. Agricultural waste products, sugar cane bagasse,
wheat straw and rice stalk are some of the non-edible suitable biomass resources for the
conversion to fuels and chemicals [3].

Lignocellulose constitutes the major part of biomass [4]. The cell walls of the
lignocellulose is composed of carbohydrate polymers (cellulose and hemicellulose) and
aromatic polymer (lignin) (see Figure 1) [3]. The content of the three constituents in the
biomass vary depending on the source and the age of the plant. However, a typical distribution
35-50% cellulose, 20-35% hemicellulose, and 10-25% lignin is found in many plant species
[5]. Cellulose and hemicellulose are conventionally used in pulp and paper industry. Moreover,
new applications such as production of bio-fuel and chemicals from holocellulose are recently
developed [6], [7]. Despite the high potential of lignin as a source of aromatic chemicals, it is
mainly isolated from cellulose and hemicellulose as a low value by-product in paper industry
and bio-ethanol production (regarded as ‘technical lignin’) and is mostly burned for the energy
supply [8], [9]. In such treatments, the main focus is on extraction of high quality cellulose and
hemicellulose, while lignin is significantly transformed during pretreatment [10]; some of the
facile bonds in lignin structure such as C-O bonds are cleaved while more stable C-C bonds

are formed [9], [11].
} Cellulose[

- Lignin
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Figure 1 The main constituents of lignocellulosic biomass [6]
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The current commercial applications of lignin are mainly limited to binder, dispersant or
composite [12], owing to the presence of functional groups such as phenolic hydroxyl and
carboxylic acids and possessing colloidal properties [13]. Vanillin is one of the commercial
products from lignin; about 15% of the world vanillin supply is produced from oxidation of
lignin [14]. Borregaard is the main producer of vanillin from lignosulfonate (a type of technical
lignin produced from sulfite pulping) [15]. There are variety of chemicals and fuels that can be
obtained from lignin through various conversion processes, which require an intensive research
and the development effort in order to make them economically viable. Table 1 lists the most
important chemicals which have high potential to be produced from lignin in near future and
presents the current technology, production complexity and their market value [16].

Table 1: Chemicals and fuels from lignin with good industrialization potential [16].

Lignin derived product Current technology Production Market
status complexity volume
BTX" and higher alkylates Medium Medium No data
Cyclohexane and styrene Low Medium-high High
Ethanol and mixed alcohols  Low High High
Phenol Medium Medium High
Aromatic and aliphatic acids Low High High
Formaldehyde-free binders Medium-high Medium-high High
Vanillic acid Medium Medium No data
Mixed liquid fuels Medium Medium High
Polymers and composites Low-medium Medium No data
Carbon fiber Low-medium Medium-high High

* BTX: Benzene, toluene and xylene

Conversion of technical lignin to higher value chemicals and fuels is possible via methods
such as oxidation, gasification, pyrolysis and solvolysis [17], [18]. Oxidation of lignin results
in formation of products with higher oxygen content, which is not favorable if production of
fuel is of interest. Gasification of lignin to syngas and further synthesis of chemicals such as
methanol or Fischer-Tropsch fuels are energy intensive [19]. The thermochemical conversion
methods are well illustrated in Figure 2 [20]. Lignin decomposes over a broad temperature
range due to the various oxygen- and carbon-carbon functional groups in its structure with
different thermal stabilities [21]. The decomposition of lignin initiates at relatively low
temperatures, i.e., 150-275 °C by dehydration of hydroxyl groups followed by cleavage of a-
and B- aryl ether linkages at 150 to 300 °C [22]. Cleavage of the aliphatic side chain from
aromatic ring occurs around 300 °C while C-C linkages between lignin structural units break
at higher temperatures around 370-400 °C. Pyrolysis and catalytic cracking (catalytic
pyrolysis) require high temperatures [23]. Moreover, the pyrolysis suffers from extensive gas
formation and production of unstable acidic liquid products [23]. The liquefaction methods in
the presence of solvent are favorable as the operational temperatures are relatively moderate
[24] and the liquid products are more stable compared to the pyrolysis liquid products, due to
their lower acidity [25]. Water and organic solvents (the process is attributed as solvolysis) are
among those vastly investigated [26]-[39]. If the solvolysis is assisted with the presence of a
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catalyst in a reductive medium (hydroconversion), the process results in selective degradation
of lignin and formation of stable monomers [20] which shows promises for monomer
production among other methods.

Pressure (MPa) A

20

Hydrothermal processing

8™ H,, catalyst
Chemicals
5 = (Phenolic
compounds or
BTX)
4
2 = Solvolysis Catalytic cracking
org. solvent
0.5 =
no catalyst, no solvent
0 | 1 | | | >
300 400 500 600 700  Temperature (°C)

Figure 2 Thermochemical conversion approaches to obtain high value added fuels and chemicals from
lignin [20].

Besides the abovementioned methods for conversion of technical lignin, an approach
recently gained interest is direct conversion of biomass and degradation of lignin in the
presence of a solvent, while the cellulose and hemicellulose remain nearly untouched [10],
[19], [40], [41]. This method is attributed as early-stage catalytic conversion of lignin (ECCL)
or lignin-first biorefining process. The holocellulose produced by this method is suitable for
further utilization with conventional methods such as fermentation and enzymatic hydrolysis
[42], [43].

1.1.  Outline of the thesis

The focus of this Ph.D study is on reductive conversion of lignin in a solvent assisted with
a heterogeneous catalyst. Catalytic conversion of lignin and biomass in different solvents and
in the presence of a wide range of catalysts were reviewed. Based on the literature study and
initial experiments, a depolymerization method was developed. Amongst different types of
technical lignin, conversion of lignosulfonate was studied, which is rarely discussed in the
literature. Effect of solvent (ethanol and ethylene glycol) and the role of catalysts (supported
Ni and NiMo) were studied in detail and reaction mechanisms based on the results were
proposed. Besides conversion of lignin, one-pot direct conversion of biomass without any
pretreatment was studied, using the method developed for conversion of lignin. The conversion
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of biomass was investigated with the lignin first biorefining vision, and was extended to
conversion of all biomass constituents including lignin, cellulose and hemicellulose. The
outlines of this thesis are summarized as follows:

Chapter 2: The structure of lignin and the available technical lignins are presented and the
recent publications regarding depolymerization of lignin and biomass in the presence of
different solvents and catalysts are discussed.

Chapter 3: A detailed description of the experiments, setup and the workup procedure applied
are elaborated. Moreover, the description of the analytical techniques and evaluation of the
liquid, solid and gaseous products are provided.

Chapter 4: Conversion of lignosulfonate in the absence and presence of Ni based catalysts in
ethanol and ethylene glycol solvents was investigated, and based on the results the role of
solvent on inhibiting condensation reactions was elaborated.

Chapter 5: Conversion of lignosulfonate in the presence of hydrotreating NiMo/Al>O3 catalyst
in ethanol was studied and the necessity of pre-sulfidation of catalyst was investigated. A
parameter study was conducted evaluating the effect of reaction temperature, reaction time and
catalyst loading.

Chapter 6: Conversion of beech wood in the presence of hydrotreating NiMo/Al>Oz catalyst
in ethanol was studied and the effect of reaction temperature on the degradation of lignin,
cellulose and hemicellulose was evaluated. Additionally, one-pot conversion of biomass was
compared with the two-step extraction of organosolv lignin and its successive conversion, with
the main focus being on lignin degradation.

Chapter 7: The concluding remarks and the future outlook are presented.

Appendices: The supplementary information for chapters 4-6 are presented.
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2. Literature review on catalytic conversion of lignin and biomass

In this chapter, a detailed description of lignin and different types of technical lignin is
given. Moreover, this chapter deals with the literature regarding catalytic solvolysis of lignin
and biomass to fuels and fine chemicals.

2.1. Lignin: Structure and types of technical lignin

Lignin is one of the main constituents of lignocellulosic biomass. The composition,
molecular weight and quantity of lignin in different plant sources vary significantly. Softwoods
has relatively high lignin content (27-33%) whereas hardwoods and grasses have lower lignin
content (18-25% and 17-24%, respectively) [16], [44]. Lignin is constituted of random
polymerization of three phenol derivatives called monolignols: p-coumaryl alcohol (M1H),
coniferyl alcohol (M1G) and sinapyl alcohol (M1S) [44]. Each monolignol produces p-
hydroxyphenyl, guaiacyl, and syringyl residues in the polymer shown in Figure 3.
Heterogeneity of lignin structure is a result of different concentration of monolignol residues
which differs with the plant source [21]. In softwood, G structure is the dominant structure,
while in the hardwood both G and S groups are present [3], [21], [45]. Monolignols are
connected via C-C and C-O bonds. The structure of lignin and the main bonds are depicted in
Figure 4 [46]. The most abundant bond in lignin is B-O-4, with 45-50 % in softwood and more
than 60 % in hardwood [47], which is a carbon-oxygen bond between a p-hydroxy moiety and
the B-end of a propenyl group [44]. a-O-4 and 4-O-5 linkages with 4-9 % and 6-7 % content
are the other important ether linkages in the structure of lignin [47].

p-coumaryl alcohol (M1H) coniferyl alcohol (M1G) sinapyl alcohol (M18)
‘-\
> Monolignols
; y
t i t 3
kl/ M /M],/L Aromatic residues
HO MeQ OMe > in polymer

OH OH OH

p-hydroxyphenyl (H) guaiacyl (G) syringyl (S8) )

Figure 3 Monolignol monomers and aromatic residues in the polymer [44].
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One of the main challenges in the exploiting lignin is its unclearly defined structure [22].
Besides, there are many different pretreatment methods based for extraction and isolation of
lignin from biomass. In different wood treatment conditions, native lignin is treated under
relatively severe conditions, resulting in cleavage of more facile bonds such as C-O ether bonds
[48] and formation of new bonds, mostly stable C-C bonds [3], [11]. As a result, the physical
and chemical properties of technical lignin is different than native lignin. Kraft lignin, lignin
sulfonate (lignosulfonate), organosolv lignin and soda lignin are some of the main types of
technical lignin, which are described in section 2.1.1 to 2.1.5. There are other types of technical
lignins for instance hydrolysis lignin, explosion lignin and ionic liquid lignin, which are not
elaborated upon in this chapter, as they are less conventional compared to the other types.

2.1.1. Kraft Lignin

The kraft or sulfate process is the main pulping process with the lignin production being
around 85% of the total lignin production [11], [49]. In kraft processing, wood is treated with
a Na>S/NaOH solution in the temperature ranges of 155-175 °C for a few hours through which
the lignin-carbohydrate linkages are cleaved and thiol groups are formed [2]-[4], [50]. During
kraft pulping, lignin is degraded mostly by the cleavage of f and a aryl ether bonds, whereas
the 5-5 linkages are highly resistant over the treatment [47]. The condensation reactions may
occur during kraft pulping, results in the formation of stable bonds such as C-C linkages, which
are more frequent in the kraft lignin than the original lignin [11], [51]. By reaction of
hydrosulfide ion with a-carbon and further nucleophilic attacks of hydrosulfide to f-carbon an
episulphide structured compound is formed (Figure 5) [49]. Kraft lignin is retrieved by
precipitation and neutralization of black liquor with acidic solution through self-aggregation of
lignin [45].

CH,OH
CH,OH CH,OH HC
| 7y s
HC—O L HC=-0O L He
- B
CQ_{H HC—SH
( eO — MeO L + HO L
MeO
L OMe OMe OMe
CO o} o

Figure 5 Cleavage of B-O-4 linkage in the kraft pulping process [49]

The molecular weight of kraft lignin is within 2500 to 39000 g/mol and its sulfur content
is around 1.5-3 wt% [45]. Kraft pulp mills are basically developed based on the combustion of
black liquor for the production of electricity and process steam of the mills and only a small
portion (around 2%) is devoted to applications such as dispersant, emulsifier, ion exchange
resins and production of chemicals such as DMSO and aliphatic acids [11], [45], [52]. It is
argued that due to efficiency improvement of kraft pulp mills, the mills may produce an excess
amount of energy relative to their consumption, which represents the necessity of valorization
of lignin for economic viability of pulping industries [45]. MeadWestvaco and Metso
Corporation are the main producers of kraft lignin [36], [45], [49].
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2.1.2. Sulfonate lignin (Lignosulfonate)

Lignin sulfonate or lignosulfonate is produced as a by-product of the sulfite pulping
process with annual production of about 1 million ton as dry mass [13]. About 80 years ago,
sulfite pulping was the dominant industrial method for the production of lignin [45]. Sulfite
process takes place by digestion of wood at 120-180 °C in the aqueous solution of sulfite or
bisulfite salt of sodium, ammonium, magnesium or calcium [11]. In the sulfite process The side
chain of the phenyl propane unites are hydrolytically cleaved, sulfonated, and dissolved as
lignin sulfonate [11]. This lignin has both hydrophobic and hydrophilic features [53]. The main
reaction of lignosulfonate formation in sulfite pulping process is illustrated in Figure 6 [45]
and the main sulfite pulping conditions are presented in Table 1 [44].

(|3H20H CH,OH CH,OH
— ® — __

HC RQ +H—ROH HC RQ +H5036] HC R2
| ML | LA

HC—OR HC @ HC—SO5H

P OCH3 -7 OCH3 - OCH3
OR; OR; OR;
R = H, alkyl, aryl

R4 = H, neighbouring lignin unit
R, = neighbouring lignin unit

Figure 6 Main reaction scheme for lignosulfonate formation during acid sulfite pulping [45], [54].

Lignosulfonate generally contains 4-8 wt% sulfur mainly in the form of sulfonate groups
present on the aliphatic side chain (the degree of sulfonation is about 0.4 to 0.5 per
phenylpropanoid unit) which makes it water soluble [45]. Molecular distribution of
lignosulfonate is very wide [55] and it has a higher average molecular weight (1000 to 150,000)
compared to kraft lignin with a broad polydispersity index * around 6-8 [45], [49].
Lignosulfonate has applications such as suspension stabilizer of concrete mixture, stabilizer of
immiscible liquids such as asphalt emulsion, animal food binder, adhesive and moisture
retaining agents [2], [4], [13], [44]. Vanillin, which is produced by oxidation of lignin over
cupper based catalysts, is a high value product from lignosulfonate [14], [56].

! The Polydispersity Index (PDI) is a measure of the distribution of molecular mass in a polymer. PDI is
defined as:
PDI = Mw/Mn

Where My, is the weight average molecular weight and M, is the number average molecular weight.
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Table 1 Sulfite pulping conditions [44]

Process Reactive agents  pH Temperature [°C]
Acid sulfite SO2/HSOz 1-2 125-145

Bisulfite HSOs 3-5 150-175

Neutral sulfite HSO3/S0Oz* 6-7 150-175

Alkaline

sulfite/anthraquinine NazSOs 9-13 50-175

Even though production of lignin by sulfite process is overtaken by kraft pulping process,
there are some stable industrial plants producing 8% of the total lignin production through
sulfite process; Borregaard LignoTech is the leading producer of lignosulfonate, producing
more than 500,000 metric tons (dry basis) [45]. In the Borregaard process Ca(HSOs3), is mainly
used as the pulping solution [57]. Their lignin products are fermented, double fermented,
ultrafiltered and oxidized based on calcium, sodium or ammonium as the counter ion [45]. The
degree of sulfonation in lignosulfonate produced by Borregaard varies from 0.17 to 0.65
sulfonate groups per phenyl propane unit [45]. The second largest producer of lignosulfonate
is Tembec with products mainly in sodium, ammonium and magnesium lignosulfonate forms
[45]. Although the company produces lignosulfonate of high value, a considerable portion of
the products are dedicated for the energy supply, depending on the energy cost and market
condition [45]. La Rochette Venizel, Nippon Paper, Cartiere Burgo and Domsjo are the other
manufacturers of lignosulfonate [45].

2.1.3. Soda lignin

Soda pulping has been mainly developed for non-wood fibers and annual crops such as
flax, bagasse and wheat straw [45]. The first commercial production of soda pulping achieved
in 1851, making it the first industrial pulping method. Nowadays, about 5% of the total pulp
production is produced by soda pulping [11]. The soda pulping is similar to kraft pulping to
some extent, which includes cleavage of  and a aryl ether bonds, while it uses a sulfur free
cooking liquor. The pulping process involves heating the fibrous biomass in a pressurized
reactor to 150-170 °C in the presence of alkali solution, mostly sodium hydroxide with pH of
11-13 [22], [45]. Cleavage of a B-O-4 linkage is depicted in Figure 7. Under the alkaline
condition, an ether bonds is cleaved via involvement of the hydroxyl groups in the a or y
carbons, resulting in the formation of epoxide compound which is further converted to glycol
[45]. Similar to kraft process, recovery of soda lignin occurs through acid precipitation.
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Figure 7 Main reactions in the formation of soda lignin [45], [58].

Soda lignin is sulfur free, water-insoluble and contains low ash and sugar content [45].
The structure is considered to be closer to the structure of lignin in nature, compared to kraft
and sulfite lignin [13]. The average molecular weight of the soda lignin ranges from 6,900 to
8,500 and its polydispersity is about 3 [45]. The main applications of soda lignin are as
dispersants, animal food additive and production of phenolic resins [13]. GreenValue SA with
the production capacity about 10 000 ton per year is the main producer of soda lignin which
exploits non-wood biomass sources [45]. Northway Lignin Chemical is the other producer of
soda lignin.

2.1.4. Organosolv lignin

Organosolv lignin is produced by treatment of biomass with a mixture of organic solvent
and water at 150-200 °C followed by acidic precipitation [11]. Sulfur free structure, high
chemical purity and low molecular weight are the distinctive features of organosolv lignin
which makes it a very good candidate for valorization [11], [53]. Lignin is released through
hydrolytic cleavage of aryl ether linkages. Methanol, ethanol, butanol, phenol, ethylene glycol,
acetic acid, acetone and formic acid are some of the main organic solvents for the extraction of
lignin [13], [52]. Applying solvents with higher boiling points lowers process pressure,
however, further solvent recovery by distillation might be a challenging task [11]. Alcell,
Acetosolv, Organocell and ASAM are some of the commercial processes for production of
organosolv lignin [11], [59]. Organocell pulping process, which is an alkali-catalyzed process,
is basically developed for delignification of softwood biomass; first, wood chips are
impregnated with 50% methanol solution at 170-190 °C and further the partially delignified
chips are exposed to 35% methanol solution containing sodium hydroxide at 170 °C [11]. In
Alcell process, 50% ethanol solution is applied as solvent for delignification of hardwood
biomass in a series of extractors at 190 “C and 28 bar [11], [36]. Alcell lignin is highly soluble
in acetone, THF and ethyl acetate [11].

2.1.5. Comparison of different technical lignins
General features of each lignin are presented in Table 2. High abundance of kraft lignin
and lignosulfonate, besides their lower price compared to the other types of lignin, make them
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very interesting raw materials for conversion to high-value chemicals and fuels. Water
solubility of lignosulfonate facilitates its conversion in hydrothermal and solvothermal
conditions. However, it should be noted that the presence of sulfur in the structure of kraft
lignin and lignosulfonate is one of the main challenges in conversion of these types of lignin
in the presence of a heterogeneous catalyst [11]. Organosolv lignin and soda lignin are sulfur
free and have relatively lower molecular weight and represent the most similar structure to the
native lignin [53]. However, the cost of solvent recovery [52] and the lack of access to biomass
in all seasons are the drawbacks of each lignin type, respectively. In the next section,
solvolytical depolymerization of different types of technical lignin is reviewed.

Table 2 General features of different lignin types [4], [17].

Lignin Sulfur Water Mw [g/mol] Advantages
[wt%o] solubility
Kraft lignin 1-3 insoluble 2500-39000  The most abundant lignin, low price
Lignosulfonate 4-8 soluble 1000-150000 The second abundant lignin, low price
Soda lignin 0 insoluble 6900-8500 Sulfur free, low ash and sugar content

Highly pure, no ash, sulfur free, low

Organosolv lignin 0 insoluble 500-5000 .
molecular weight

2.2.  Solvothermal conversion of technical lignin

In this section solvothermal conversion of technical lignin and the relevant publications
are discussed. In a solvolysis process, the liquefaction is achieved in the presence of a solvent
such as water, methanol, ethanol, propanol, cyclohexane and co-solvents such as formic acid
and tetralin. The presence of a polar organic solvent improves depolymerization while may
prohibit repolymerization of monomers and dimers [60]. The cleavage of the lignin polymer is
usually facilitated in the presence of a catalyst. Transition metal catalysts and hydrotreating
catalysts such as NiMo and CoMo are extensively investigated for conversion of lignin [33]
and summarized in many review articles [47], [52], [61]-[63] and therefore, the solvolysis of
lignin over these catalysts are elaborated here.

2.2.1. Transition metal catalysts for conversion of lignin

Transition metal based catalysts are greatly used in petrochemical industry in the processes
such as methanation, steam reforming, methanol synthesis, Fischer Tropsch and hydrogenation
of olefins [64]. Due to the presence of unoccupied d orbital in their electron configuration, they
are able to have variable oxidation states which make them active for catalytic applications.
Among different transition metal catalysts, Ni based catalysts are industrially used for a wide
range of applications such as hydrogenation and steam reforming [65]. Concerning conversion
of lignin and the representative model compounds, nickel catalyst are tested by many research
groups [33], [51], [66]-[70]. Moreover, copper, molybdenum, platinum, palladium and
ruthenium based catalysts are being investigated for conversion of lignin [37], [71]-[76]. In
this section, some interesting findings such as the role of solvent and the degradation
mechanisms for solvolysis of lignin using transition metal catalysts are presented.
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Warner et al. [30] investigated solvolytic depolymerization of home-extracted organosolv
lignin in supercritical methanol using a range of porous metal oxides such as CuMgAIOx,
MnMgAIOyx and ZnMgAIOy at 310 °C with catalyst: lignin: methanol ratio of 100 mg: 100 mg:
3 ml. According to the results, the highest lignin conversion of 48 wt% was obtained over
C20MgAly catalyst after 1 hour reaction time, with 25 wt% yield of methanol-soluble products
[30]. In the absence of Cu, char formation was observed indicating that Cu prohibited
condensation reactions [30]. Their observation is aligned with those from the group of Hensen;
they studied conversion of soda lignin over Cu based catalysts supported on MgAIOy, in detail
[31], [77]-[79]. A higher monomer yield of 17 wt% was observed over CuMgAIOy catalyst
(Table 3, Entry 1) compared to PtMgAIOx catalyst (Table 3, Entry 3, monomer yield of 6 wt%)
and NiMgAIOx (Table 3, Entry 4, monomer yield of 4 wt%) in ethanol at 300 °C [31].
Moreover, the yield of THF soluble solid fraction was higher over Cu based catalyst.

Table 3 Results of the degradation of soda lignin at 300 °C and 4 hours (catalyst: lignin: solvent
ratio of 500 mg: 1000 mg: 20 ml), 10 bar N (loaded at RT) [31].

Entry  Catalyst Solvent Monomers THF soluble THF insoluble Char

[wt %] LR® [wt %] LR [wt %] [wt %]
1 CuMgAIOx  EtOH 17 73 18 0
2 CuMgAIOx  MeOH 6 57 39 1
3 PtMgAIOx EtOH 6 43 22 0
4 NiMgAIOy EtOH 4 51 11 17

@ LR: Lignin residue

Ethanol showed superior performance in prohibition of repolymerization reactions
compared to methanol as lower amount of THF insoluble products were observed from
depolymerization in ethanol (Table 3, Entry 1 & 2) [31]. According to Huang et al. [78] ethanol
acts as a capping agent, stabilizes the highly reactive phenolic intermediates by O-alkylation
of the hydroxyl groups and C-alkylating of the aromatic rings [78]. Formaldehyde can be
produced from methoxy groups and from y-carbon in alkyl side chains in lignin [78]. Reaction
of the in-situ produced formaldehyde with phenol produces phenolic oligomers and polymers
[78]. Ethanol reacts with formaldehyde and forms higher alcohol and esters over CuMgAIOx
catalyst via Guerbet reactions and esterification [78]. The role of ethanol in stabilization of
reactive fragments and inhibiting repolymerization reactions over CuMgAIOx catalysts is
shown in Figure 8.
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Figure 8 Repolymerization suppression in ethanol medium via alkylation, Guerbet reaction and
esterification over CuMgAIOy catalyst [78].

It was shown that Guerbet and esterification reactions were more important than alkylation
in suppressing char formation [77]. Huang et al. [77] investigated the role of support material
on the conversion of soda lignin in supercritical ethanol at 340 °C and 4 hours. Mainly Ca+
ethers were detected as products from reaction with ethanol over Cu/Al>Os (with the most
acidic features), indicating alkylation reactions were catalyzed by acid sites on the surface of
alumina. When CuxoMgAl (with (Cu+Mg)/Al ratio of 4.2, as the most basic catalyst) was used,
higher alcohol and higher esters were the main products indicating that Guerbet reactions and
esterifications were catalyzed on the basic catalyst. Char formation was only observed on
Cu20/Al203. On the other hand, no char was observed when Cu/MgO was used, which
highlighted the importance of end-capping reactive fractions such as formaldehyde on the basic
sites [77]. Huang et al. [79] observed higher yield of monomers when the partial pressure of
the in-situ produced hydrogen was increased. The monomer yield increased from 20 wt% at
340 °C in a 50 ml autoclave with 1 g lignin, 0.5 g Cu20MgAlx and 20 ml of ethanol to 30 wt%
in a 100 ml autoclave with the same amount of lignin and catalyst, while the solvent volume
was increased to 40 ml, which was attributed to the higher partial higher pressure of hydrogen
formed by ethanol reforming.

Organosolv lignin (500 mg) was reductively converted over Ni/Al-SBA-15 catalyst (150
mg) in methylcyclohexane solvent (15 ml) to cycloalkanes with a selectivity of 99% at 300 °C
and 8 hours [80]. The solvent used for degradation of lignin greatly affects the selectivity of
the compounds in the presence of Ni based catalysts [66]. Wang and Rinaldi [66] investigated
the role of solvent on degradation of diphenyl ether model compound and lignin in the presence
of Raney Ni catalyst. Four main group of solvents were evaluated: Protic solvents with Lewis
basicity (methanol, ethanol, 2-propanol, 1-butanol, 2-butanol and tert-butanol), protic solvents
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without Lewis basicity (Hex-F-2-PrOH), aprotic polar solvents (ethyl acetate, tetrahydrofuran
(THF), 2-methyltetrahydrofurane (2-Me-THF), and 1,4-dioxane) and aprotic nonpolar solvents
(methylcyclohexane (MCH), decaline and n-heptane). The conversion and the selectivity of the

reaction products are presented in Table 4.

Table 4 Conversion of diphenyl ether and the selectivity of the compounds 2-7. Reaction condition:
2.9 mmol diphenyl ether, 100 mg Raney Ni, 15 ml solvent, 90 °C, 50 bar H (loaded at RT), 2.5 hours

[66].
Solvent Conversion% 2 3 4 5 6 7
Methanol 12.4 13.7 0 25.7 32.3 16.8 115
Ethanol 33.0 11.8 0.3 10.7 26.7 33.6 16.9
2-Propanol 72.7 15.0 1.9 1.6 15.4 40.5 25.6
Hex-F-2-PrOH 100 0 673 O 0 16.6 16.1
1-Butanol 32.0 9.3 0.7 9.2 22.5 36.8 215
2-Butanol 55.1 15.4 0.8 10.3 18.0 32.1 23.4
t-Butanol 21.7 20.4 1.4 18.4 17.2 21.4 21.2
Ethyl acetate 47.0 21.0 1.8 8.1 15.7 30.1 23.3
THF 29.6 15.5 0 14.2 25.3 27.6 17.4
2-Me-THF 61.1 24.1 1.7 2.9 12.8 34.4 24.1
1,4-dioxane 17.8 24.5 0 24.1 22.0 13.3 16.1
n-Heptane 99.0 9.6 365 0 1.5 27.5 24.9
Decaline 99.6 6.3 414 0 0 26.6 25.7
MCH 100 0 554 0 0 22.8 21.8
P = . o - - o. .y ,J\ - /L
" R P e N P N P N
PRV GIOASIVIVIS

1 2

4

~
5

A reversed correlation was reported between the conversion of the diphenyl ether and
solvent Lewis basicity (shown in Figure 9) [66]. They suggest that solvents with higher Lewis
basicity adsorb on the Ni active sites and may inhibit hydrogenolysis and hydrogenation
activity of catalyst. Adsorption of alcohol solvents on the Ni sites inhibit activity of the catalyst,
however, the coverage of the catalyst with alkoxy groups decreases by increasing the size of
the alcohol chain, as evidenced by higher conversion in 1-butanol than methanol, despite
similar Lewis basicity [66]. Besides the effect of solvent on the conversion of diphenyl ether,
the product distribution was greatly affected by nature of the solvent [66]. While non-polar
solvents such as methyl cyclohexane favored formation of saturated products, protic solvents
and polar aprotic solvents favored formation of unsaturated compounds. Lewis basic solvents
such as methanol, 1,4-dioxane and THF resulted in lower rates of hydrogenation [66].
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Figure 9 Conversion of diphenyl ether vs. the Lewis basicity of the solvents (described by the donor
number DN) over Raney nickel catalyst. Reaction condition: 2.9 mmol diphenyl ether, 100 mg Raney
Ni, 15 ml solvent, 90 °C, 50 bar H; (loaded at RT), 2.5 hours [66].

Tetralin is known as a hydrogen donor solvent. Under thermal conditions, tetralin deforms
through the mobile carbon-hydrogen bonds to produce naphthalene and hydrogen radicals, as
illustrated in Figure 10 [81]. Conversion of organosolv lignin (20 g) in the presence of tetralin
(250 ml) under 10 bar H> pressure at temperature range of 370-410 °C and in the presence of
5 wt% nickel-tungsten catalyst (1 g) was investigated by Thring and Breau [82]. By increasing
the severity of the reaction (increasing time and the reaction temperature from 15 min and 370
°C to 60 min and 410 °C), the conversion of lignin increased from 5% to 50%, while residue
content considerably decreased [82]. Syringols and guaiacols were the predominant products
at lower temperature and lower reaction time, while demethoxylated compounds such as
phenol, catechol and their alkyl derivatives were predominant in reaction at 410 °C and 60 min,
indicating that demethoxylation occurred by increase of the reaction temperature and reaction
time [82].

H
H
H donor
H naphthalene hydrogen
tetralin

Figure 10 Hydrogen radical formation by tetralin degradation [81].
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Catalytic conversion of model compounds is investigated in order to understand the
reaction pathways. In a work from Lercher group, hydrothermal cleavage of aryl ethers,
representing B-O-4, a-O-4 and 4-O-5 linkages was investigated over Ni/SiO; catalyst in water
at 120 °C and 6 bar H> pressure [83]. The proposed reaction pathways are shown in Figure 11
[83]. They observed that cleavage of C-O-C in B-O-4 occurred at the position of aliphatic
carbon resulting in the formation of phenol and ethylbenzene (Figure 11, a). Phenol further
experienced hydrogenation and cyclohexanol was formed. Amongst the model compounds, a-
O-4 is very unstable [83]. High reaction rate of the resembling model compound (1017
mol.molnisurn2.h™) was reported in the presence of 0.03 g catalyst (one tenth of the catalyst
mass used for conversion of f-O-4), which was considerably higher than the reaction rate of -
0-4 (13 mol.molnieurn.h™?) [83]. Both bond dissociation energy (BDE) and activation energy
accounted for higher reaction rate of a-O-4. BDE of a-O-4 is 218 kJ/mol, which is lower than
BDE of B-O-4 (289 kJ/mol) while activation energy of a-O-4 is lower than B-O-4 (72 kJ/mol
vs. 86 kJ/mol). Similar to 3-O-4, bond cleavage took place through aliphatic C-O bond (Figure
11, b). Phenol and toluene were produced, however, by further hydrogenation of phenol,
cyclohexanol and cyclohexane were formed to some extent [83].

Rather different cleavage route was reported for 4-O-5 resembling compounds (Figure 11,
¢) [83]. Two major routes were reported: hydrogenolysis of diphenyl ether to cyclohexanol and
benzene, and hydrolysis of diphenyl ether to two molecules of phenol, which were further
hydrogenated to cyclohexanol. Hydrogenation of diphenyl ether to cyclohexyl phenyl ether
was the other pathway occurred to minor extent, with benzene and cyclohexane being the
ultimate products [83]. Though the BDE of 4-O-5 was higher than 3-O-4 (314 kJ/mol vs. 289
kJ/mol, the turn over frequency (TOF) of the former was higher than the later (26 h™ vs. 13 h-
1, attributed to distinctive cleavage of the bonds in 4-O-5: While C-O bond cleavage in B-O-4
and a-O-4 was through Ni catalyzed hydrogenolysis, C-O cleavage in 4-O-5 occurred via
parallel hydrolysis and hydrogenolysis [83].
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Figure 11 Reaction of B-O-4, a-O-4 and 4-O-5 model compounds over Ni/SiO- catalyst in water at 120

°C. Reaction condition: 0.01 mol model compound, 0.3 g catalyst (0.03 g for reaction of a-O-4 ) and 80
ml water, 6 bar H, pressure [83].

Support material influenced the degradation of lignin over Ni based catalysts. In another
work by Lercher et al. [68] degradation of organosolv lignin was investigated over 20-21 wt%
Ni supported on SiO> and zeolites (HBEA and HZSM-5) in a batch reactor using hexadecane
as solvent at 250 and 320 °C. The liquid phase was composed of Cs-C14 naphthenes and water.
According to the results (shown in Table 5), higher yields of hydrocarbons were obtained over
Ni/HBEA and Ni/HZSM-5 attributed to the presence of Bregnsted acid sites, catalyzing
dehydration of intermediately formed alcohols. The products in the oil phase from Ni/SiO>
catalyst test was composed of 20 wt% monocyclic alcohols (such as cyclohexanol and its alkyl
substituents) and 80 wt% monocyclic alkanes (such as cyclohexane and its alkyl derivatives).
The formation of cyclic alkanes was attributed to the dehydration of alcohols on the Lewis acid
sites of the Ni/SiO2.The product in liquid phase from reaction over Ni/HZSM-5 and Ni/HBEA
were 90 wt% monocyclic alkanes and 10 wt% bicyclic alkanes and 83 wt% monocyclic alkanes
and 17 wt% bicyclic alkanes, respectively. By increasing degradation temperature to 320 °C,
96 wt% conversion of organosolv lignin over Ni/HBEA was reported.
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Table 5 Results of catalysts acidity measurements and the yield of the reaction products over Ni
based catalysts. Reaction condition: 1 g lignin, 0.5 g catalyst, 100 ml hexadecane, 20 bar H, (Loaded
at RT), 250 °C, 6 h [68].

Catalyst Catalyst acidity Gas phase Liquid Solid residue Unconverted
(umolg?) [wt%o] phase [wt%)] [wt%] lignin
BAS LAS
Ni/SiO: - 39 4.1 23+2 31£5 25
Ni/HZSM-5 36 91 55 28+2 26+5 18
Ni/HBEA 19 71 6.8 35+4 225 12

Lercher and colleagues [68] proposed a mechanism for degradation of organosolv lignin
in the presence of Ni based catalysts, shown in Figure 12. According to them, degradation of
organosolv lignin occur by hydrogenolysis of aryl alkyl ether bonds (pathway A), and
formation of phenolic intermediate fractions [68]. The subsequent saturation of intermediated
phenolic compounds followed by dehydration of in-situ formed cyclic alcohols on the Brgnsted
acid sites (fast pathways of B, C & D) and hydrogenolysis (slow pathway of E) yield to cyclic
alkenes. The cyclic alkenes were subsequently hydrogenated. Undesirable repolymerization
reactions simultaneously occur (pathway F), which take place with lower rates by increase of

reaction temperature.
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Figure 12 A proposed reaction pathway by Lercher et al. [68] for degradation of organosolv lignin and
hydrodeoxygenation (HDO) of the in-situ formed fragments on the Ni based catalyst.
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Sulfur is a known as a poison for transition metal catalysts [48]. Mortensen et al. [84]
investigated effect of sulfur in 10 vol% guaiacol in 1-octanol (as bio-oil model compound) on
the activity of Ni/ZrO; catalyst at 250 °C and total pressure of 100 bar. A 0.3 vol% 1-
octanethiol (0.05 wt% sulfur in the feed) was added to the feed as sulfur source. While the
conversion of 1-octanol and guaiacol were 100% and a degree of deoxygenation of 90-92%
was reported in the absence of 1-octanethiol, addition of sulfur decreased the conversion
drastically and after 12 hours no conversion was observed. They argued that by sulfur
poisoning of the catalyst, both hydrogenation and deoxygenation reactions were stopped
through formation of non-active nickel sulfide phase [84].

Yuan et al. [85] investigated depolymerization of kraft and organosolv lignin in
supercritical acetone over 5 wt% Ru/C, 5 wt% Ru/Al>O3, 10 wt% Ni/Al203, 10 wt% Ni/AC
and NiMoW based industrial catalyst (hamed FHUDS-2) at 300-350 °C under 100 bar H»
pressure and 1 hour reaction time. In each test, 30 g lignin was converted in a batch reactor
over 1.5 g catalyst (3 g FHUDS-2 was loaded due to its lower metal loading) and 150 ml of
acetone. The average molecular weight of the kraft lignin and organosolv lignin were 10200
g/mol and 2600 g/mol, respectively. In non-catalytic tests, severe condensation reactions took
place evidenced by increasing the Mw of the products of kraft lignin (DKL, yield of 70 wt%)
and the products of organosolv lignin (DOL, yield of 100 wt%) compared to the original
feedstock (shown in Figure 13) [85]. In all catalytic tests, the yields of DKL and DOL fractions
were higher than 94.5 wt%. As can be seen in Figure 13, the molecular weight of different
fractions decreased drastically in catalytic reactions, indicating the role of catalyst on
degradation. The catalysts used were suitable for degradation of both types of lignins, with
Ru/C and FHUDS-2 being the most effective catalysts on degradation. The molecular weight
of the DKL and DOL in the presence of Ru/C were lower compared to Ru/Al>QOg, attributed to
the condensation reactions in the presence of acidic alumina support.
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Figure 13 Molecular weight of DKL and DOL fractions at 300 °C. Reaction condition: 30 g lignin: 1.5
g catalyst (3 g FHUDS-2), 150 ml acetone, 100 bar H> (loaded at RT), 1 hour [80].

Yuan et al. [85] observed that the temperature had a great effect on the yields and
molecular weight distribution of the degraded fractions (see Figure 14). While the temperature
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increased from 300 to 325 °C over Ru/C catalyst, the yield of DKL increased while the solid
yield decreases, attributed to the higher rate of degradations and increase of solubility of lignin
at higher temperatures. On the other hand, the molecular weight of DKL showed a decreasing
trend by increasing reaction temperature, and experienced a significant decrease from 300 to
325 °C, indicating that temperatures higher than 300 °C were required for suppression of
condensation reactions. The yields of DOL and its molecular weight did not considerably
changed by increasing reaction temperature, as it initially had low molecular weight and high
solubility in acetone. This indicated that low temperatures of 250-275 °C were sufficient for
degradation of organosolv lignin [85].
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Figure 14 Yields of the liquid and solid fractions from conversion of kraft and organosolv lignin and
the molecular weight of the liquid phases vs. reaction temperature over Ru/C catalyst. Reaction
condition: 30 g lignin: 1.5 g catalyst, 150 ml acetone, 100 bar H, (loaded at RT), 1 hour [85].

Ma et al. [35] investigated ethanolysis of kraft lignin in the presence of carbon supported
a-molybdenum carbide catalyst at 280 °C and 6 hours. Aliphatics (yield of 82 wt%) including
Cs alcohols and Cg-Cio esters and aromatics including arenes, phenol and benzyl alcohols were
formed without formation of char or tar [35]. An overall yield of 1.64 g product per gram of
lignin was obtained by utilizing carbon supported a-MoC catalyst, indicating excessive solvent
incorporation in the presence of catalyst [35]. The initial hydrogen pressure reversely affected
the yield of liquid products (LP25) including esters, alcohols and aromatics, shown in Figure
15 [35]. Ma et al. [35] suggested that increase of the initial hydrogen content from 0 to 40 bars
suppressed the chemisorption of ethanol on the catalyst surface due to the inhibition effects of
the gas-phase hydrogen, resulting in a reduction on the yield of aromatic compounds.
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Figure 15 Effect of initial hydrogen loading on the yield of liquid products (LP25), esters, alcohols and
aromatic compounds. Reaction condition: 0.5 g a-MoC1/AC catalyst, 1 g kraft lignin, 100 ml ethanol.
280 °C and 6 hours [35].

2.2.2. Hydrotreating NiMo and CoMo catalysts

Nickel molybdenum (NiMo) and cobalt molybdenum (CoMo) are traditional
hydrotreating catalysts, normally supported on alumina [86]. These catalysts are primarily
developed for sulfur removal via hydrodesulfurization (HDS) and nitrogen removal via
hydrodenitrogenation (HDN) [87], [88]. Conversion of lignin and the representing model
compounds is investigated using NiMo and also CoMo catalysts [89]-[95]. In these catalysts,
Co and Ni are promoter agents that donate electrons to the active sites of molybdenum,
presumably by weakening the bonds between molybdenum and sulfur, lowering sulfur
coordination and providing vacant sites [96]. The presence of promoter results in structural,
morphological and electronic changes and increases the catalyst activity for HDS [97], [98].

In MoS: catalyst, a sandwich pattern of one layer of molybdenum atoms between two
layers of sulfur is proposed [99]. It is suggested that the edge sites of the catalyst are active for
HDO and HDS [98]. In fully sulfided state, MoS: has a triangular morphology. Lauritsen et al.
[100] synthesized Co and Ni promoted MoS; catalysts on a single crystal Au(111) surface to
obtain highly dispersed catalyst particles and evaluated the morphology with scanning
tunneling microscopy (STM) images. According to STM analysis, the morphology of the
nanoclusters of MoS; transfers from triangular to truncated morphologies by formation of
CoMosS (shown in Figure 16, a). Regarding NiMoS catalyst, two types of Ni-Mo-S clusters
form: A truncated triangular morphology (type A, similar to CoMoS) and a dodecagonal-like
nanocluster (type B) (Figure 16, b & c¢). CoMoS and the type A NiMoS clusters are decorated
in the edge with unprompted and fully sulfided edges (MoS2) and Ni- and Co-substituted edges
with sulfur coverage of 50%. The type B NiMoS contains three types of terminating edges:
Fully Ni substituted NiMoS (1010) in larger cluster, partially Ni substituted NiMoS (1010),
and NiMoS with high-index (1120).
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Figure 16 STM images of (a) CoMoS, (b) type A NiMoS and (c) type B NiMoS supported on Au(111)
and ball model of catalysts (top and side views) based on density functional theory (DFT) calculations

[98].

The NiMo and CoMo catalysts are primarily in oxide form, and should be sulfided to gain
activity. The sulfidation is normally conducted in the presence of HS, or alternatively with a
sulfiding agent such as dimethyl disulfide (DMDS) at 300-400 °C. According to texier et al.
[101], at temperatures higher than 230 °C, DMDS reductively decomposes to methane and HS
according to Eq. 1

CH3-S-S-CH3s + 3H2 —— 2CH4 + 2H2S Eqg. 1

The presence of sulfur source in catalytic conversions using NiMo and CoMo catalysts is
required in order to keep catalyst activity. This is advantageous when conversion of kraft lignin
and lignosulfonate is targeted, as these technical lignins contain sulfur. Mortensen et al. [102]
investigated the stability of Ni-Mo0S2/ZrO; catalyst during HDO of phenol in 1-octanol at 280
°C. According to their results, addition of sulfur was necessary for keeping the activity of the
catalyst via sulfur vacancies when HDO is taking place. Both H>S and H2O compete for the
catalyst active sites. In the absence of sulfur, the edge sulfur atoms can be replaced by oxygen
[102].

Narani et al. [32] investigated conversion of kraft lignin (containing 1.6 wt% sulfur) with
NiMo and CoMo catalyst at 320 °C with initial hydrogen pressure of 35 bar for 8 hours and
catalyst: lignin: solvent loading of 0.25 g: 1 g: 30 ml methanol. The catalyst was sulfided in-
situ by addition of 0.1 g DMDS. NiMo showed higher activity for degradation of lignin than
CoMo: The yield of methanol degraded oil over CoMoS/AC was 41 wt% while that number
for NiMoS/AC was 57 wt%. The yield of monomers using different catalysts is shown in Figure
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17. By exchanging Mo with W, the methanol soluble oil of 62 wt% over oxide catalyst
(NIWOX/AC) and 82 wt% over sulfide catalyst (S-NiW/AC) were reported. The highest
monomer Yyield of 28.5 wt% was reported over S-NiW/AC catalyst (Figure 17) [32]. It was
suggested that the catalyst with neutral or basic features favor degradation of lignin. The
ammonia desorption of 18.4, 44.5 and 77.0 pumol/gcat were detected for NiW/AC, NiMo/AC
and CoMo/AC catalysts, indicating that NiW/AC and CoMo/AC were the least and the most
acidic catalysts [32]. Sulfide NiW/AC catalyst showed higher activity in degradation of kraft
lignin compared to oxide catalyst [32]. A char yield of 8 wt% was reported over oxide NiW/AC,
while no char was observed over sulfide catalyst. They observed 40% methanol soluble oil
yield over S-NiW supported on ZSM-5 (acidic support) with formation of 30 wt% char, which
indicated that condensation reactions were catalyzed on the acidic sites of the catalyst [32]. The
catalysts supported on ML (MgO-La203), MC (MgO-CeO,) and MZ (MgO-ZrO;) showed
basic features, with the methanol soluble oil yields being 82, 75 and 68 wt% [32].

Narani et al. [32] suggested that external source of hydrogen is required for activity of
NiMo catalyst. In the absence of molecular hydrogen and reaction in nitrogen medium, a
methanol soluble oil yield of 22 wt% over NiMoS/AC was reported, with considerably lower
yields of monomers (6.5% vs. 14.5% in the presence of hydrogen) indicating the effect of
molecular hydrogen on inhibiting condensation reactions or enhancing the rate of lignin
depolymerization.

30

[ Alkyl phenolics 28.5
B Guaiacoli b
uaiacolics 5 26.5
i =
25 £ Monomers i %
- 59 ke
i b
! =
] 5 22
5 b i
5% b3
]
20 s
19 52 b
. b ke
— 58 18 k< k34
6% - i £
R I 5] 5 %
3 b b 5 b
% ki 16 % % (s 2
14.5 5 K B B k] ki
= 7 ‘ ! H.E B
- ] b 4 28 i
3 ' i CEER I
= i K& i o £ % bl
£ %! % > [
2 K M B 12
> &l : Il ufl BEEE B
> i i 10.5 5 = ] K
10 & / s =4 b sl
& i< N BN B
K i b3 < ke b b
R by ks k54 k<4 Bt
% s <d ke ke
b I 5 ] 2
ok b Vi £ o]
ksd b e (| 54
6.5 % P 1 B4 gk
e % hed k> b 6
X % <] <] % Qe
& b 5 S b %
5 0% & < =l Es 5
a8 & % i . ) %
o 54 4 k>4 q
% 5 < b b |
Gl E 2 < =
1o B B B
% = b b ] s
0 4 bed 2 [ b4 b

Q (9 g < (9 $ < &
\?Sa@ ) é\o\v 0“9\?- °+\?’ °+\ é\\ ,\\\\ \-\f;‘\ é@\ . @\é\ fs\\ﬁﬁ
& & F S S S & &
& o

Figure 17 The yields of monomers including alkyl phenolics and guaiacolics from conversion of kraft
lignin over sulfide and oxide NiMo, sulfide WOy, sulfide Ni and sulfide NiW supported on a range of
materials including activated carbon (AC), ZSM-5, MgO-La,03 (ML), MgO-CeO, (MC) and MgO-
ZrO; (MZ). S-NiMo/AC(HF) represents the reaction in th absence of hydrogen. 0.25 g catalyst, 1 ¢
kraft lignin, 30 ml methanol, 35 bar H, 320 °C, 8 hours [32].
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Joffres et al. [103] investigated conversion of protobind 1000 lignin (soda lignin) over
alumina supported NiMo catalyst in a batch reactor at 350 °C and 5 hours. In each test 30 g
lignin was reacted in 70 g tetralin medium with/without 3 g pre-sulfided NiMo/Al>O3 catalyst
and 16 ul DMDS (for keeping the sulfidation satate of catalyst) under 80 bar H; pressure. The
conversions, losses and the yields of different fractions with and without catalysts and at the
time of t0 (the experiment stopped when the temperature reached the set point) are shown in
Figure 18. A conversion of 27 wt% was observed at t0, with the liquid yield being 24 wt%.
The time required to reach to t0 was 14 minutes. Compared to the starting lignin, the HSQC
NMR analysis of the residual lignin from tO reaction indicated that the lignin experienced
transformations during heating the reactor to the set point, as the signals corresponding to [3-
0O-4 linkage and methoxy groups were disappeared while bonds such as -5 were formed. The
presence of catalyst increased the oil yields compared to non-catalytic conversion after 5 hours
reaction time. The main identified compounds in the liquid phase were phenols, aromatics,
naphthenes and alkanes. By evaluation of liquid and solid fractions with different analytical
techniquies including HSQC NMR, P NMR and FTIR, the following reactions were proposed
occurring in the presence of catalyst after 5 h: Dehydroxylation of aliphatic OH groups,
decarboxylation of carboxylic acids, saturation of aliphatic double bonds, demethoxylation of
syringyl and guaiacyl units and cleavage of ether bonds.
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Figure 18 The conversion and the yields of different fractions from conversion of soda lignin over
NiMo/Al;Os in tetralin solvent in the absence and presence of catalyst. tO represents a catalytic tests
which was stopped when the temperature reached the set point. Reaction condition: 30 g lignin: 0/ 3 ¢
pre-sulfided catalyst: 70 g tetralin at 350 °C and 5 hours [103].

In another work, Joffres et al. [104] expanded the reaction time to 0, 1, 5, 14 and 28 hours.
It was observed that by increasing reaction time to 28 h, the conversion and the liquid yield
increased to 87 and 71 wt%, respectively, and the lignin residue yield decreased to 11.4 wt%.
The evaluation of the products present in the liquid phase indicated that the yields of methoxy
phenols, dimethoxy phenols and benzenediols quickly decreased while the yield of phenols
increased continuously (shown in Figure 19). The yields of compounds such as paraffins,
naphthenes and aromatics increased over different reaction times, reaching to 13.3 wt% based
on the lignin loading.
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Figure 19 The vyields of demethoxyphenols, methoxyphenols, benzenediols, phenols, light
hydrocarbons, paraffins, naphtenes and aromatics over different reaction times. Reaction condition: 30
g lignin: 3 g pre-sulfided catalyst NiMo/Al;Oz: 70 g tetralin at 350 °C [104].

Two step catalytic conversion of kraft lignin (sulfur content of 1.64 %), Alcell organosolv
lignin and lignin from sugarcane bagasse (sulfur content of 1.53 %) was studied by Jongerious
et al. [105]. In this method, lignin was first treated under liquid phase reforming (LPR), where
1 g of lignin was liquefied in a batch reactor over 0.5 g 1 wt% Pt/Al>O3 catalyst in a solution,
comprised of 25 ml 1 M NaOH in water and 25 ml ethanol, at 225 °C and 58 bar argon (Ar)
with a reaction time of 2 hours. The product of their LPR process was almost solid free,
attributed to the solubility of lignin in alkaline solutions. The identified monomers from LPR
reaction of organosolv and kraft lignin were mainly composed of alkyl and propanol substituted
guaiacol and syringol-type compounds. They further upgraded an amount of 500-800 mg of
the oil obtained from LPR in a HDO with 50 mg CoMo/Al>O3 or Mo,C/CNF catalysts and 7.5
g dodecane solvent at 300 °C and hydrogen pressure of 50 bar for 4 hours. They observed solid
products from HDO reaction, which were possibly unreacted lignin fractions that were not
soluble in dodecane [105].

The yields of the monomers from LPR and LPR+HDO processes for three types of lignin
are shown in Figure 20. In the LPR reaction products, the identified monomeric compounds
from the hardwood organosolv lignin were composed of 58% tris-oxygenated syringol-like
molecules while 59% bis-oxygenated monomers were detected from conversion of softwood
kraft lignin. Considering the grass type bagasse lignin, 42% bis-oxygenated and 38% mono-
oxygenated phenolic were among the monomers which were consistent with the nature of the
biomass and abundance of syringyl, guaiacyl and p-coumaryl units. The yield of monomers
from conversion of oil from organosolv and kraft lignin over CoMo/Al,Os catalyst decreased
to 6% and 6%, respectively, which was lower than the monomer yields from LPR process. The
decrease of the monomer yields was partially attributed to the removal of oxygen. The
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monomer yield for bagasse lignin oil was 5%. Noticeably, formation of oxygen free compounds
such as benzene, toluene and xylene was only observed after HDO reaction [105]; amongst the
identified monomers, 25%, 15% and 20% of the compounds were oxygen free in the products
from organosolv, kraft and bagasse lignin. Similar reaction mixture was observed from HDO
over Mo.C/CNF catalyst, where 9%, 7% and 6% monomer yields were observed from
organosolv, kraft and bagasse lignin [105].
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Figure 20 Yield of the monomeric products after LPR and LPR+HDO reactions. LPR reaction
condition: 1 g lignin: 0.5 g 1 wt% Pt/Al;Os: 25 ml 1 M NaOH in water and 25 ml ethanol, at 225 °C,
58 bar Ar, 2 hours. HDO reaction condition: 500-800 mg oil from LPR: 50 mg CoMo/Al,O3 or
Mo2C/CNF catalysts: 7.5 g dodecane, at 300 “C, 50 bar Hy, 4 hours. White: oxygen free products, light
gray: mono-oxygenated products, dark gray: products containing two oxygen functionalities, black:
products with three or more oxygen functionalities [105].

Grilc et al. [39] investigated the role of solvents on hydrodeoxygenation of liquefied wood
samples over oxide NiMo/Al203 catalyst at 300 °C and 1 hour in a slurry reactor. Tetralin,
phenol, 2-propanol, pyridine, m-cresol, anthracene, cyclohexanol and xylene were the solvents
evaluated. In each test, the reactor was loaded with 200 ml reaction mixture (oil: solvent ratio
of 1:3 containing 7.5 wt% catalyst based on the mass of solvolysis oil). The pressure inside the
reactor was kept at 80 bar with a flow of INL/min of fresh hydrogen. The liquefied wood
samples were obtained by liquefaction of sawdust in a mixture of glycerol and diethylene
glycol (1:1 Mass basis) containing 3 wt% p-toluenesulfonic. Therefore, the liquefied oil
contained 0.9 wt% sulfur. The reaction products were composed of a tar residue (filterable
while dissolved in ethanol or THF), liquid phase (including reaction products and solvent),
condensed fraction (mainly water produced from HDO reactions and light hydrocarbons) and
gas phase [39]. The yields of different fractions and the gross calorific value (GCV, MJ/kg) of
the liquid phase are shown in Figure 21. Amongst different solvents, tetralin showed promises
for HDO reactions over NiMo catalyst. The highest GCV and the lowest yield of tar were
observed in tetralin, indicating that the in-situ produced hydrogen from tetralin inhibited the
condensation reaction of reactive fragments. Almost similar yields were observed in 2-
propanol and anthracene. The highest yield of tar was observed in these solvents, indicating
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that condensation reactions were not inhibited by the solvents. However, the GCV of the oil
from anthracene was the highest amongst the others. The yield of tar phase was relatively low
in phenol and m-cresol suggesting that the solvent were capable of end-capping the reactive
fragments. The yield of condensed phase was lower in phenol, attributed to the inferior HDO
activity compared to m-cresol. The yields in cyclohexanol and xylene were within the same
range; however the yield of tar fraction was higher in cyclohexanol. The highest yield of
condensed fractions in pyridine solvent indicated the role of solvent in extensive hydrocracking
reactions and degradation to light products.

Il Liquid phase GCV (left) Condensed fraction (right)
I Tar residue (right) Gas phase (right)
I Liquid phase (right)

Figure 21 The yields of different fractions and GCV of liquid phases from hydrotreating liquefied oil
over oxide NiMo catalyst. 200 ml reaction mixture (oil: solvent ratio of 1:3 containing 7.5 wt% catalyst
based on the mass of solvolysis oil), 300 °C, 80 bar Hy, 1 hour [39].

Promotion of MoS, catalyst affects the reaction pathways. Raybaud et al. [106]
investigated deoxygenation activity of unsupported Ni-promoted MoS; (by varying Ni/Mo
ratio) for conversion of ethyl heptanoate in a fixed bed reactor at 250 °C and H>/feed ratio of
350 NI/I (equivalent to hydrogen partial pressure of 1.44 MPa in the reactor). The feed was
composed of 6 wt% ethyl heptanoate in dodecane. While in the absence of Ni promoter, MoS>
was highly selective for HDO and formation of C; hydrocarbons, both HDO and
decarboxylation/decarbonylation (DCO) pathways were taking place over Ni promoted MoS;
catalyst. As shown in Figure 22, by increase of Ni/Mo ratio, the selectivity increased towards
DCO products. According to Raybaud et al. [106] the required energy for hydrogenation of
C=0 and cleavage of C-OH were lower over NiMoS catalyst compared to MoS. They
elaborated on the role of Ni through two pathways: Ni in NiMoS form promoted
hydrodeoxygenation reactions whereas Ni in Ni monosulfide enhanced decarbonylation
reactions.
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Figure 22 HDO and DCO selectivity during conversion of 6 wt% ethyl heptanoate in dodecane over
sulfide catalysts with different Ni/Mo molar ratio at 250 °C and Hy/feed ratio of 350 NI/I. Blue: HDO
mol %, Purple: DCO mol % [106].

Zhang et al. [91] investigated cleavage of -O-4 over NiMo catalyst in alcohol solvent
(methanol) and in the presence of H, at 180 °C, using different model compounds including 3-
O-4-A (with alcohol functional group attached to C,) and B-O-4-K (with C,=0O bond).
According to their results, the cleavage of Cg-OPh was not influenced by BDE value. The
functional group attached to the C, atom had a great impact on cleavage of Cg-OPh bond [91].
The BDE of B-O-4-A and B-O-4-K are 274.0 and 227.8 KJ/mol, respectively. However, the
results of conversion of these compounds in 1 hour reaction time showed 69 and 20%
conversion, with 33 and 14% ether bond cleavage in each compound. They showed that the
presence of hydrogen was necessary for cleavage of Csg-OPh bond since only 1% conversion
of B-O-4-A was reported in Ar atmosphere [91]. They proposed that conversion of f-O-4-A
took place through the following steps:

- Dehydroxylation of C.-H bond on the acid sites of catalyst and generation of
carbocation intermediate PhCH®*CH,OPh

- PhCH®'CH,0Ph transformed into PhCH.CH,OPh radical through receiving
electron on catalyst redox cycle

- Cp-OPh was cleaved (BDE of Cg-O in PhCH.CH2OPh form is lower than the
original form) and the in-situ formed radicals reacted with H> or methanol on
hydrogenation sites resulting in formation of phenols, arenes and other ethers

They suggested that Mo might be the redox site whereas hydrogenation sites could be
MoSx or NiMo for conversion of -O-4-A (see Figure 23) [91].
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Figure 23 The proposed mechanism for cleavage of p-O-4-A model compounds over sulfided NiMo in
alcohol solvent [91].

HDO of lignin derived products results in formation of low oxygen containing products
with a better miscibility with hydrocarbon fuels [107]. High degree of oxygen removal with
the least possible hydrogen consumption is one of the main challenges in the HDO reactions
[56]. Hydrodeoxygenation of guaiacol in the presence of supported and unsupported CoMoS
catalyst was investigated by Bui et al. [87] at 300 °C and at a hydrogen pressure of 40 bar.
Catechol and phenol were observed as primary products. The proposed reaction pathway is
presented in Figure 24. According to Bui et al. [87], HDO could occur either via direct
deoxygenation route (DDO) or through the hydrogenation (HYD) route. Thus, benzene
formation possibly occurred by direct C-O cleavage from phenol while cyclo-alkane and cyclo-
alkenes formation occurred by hydrogenation of the aromatic ring through HYD pathway [87].

OH OH '
—_— —_— + condensation and
i heavier products O_@
Me-substitution : /
CH3 ' /(- -------------------------------

Figure 24 General reaction scheme for guaiacol conversion over transition metal sulfide catalyst under
H, pressure [87].
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84% conversion of guaiacol in the presence of CoMoS/Al>O3 catalyst at 300 °C, 50 bar H>
pressure and 4 h reaction time was observed by Jongerius et al. [88]. Phenol, anisole, catechol,
methylated products and hydrogenated products were reported as the main products of the
conversion with selectivity of 34%, 3%, 11%, 19% and 3%, respectively. In a similar study,
Laurent et al. [108] investigated hydrodeoxygenation of guaiacol over sulfided CoMo/y-Al.O3
and NiMo/y-Al2Os3 catalysts at a total pressure of 70 bar and 300 °C. Guaiacol conversion of
10% was observed without catalyst while the conversion increased up to 57% and 65% in the
presence of CoMo and NiMo catalysts, respectively. Catechol, phenol and trace amounts of
benzene and cyclohexane were detected as products while methylated products were not
observed [108].

2.2.3. Catalytic conversion of lignosulfonate

The numbers of studies on reductive conversion of lignosulfonate are limited [109]-[111].
There are two main challenges associated with lignosulfonate valorization. Sulfur poisoning of
the heterogeneous catalyst active sites and contamination of the lignin derived products with
sulfur. Since a significant focus of this thesis is on conversion of lignosulfonate, the relevant
studies on conversion of this lignin are summarized here.

Horacek et al. [111] investigated conversion of 5 wt% aqueous solution of sodium
lignosulfonate in the presence of 2 g alumina supported NiW, NiO (with Ni loading of 2.5, 5,
10 and 15 wt%) and NiMo catalysts (with loading of 7 wt% NiO and 4, 7 and 10 wt% MoO3)
in a tubular flow reactor at 320 °C and hydrogen flow of 2 Nml/min and F/W of 1 h™. Prior to
each experiment, the catalysts were reduced at 350 °C for 1 h in hydrogen flow of 5 Nml/min
and pressure of 130 bar. Using GC-MS analysis, they found guaiacol as the primary product in
all conditions. Para-substituted guaiacols, such as 2-methoxy-4-methylphenol, p-ethyl
guaiacol, 2-methoxy-4-propyl phenol, 1-(4-hydroxy-3-methoxyphenol)-2-propane, 4-
hydroxyl-3-methoxybenzeneacetic acid as well as other alkyl phenols were the other identified
compounds (shown in Figure 25).
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Figure 25 The main products identified from conversion of sodium lignosulfonate over Alumina
supported NiW, NiO and NiMo catalysts. (a) guaiacol, (b) 2-methoxy p-cresol, (c) 3-hydroxy-4-
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methoxybenzaldehyde, (d) 4-hydroxy-3-methoxy benzeneacetic acid, (e) p-ethyl guaiacol, (f) p-propyl
guaiacol, and (g) 2-propanone, 1-(4-hydroxy-3-methoxyphenyl) [111].

The highest yield of 1.8 wt% guaiacol was reported over 10 wit% NiO catalyst while this
number slightly decreased to 1.5 wt% over NiMo catalyst with MoOs loading of 10 wt%. Better
performance over NiO compared to NiMo and NiW was reported to be due to hydrogenolytic
activity of nickel at temperatures above 200 °C. They suggested that nickel promotes cleavage
of C-C and C-O linkages in lignin structure and the primary products (C1-C3 methoxyphenols).
A plausible reaction pathway for decomposition of sodium lignosulfonate was proposed
(shown in Figure 26). However, Horacek et al. [111] did not discuss if the sulfur in the
feedstock lead to catalyst deactivation [111].

A (-0-4 linkage
decomposition

\ HaC

ch—oj\“/
’ HO
\ C-C linkage |

o A
decomposition A

HC—

)
0/ \\T’/
OH

Figure 26 Reaction pathways for catalytic decomposition of sodium lignosulfonate [111].

Song et al. [110] reported catalyst screening for depolymerization of lignosulfonate in
ethylene glycol at 200 °C and 50 bar hydrogen pressure (see Figure 27). While no conversion
was observed in the absence of catalyst, less than 20 conversion of lignin was reported in the
presence of zeolite and zeolite-based catalysts [110]. Raney catalysts (Cu, Fe and Co), precious
metals (Pd/AC, Ru/AC and Pt/AC) and transition metal catalysts (Cu/AC and Ni/MCM-41)
were the other group of the catalysts investigated; conversion of 10-40% and selectivity of 60-
80% towards 4-propyl-guiacol (PA) and 4-ethyl-guiacol (EA) was reported over these
catalysts. Ni-based catalysts demonstrated conversion higher than 60 wt% and selectivity of
75-95% for alkyl-substituted guaiacols. Opposite to Horacek et al. [111], Song et al. [110]
proposed that the nickel based catalysts do not have C-C cleavage activity, since aromatic
dimers and aliphatic C-C bonds were detected in the products. According to Song et al. [110],
C-O-C and C-OH bonds in the structure of lignosulfonate were hydrogenolyzed through
reaction with H* (formed by dissociation of H,) over Ni(0) sites. The C-S decomposition over
catalyst resulted in formation of NiS species. Song et al. [110] argued that by further reaction
of NiS with H”, the catalyst was regenerated and sulfur left the catalyst in form of H2S. They
stated that reductive atmosphere was required for keeping the activity of the catalyst.
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Investigating reusability of catalyst demonstrated that the conversion decreased from 68% to
30% after using the catalyst for three times. However, by regeneration in hydrogen for 2 hours
in ethylene glycol, the conversion increased to 72% [110].
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Figure 27 Conversion of lignosulfonate over various catalysts in ethylene glycol as solvent. 0.2 ¢
catalyst, 2 g sodium lignosulfonate: 120 ml ethylene glycol, 200 °C, 50 bar H; [110].

Shu et al. [109] tested hydrogenolysis of sodium lignosulfonate over noble metal and metal
chloride Lewis acid catalyst in methanol. The reaction condition was 0.5 g Na-LS, 1 mmol
metal chloride, 0.1 g 5 wt% noble metal and 40 ml methanol in a 100 ml batch autoclave and
30 barg Haz pressure loaded at 280 °C for 5 hours. The sulfur content of Na-Ls was 5.05 wt%.
They obtained aliphatic alcohol and aromatic monomers as liquefied products. While addition
of Pd/C catalyst increased the degradation slightly from 64.4 % in non-catalytic condition to
69.3 wt%, the considerable boost was reported by conversion in Pd/C and CrCI3 mixture,
where the degradation increased to 83.9% with the yields of aliphatic alcohols and monomers
being 5.3 and 8.5 wt%, respectively, attributed to the presence of metallic acidic catalyst and
electronegativity of CI™ as hydrogen bonding acceptor and nucleophilic reagent [109].

2.2.4. Summary of solvothermal conversion of technical lignin

In the literature, it was reported that the reaction medium has a great influence on the
degradation of lignin. Solvents with high Lewis basicity may adsorb on the catalyst active sites
and inhibit adsorption of lignin degraded fragments. Moreover, formation of saturated
compounds can occur in a non-polar solvent while unsaturated compounds may be formed in
a polar solvent. The performance of ethanol in degradation of lignin was elaborated in the
literature; Ethanol inhibits condensation reactions by suppressing reactive fragments via
esterification and alkylation. Among different heterogeneous catalysts, Ni and Cu based
catalysts and also hydrotreating NiMo catalyst showed good performance on degradation of
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lignin and stabilization of reaction products. Formation of oxygen free aromatics was reported
over NiMo and CoMo catalysts.

2.3. Solvothermal conversion of biomass

In the conventional pulp industries, extraction of cellulose from biomass is the main target;
therefore the remaining lignin is composed of highly cross-linked phenolic groups formed via
C-C bond formations which, depending on the pulping process, may contain sulfur. An
alternative approach is the direct catalytic conversion of biomass; in this approach, either whole
biomass in converted [112] or lignin is fractionized (mainly in the presence of a catalyst) while
cellulose and hemicellulose is almost conserved. The later process is attributed as “early-stage
catalytic conversion of lignin (ECCL)’ or ‘lignin-first biorefining’ [40]. The lignin derived
products by this method show high selectivity towards a few number of monomers [19], [43],
[113], whereas in the conversion of technical lignin, obtaining monomers with high selectivity
remains as a challenge.

Brand et al. [114] investigated non-catalytic degradation of lignocellulosic constituents
including cellulose, xylose (as representative of hemicellulose) and lignin in supercritical
ethanol and nitrogen atmosphere. Conversion of cellulose significantly increased from 11.6%
to 93.8% by increasing the reaction temperature from 265 to 350 °C (shown in Figure 28, a)
[114]. The cellulose liquefaction was associated with formation of light hydrocarbons, water
and gaseous fractions. They observed weak temperature dependence on the lignin conversion;
the lignin conversion increased marginally from 45% at 293 °C to 51.9% at 350 °C, indicating
that lignin is the most recalcitrant wood constituent in biomass (Figure 28, b). Xylose was
almost completely converted with the conversion of 98.1% at 265
hemicellulose is the most facile constituent of biomass [114].
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Figure 28 Conversions and product yields from liquefaction of (a) cellulose and (b) lignin over different
reaction temperatures. Reaction condition: 6 g substrate: 60 ml ethanol, 20 bar N, (loaded at RT), 30
minutes [115].

Yamazaki et al. [115] observed that longer chain alcohols were capable of decomposition
of beech wood in shorter reaction time. They converted 150 mg Japanese beech in 4.9 ml
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alcohol at 275 and 350 °C. Under similar condition, 90% liquefaction of wood was achievable
at 350 °C and 30 minutes in methanol and ethanol, while it took 20, 10 and 3 minutes to obtain
the same degree of liquefaction in 1-propanol, 1-butanol and 1-octanol. The higher rates of
liquefaction in longer chain alcohols was attributed to higher solubility of the higher molecular
weight compounds in these alcohols [115].

Addition of a catalyst showed great effect on lignin degradation. Ferrini et al. [116]
investigated conversion of poplar wood (containing 30% lignin) in the presence of Raney Ni
catalyst in 2-propanol/H2O (70/30 %, vol/vol) solvent at 160-220 °C for 3 hours. An overview
of this catalytic refining process is presented in Figure 29. Wang et al. [117] have previously
showed that Raney Ni catalyst in PrOH is an excellent medium for hydrogenolysis of aryl-aryl
and aryl alkyl ethers [117]. Lignin was degraded in catalytic biorefining method to liquefied
products, whereas in the absence of catalyst (organosolv extraction) lignin was retrieved as
solid matter (Figure 29, b) [116]. Moreover, the obtained holocellulose (cellulose and
hemicellulose) was reported as a compatible raw material for the production of glucose and
xylose by enzymatic hydrolysis. Ferrini et al. [116] reported bio-oil and holocellulose yields of
25 wt% and 71% at 180 °C, respectively, corresponding to 63% delignification. By increasing
temperature to 220 °C, the degree of delignification increased to 87% while the molecular
weight of the bio oil shifted toward lower values. The easily separated catalyst (by magnetic
force) was usable at least for 8 times. They proposed that acetone, which was the major by-
product of the reaction, could be hydrogenated to 2-PrOH in a separated small reactor to boost
the economy of the process [116].
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@ lignin bio-oil lignin
2-Propanol/H,0 Filtration x
Lignocellulose . ’
Raney Ni ] 2 E
160 - 220°C %”;pp""g °lf
Autogeneous & /rspgno Vs.
2
S and Acetone
Separation of Raney Ni Holocellulose Holocellulose
from holocellulose (Pulp) (Pulp)

by magnetic forces

Figure 29 (a) Schematic representation of the catalytic biorefining method for treatment of poplar wood
over Raney Ni catalyst in 2-propanol/H2O (70/30 %, vol/vol) solvent. Reaction condition: 16 g wood:
10 g catalyst: 140 ml solvent, 160-220 °C, 3 hours. (b) Visual comparison of the products obtained by
catalytic biorefining and organosolv process [116].
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Fractionation of birch wood was investigated over Ru/C catalyst in methanol medium and
hydrogen pressure [43]. In a typical run, 2 g birch wood was converted over 0.3 g 5% Ru/C
catalyst in 40 ml methanol at 250 °C with initial hydrogen loading of 30 bar. A delignification
of 92 % was achieved at this temperature. The total yield of monomers was 52% with 4-propyl
guaiacol and 4-propyl syringol being the main monomers. The retrieved pulp, containing
cellulose and hemicellulose, were subsequently converted into sugar polyols in a tungstosilicic
acid and water mixture in the presence of a Ru/C catalyst under hydrogen pressure at 190 °C
[43]. In another work, the same group tested conversion of birch sawdust in the presence of 0.2
g Ni/Al>O3 catalyst (21 wt% Ni) in a similar reaction condition [113]. A delignification of 90%,
with phenolic monomer yield of 40% was reported with 70% selectivity towards 4-n-
propanolguaiacol and 4-n-propanolsyringol as the main monomers [113]. Comparing the
monomer types observed from the same type of biomass over Ru/C and Ni/Al>O3 catalysts
elucidated the role of catalyst [43], [113]. According to Van Den Bosch et al. [113] the solvent
was greatly involved in lignin fragmentation and depolymerization to phenolic compounds
while the catalyst was mostly involved in stabilization of reactive fragments via hydrogenation
of unsaturated side chains. A simplified mechanism of lignin fractionation and the role of
catalyst and solvent is shown in Figure 30.
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Figure 30 A proposed mechanism on the role of solvent and catalyst in fractionation of lignin in
methanol medium [113].

Schutyser et al. [41] investigated the effect of solvent on the fractionation of birch wood
over Pd/C catalyst. Bio-based solvents such as methanol, ethanol, 2-propanol, 1-butanol,
ethylene glycol, THF, 1,4-dioxane, hexane and also water were investigated. An empirical
descriptor was introduced as ‘lignin first delignification’ (LFDE), which was defined as
delignification (DL) x carbohydrate retention (CR). The number closer to 100% indicated
better performance of solvent in fractionation of lignin and conserving helocellulose [41]. A
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correlation was reported between the solvent polarity (Reichardt parameter, EN ) and the
delignification, shown in Figure 31. They observed that the delignification was the highest in
water, while it decreased as the carbon number in alcohol increased. The delignification was
lower in cyclic ethers, THF and 1,4-dioxane while the lowest delignification was observed in
the n-hexane, being apolar solvent [41]. Their results were consistent with those from Song et
al. [33] where they tested conversion of birch sawdust (2 g) over 0.2 g Ni/C catalyst in the
presence of 40 ml solvent at 200 °C, 6 h reaction time and 1 atm argon. Some of the investigated
solvents were methanol, ethanol, iso-propanol, 25% glycerol + water solution, 1,4-Dioxane,
and cyclohexane. A lignin conversion of 54% was reported in methanol, which decreased to
48 and 50% in ethanol and ethylene glycol [33]. Reaction in i-PrOH and glycerol solution
resulted in lower conversion of 27 and 16%, respectively. No conversion was reported in
cyclohexane solvent, attributed to lack of solvent in hydrogen production and also dissolubility
of lignin in the solvent, which was aligned with the low yield of phenolics reported by
Schutyser et al. [41]. Despite solubility of lignin in 1,4-Dioxane, only conversion of 15% was
observed attribute to the lack in hydrogen production [33].
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Figure 31 Delignification from conversion of birch sawdust vs. solvent polarity. Reaction condition: 2
g feedstock, 0.2 g 5% Ni/C, 40 ml solvent, 30 bar H, (loaded at RT), 200 °C, 3 hours [41].

Despite higher delignification observed in water, Schutyser et al. [41] showed that water
also solubilized the carbohydrate fractions, which was unfavorable. The yields of lignin derived
monomers and the retention of holocellulsoe (presented by C5 and C6 sugars) using different
solvents is shown in Figure 32. The carbohydrate retention was almost similar in the other
solvents, while LFDE was higher for methanol and ethylene glycol, making them the proper
solvents [41].
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Figure 32 Yield of lignin derived phenolics and the carbohydrate retention from conversion of birch
sawdust. 2 g feedstock, 0.2 g 5% Ni/C, 40 ml solvent, 30 bar H (loaded at RT), 200 °C, 3 hours.

Klein et al. [69] followed the work from Song et al. [33] over 5-10 wt% Ni /AC catalysts
and expanded the biomass feedstock to poplar and eucalyptus wood. The conversion conditions
were based on the method from Song et al. [33] with biomass to catalyst ratio of 1.0 g: 0.05 g.
However, Klein et al. [69] obtained lignin oil yields within the range of 10-30 wt%, which was
lower compared to those from Song et al. [33] (54% conversion of lignin to liquid products).
The yields of monomers obtained by Klein et al. [69] and their distribution is shown in Figure
33, and the results from Song et al. [33] are shown for comparison. They speculated that the
incompatible results with those from Song et al. [33] might originate from variation of biomass
composition based on the region and the season [69].
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Figure 33 Results from conversion of different biomass over Ni/AC catalyst. 1 g feedstock, 0.05 g (5
wt%) or 0.1 g (10 wt%) catalyst, 200 °C, 2 bar N> and 6 hours. DHE: dihydroeugenol, DMPP: 2,6-
dimethoxy-4-propyl-phenol, i-EuOH: isoeugenol, Mi-EuOH: methoxyisoeugenol, DHE-OH: 4-(3-
hydroxypropyl)-2-methoxyphenol [69].

In an interesting approach, Sun et al. [118] fractionized pine lignocellulose over copper-
doped porous metal oxide catalyst in methanol at 140-220 °C. The structure of the main lignin
derived monomers and the proposed reaction mechanism for cleavage of f-O-4 is shown Figure
34. The highest monomer yield of 13% was reported at 220 °C, with the selectivity for
dihydroconiferyl alcohol (1G), 4-propyl guaiacol (2G) and 4-ethyl guaiacol (3G) compounds
being 61, 33 and 6%, respectively. Furthermore, they treated the solid residue (unreacted
holocellulose and catalyst) from the first step with fresh methanol at 320 °C and obtained a
colorless methanol soluble fraction containing mainly aliphatic alcohols, ethers and ester [118].
They proposed that cleavage of f-O-4 occurred via dehydrogenation and formation of ketone
intermediate, followed by hydrogenolysis of Cp-O bond, hydrogenation and dehydration or
hydrogenolysis of the formed intermediate [118].
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Figure 34 (a) The structure of the main monomers obtained from conversion of pine wood in
methanol and over Cux-PMO catalyst. (b) The proposed reaction mechanism. Reaction condition: 0.2
g catalyst, 1 g biomass, 10 ml methanol, 40 bar Hy, 18 hours [118].

Xiaetal. [119] investigated conversion of whole biomass over Pt/NbOPOs in cyclohexane
solvent at 190 °C. An amount of 0.2 g biomass was treated over 0.2 g catalyst in 6.46 g
cyclohexane with initial hydrogen pressure of 50 bar and reaction time of 20 hours. The direct
conversion of birch sawdust resulted in formation of 13.1 wt% hexane, 10.2 wt% pentane and
4.8 wt% alkylcyclohexans from cellulose, hemicellulose and lignin, respectively, with the total
alkane yield being 28.1 wt% [119]. It was suggested that catalytic activity involved in
conversion of biomass was originating from Pt, Nb and acidic sites to facilitate C-O bond
cleavage and hydrodeoxygenate reactive fragments [119].

Li et al. [120] investigated one pot catalytic conversion of birch wood (1 g) over 0.4 g Ni-
W>C/AC catalyst (4% Ni, 30% W>C) in water (100 ml) at 235 °C and 60 bar Ha. Ethylene
glycol and other diols (with the total yield of 70.6%) were formed from hydrolysis of cellulose
and hemicellulose, while lignin was converted to phenolics including guaiacyl propanol,
syringyl propanol, guaiacyl propane and syringyl propane, (with the total yield of 36.9%). By
changing the reaction medium to methanol and ethylene glycol, the monomer yields further
increased to 42.2 and 46.5, which was attributed to higher solubility of lignin and hydrogen in
methanol and ethylene glycol. This is consistent with the results from Schutyser et al. [41],
where only conversion of lignin was targeted. According to Li et al. [120] the lignin content
and the type of biomass affect the liquefaction of biomass over Ni-W.C/AC (see Table 6). The
increase in the lignin content imposed hardship in degradation of both lignin and carbohydrate.
Conversion of birch, poplar, ashtree and basswood with lignin content lower than 20% resulted
in phenols and diol yields higher than 30 and 70%, respectively. Considering degradation of
beech and xylosma with 23-25% lignin, the yields of phenols and diols decreased to
approximately 26-29% and 58-62%. By further increase in the lignin content in pine wood and
yate over 30%, the yield of phenols and diols considerably decreased to about 10% and 31-
43%, indicating that by increase in the lignin, the degradation and cracking process become
recalcitrance. The grass type biomass (bagasse and corn stalk) had lower yield of monomers
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and diols compared to the wood type biomasses with similar lignin contents. Despite relatively
low lignin content in corn stalk, the phenol and diol yields were 20.6 and 20.9%, respectively.
Almost similar phenol yield was observed from conversion of bagasse, however, the dioal yield
was higher (59.6%) [120]. Their observation was consistent with those from Van Den Bosch
et al. [43]: The conversion of birch wood and poplar wood over 5% Ru/C catalyst in methanol
resulted in 93 and 86% delignification, with the monomer yields of 50 and 41%, respectively,
while the conversion of miscanthus grass resulted in delignification and monomer yield of 63
and 27%, respectively [43].

Table 6 The lignin content and the yield of phenols and diols from conversion of different biomass
types over Ni-W,C/AC catalyst at 235 °C. Reaction condition: 1 g biomass, 0.4 g catalyst, 100 ml
water, 60 bar Hy, 4 hours [120].

Biomass Lignin % Total phenols % Total diols %
Corn stalk 12.9 20.6 20.9
Birch 19.8 36.9 70.6
Poplar 14.8 32.4 75.1
Basswood 15.1 37.3 71.0
Ashtree 17.8 40.5 75.6
Beech 25.3 26.1 57.8
Xylosma 23.0 29.3 61.9
Bagasse 135 23.4 59.6
Pine 33.6 10.1 43.5
Yate 30.9 10.9 30.6

Positive effects were reported by Schutyser et al. [41] using wet biomass; 70 wt%
delignification was reported from fractionation of 2 g birch wood in 40 ml ethylene glycol
containing 2 g water (simulating 50 wt% wet biomass) over Pd/C catalyst at 200 °C, while in
the absence of water the delignification was about 50 wt% [41]. In a work by Ferrini et al. [116]
the degradation of poplar wood in the presence of Raney Ni catalyst at 180 °C in pure 2-PrOH
and 2-PrOH/MeOH (10:1, vol/vol) resulted in the delignification of 40 and 43% respectively,
while in the presence of water as co-solvent (2-PrOH/H-0, 70/30 %, vol/vol) the delignification
increased to 63% indicating that the presence of water in the solvent mixture improves the
delignification and yield of the bio oil, most likely by water facilitating the transport of liquor
into the wood pellets and further extraction of lignin [116].

2.3.1. Summary of solvothermal conversion of biomass

Lignin first biorefining approach has gained interest in the literature, with the main focus
being degradation of lignin to monomers and conserving holocellulose. It was reported that
addition of a catalyst greatly effects on the stabilization of lignin derived products and the type
of monomers. The role of solvent was demonstrated to be in fractionation of lignin. If
preserving the holocellulose fraction is aimed, polar solvents such as methanol and ethylene
glycol were shown to be good candidate while water with high polarity can undesirably
solubilize cellulose and hemicellulose.
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3. Experimental work

Conversion of lignin and biomass were conducted in a Parr 4566 series batch reactor and
the products were carefully analyzed using different analytical techniques. The description of
the setup, the chemicals used and different analysis are presented in this chapter.

3.1.  Setup description

The reactor used for the experiments and its schematic is shown in Figure 35. The setup
is composed of autoclave (volume: 300 ml) and an overhead stand, both made of Hastelloy C
steel with maximum temperature and pressure viability of 350 °C and 200 barg, respectively.
The fixed top of the reactor is equipped with a magnetic drive stirrer to ensure sufficient stirring
inside the reactor in a speed range of 0-700 rpm. Sealing of the autoclave to the overhead stand
is assured by using PTFE gasket. Heat is supplied by a heater, which surrounds the autoclave.
Cooling water is supplied by VWR RC-10 chiller in order to provide adequate cooling in the
reactor and also cooling magnetic stirrer during the experiments. The temperature inside the
reactor is measured by a thermocouple inserted into the reactor and is connected to a Parr 4840
series controller. Pressure in the reactor is readable by a pressure gage placed in the fixed top.
Gas is introduced into the reactor through a needle valve on the fixed top. Nitrogen is supplied
by in-house gas distribution system while hydrogen is supplied by a gas cylinder. Gas pressure
is adjustable through a back pressure valve and a further needle valve. The discharge of the gas
phase is possible via a valve on the fixed top. The setup and accessories and cooling system is
placed in a fume cabinet.

— ;E Purge

Sampling

Heated jacket
autoclave

Figure 35 Parr 4566 series batch reactor and schematic of the setup

3.2. Feedstocks and Chemicals

The solvents used were ethanol (VWR, 99.9%) and ethylene glycol (Sigma-Aldrich,
99.8%). Other chemicals including the gases for GC analysis were of analytical grade. Spruce
based sodium lignosulfonate (Na-LS) was provided by Borregaard A/S. The Na-LS contained
7.3 and 0.01 wt% Na and K, respectively. According to Mortensen et al. [102], potassium is
detrimental to the HDO activity of supported NiMoS, and sodium is expected to have a similar
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effect. In order to avoid any potential interactions of sodium with Ni and NiMoS active sites,
the Na® and K* were exchanged with H* ions using Amberlite 120 H ion-exchange resin. In
the ion-exchange procedure, 100 g Na-LS was dissolved in 1600 ml deionized water containing
68.2 g resin. The solution was stirred for 2 hours at room temperature. After 2 hours, the
lignosulfonate solution and the resin were separated by decanting. The ion-exchange process
was repeated using fresh resin until the pH of the solution decreased to 1.4 [121]. The ion-
exchanged form of lignosulfonate is denoted H-LS. Thereafter, the H-LS was retrieved by
evaporation of water from the lignosulfonate solution in an oven at 50 °C, overnight. After the
ion-exchange, the amount of Na and K decreased to 0.1 and 0.001% on the dry matter,
respectively.

The specifications of H-LS including C, H, S, O, humidity and ash content, weight average
and number average molecular weight (Mw and Mn, respectively) and the atomic ratios of O/C
and H/C are presented in Table 7. The corresponding polydispersity of H-LS based on the Mw
and Mn values was determined as 4.9.

Table 7 Specifications of protonated lignosulfonate (H-LS).

Molecular weight Composition wt% Atomic ratio

g/mol

Mw Mn C H O S Humidity Ash O/C HIC
H-LS 9400 1900 61.1 44 308 31 25 0.6 0.38 0.86

Nordic beech wood with particle size of 600 um was used in the tests for conversion of
biomass. The composition of beech wood constituents is presented in Table 8. The carbon,
oxygen, hydrogen and nitrogen content of beech wood were determined to be 53.03, 41.00,
5.83 and 0.14 wt% (on dry and ash free matter basis). The oxygen content was determined by
difference. No sulfur was detected in the beech wood likely because the sulfur content in beech
wood was lower than the detection limit of the elemental analyzer.

Table 8 The composition of beech wood constituents.

Feedstock Total Glucan Xylan Klason Acid soluble Ash  Extractives
sugars lignin lignin
Content wt%  60.7 39.9 17.6 20.8 3.1 0.5 3.2

Organosolv lignin was extracted from the same beech wood by an organosolv extraction
according to a method from Wang et al. [80]. 50 g beech wood was treated with 300 ml
water/ethanol solution (1:1, vol:vol) in Parr 4575 series reactor at 178 °C under nitrogen
atmosphere for 3.3 h,. After the extraction, the soluble fraction (mainly lignin) was separated
from solid cellulose and hemicellulose residues by filtration, followed by solvent removal via
evaporation. The solid phase remaining unevaporated was regarded as ‘organosolv lignin’. The
mass balance however revealed that the extracted solid phase was composed of 72.5 wt% lignin
(assuming all lignin was dissolved.) mixed with 27.5 wt% other fractions mostly extracted
hemicellulose. The carbon, hydrogen and oxygen content of the obtained organosolv lignin
was determined 56.4, 6.2 and 37.6 wt%, respectively, whereas no nitrogen was detected.
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3.3. Catalyst

In the experiments using Ni based catalyst (Chapter 4), the 5.0 wt% Ni/SiO., Ni/AC,
Ni/ZrO2 and Ni/y—A>03 catalysts were prepared by incipient wetness impregnation method
using nickel nitrate hexahydrate (Ni(NOz)2.6.H20) as precursor. The supports were SiO;
(Saint-Gobain, 250 m?/g), AC (Sigma-Aldrich, 600 m?/g), ZrO. (Saint-Gobain, trace
monoclinic, 146 m?/g) and y—A,03 (Saint-Gobain, 254.7 m?/g). All catalysts were crushed,
sieved to 150-300 um and reduced before use. The Ni/SiO; catalyst was reduced for 2 hours in
Parr 4566 series autoclave at 1 atm, 350 °C with H> flow of 1 NI/min. A quantity of 1 g of
Ni/AC, Ni/ZrOz and Ni/y-Al>Os3 catalysts were reduced ex-situ using a Quantachrome iQ:
apparatus with Hz flow for 2 hours at 600 °C, followed by passivation in 1% O and 99% N at
room temperature. The passivated catalysts were reactivated prior to use in Parr 4566 series
autoclave with a Hz flow of 1 NI/min for 2 hours at 400 °C.

Commercial alumina supported NiMo catalyst provided by Haldor Topsge A/S was used
in Chapter 5 and 6. In chapter 5, the commercial NiMo is regarded as NiMo-I. The catalyst was
crushed, sieved to 150-300 pm. For studies on the sulfidation of catalyst by TEM analysis, an
in-house alumina supported NiMo sample was prepared (regarded as NiMo-II). The support
was y-Al;03 from Saint-Gobain with a surface area of 254.7 m?/g. The catalyst was prepared
by successive incipient wetness impregnation stages: First the support was impregnated with
Mo using an aqueous solution of ammonium molybdate tetrahydrate ((NH4)sM07024.4H20),
from Sigma-Aldrich with purity > 99%, as precursor. The precursor solution was added
dropwise to the support while stirring to ensure a homogenous precursor distribution. The water
was evaporated in an oven at 50 °C, overnight. Ni was then added in a second impregnation
step, using an aqueous solution of nickel nitrate hexahydrate (Ni(NOz).6H20), from Sigma-
Aldrich with purity of 99.999%. The in-house synthesized catalyst was calcined by heating to
500 °C at a rate of 5 °C/min in 2.5 L/min flow of 20 vol% O and 80 vol% N2 and holding at
this temperature for 3 hours. The Mo and Ni content of the calcined catalyst was measured by
ICP analysis to 12.8 and 2.3 wt%, respectively, which corresponds to Ni/Mo molar ratio of 0.3.
This molar ratio is recognized as optimal value for HDS activity [122]. The sulfur content after
pre-sulfidation of the home-synthesized NiMo-I1I catalyst was 10.0 wt% as determined by ICP
analysis, corresponding to the formation of MoS», NiS and Ni>Sz. The NiMo oxide catalyst
was pre-sulfided prior to use in a Parr 4566 series reactor; the pre-sulfidation was achieved
using 1 ml dimethyl disulfide (DMDS) in a reductive atmosphere (1 g oxide catalyst, 30 bar
H>, loaded at RT) at 400 °C, overnight.

3.4. Depolymerization reactions

In all the experiments, once the materials were transferred into the autoclave, the reactor
was sealed and flushed with N for at least three times. Subsequently, the reactor was flushed
with Hz and then pressurized to specified H, pressure at RT. The reactor was then heated to the
desired temperature while stirring. Stirring was important to avoid that lignin deposited at the
reactor bottom and was exposed to high temperature in the absence of solvent and catalyst
causing severe charring. Once the set point temperature was reached, the reaction time was
started. The reaction time for most of the experiments was 3 hours, except for a few
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experiments in chapter 5, where the effect of reaction time was evaluated. At the end of the
experiment, the reaction was stopped by quenching the reactor in an ice bath. As soon as the
temperature inside the reactor reached ambient, gas samples were collected using Tedlar gas
bags. Before opening the reactor, the gas phase was discharged and the reactor was flushed
with N2. The material and the quantities in each chapter are presented below:

3.4.1. Depolymerization reactions presented in chapter 4

In a typical run, 7.5 g lignosulfonate, 0/0.75 g catalyst and 75 ml of solvent were
transferred into the reactor. The loaded H. pressure into the reactor was 50 bar at RT and the
depolymerization reactions were conducted at 250 °C.

3.4.2. Depolymerization reactions presented in chapter 5

The experiments were conducted with typically 1 g catalyst, 10 g lignin (H-LS), and 100
ml solvent. The reactor was charged with 26 bar H» at RT, then the reactor was heated to the
desired temperature (260, 290, 300, 310 °C). The catalyst was used in oxide form in most of
the experiments, however, in a few experiments the catalyst was used pre-sulfided. The effect
of sulfur addition during reaction was studied in an experiment by adding 1 ml DMDS to the
reaction medium.

3.4.3. Liquefaction of biomass presented in chapter 6

The catalytic conversion of biomass was studied using 1 g oxide catalyst (which was pre-
sulfided prior to use) commercial NiMo catalyst, 10 g biomass and 100 ml solvent. 0.5 ml
DMDS, corresponding to HzS partial pressure of 1.8 bar at 300 °C, was added in order to
maintain the sulfide state of the catalyst. The reactor initially was charged with 26 bar H> at
RT.

3.5.  Workup procedure

The solid and the liquid products of the reactions were separated by vacuum filtration over
a pre-weighed filter paper. The filter cake was washed with 100 ml ethanol to ensure removal
of the liquefied products. The filtrate and ethanol used for rinsing the cake were collected. The
solid phase was dried overnight at 60 °C. The solid phase was comprised of spent catalyst, ash,
and char. In the experiments in chapter 4, when ethanol was used as solvent, and also the
experiments in chapter 5 and 6, the heavy and light fractions in the liquid phase were separated
using rotary evaporator at 35 °C, 5 mbar pressure and a rotation rate of 130 RPM. Ethanol and
the light products were evaporated (light phase), and a thick liquid phase remained
unevaporated, regarded as ‘oil’ (heavy liquid phase). During the workup procedure, the masses
of different fractions and the mass of added ethanol for washing the solid phase were carefully
measured. A mass loss of 6-15 wt% was observed during the workup procedure, mainly in the
filtration step.

An extensive product extraction procedure was applied in the experiments in chapter 4,
when ethylene glycol was used as solvent since evaporation of ethylene glycol was not practical
due to its high boiling point (197.3 °C). Solid phase was isolated from the liquid phase in a
procedure described for ethanol experiments. Subsequently, the liquid product fraction was
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diluted with water in a separation funnel followed by addition of ethyl acetate. The funnel was
then shaken vigorously. The aqueous phase and the organic phase were separated; the water
phase in the bottom layer and the organic phase on the top. It was expected that unreacted
ethylene glycol and the ethanol used for washing were transferred to the aqueous phase while
the liquefied organic compounds were in the oil phase. Extraction was repeated three times to
ensure complete separation of the products. In the next step, the lignin degradation products
were isolated from ethyl acetate using rotary evaporation.

The yield of the oil fractions was calculated based on the dry and ash free (DAF) feedstock
(Eg. 2). The organic solid mass originating from feedstock was calculated by subtraction of
mass of ash and loaded catalyst from the total solid mass obtained from filtration. The solid
yields were calculated using Eq. 3.

Oil yield = —2% 100 Eq. 2

MPAF feedstock

Msolid residue”MAsh — Mcatalyst

Solid yield = 100 Eq. 3

MPpAF feedstock

In chapter 4, the selectivity of the monomers in the oil fractions was determined by Eq. 4.

M Monomer determined by GC—FID ]

Selectivity to monomers = 100 Eq. 4

Moil fraction

In the experiment presented in chapter 4, the solid phase obtained from each test was
fractionized by dissolving in THF. It was assumed that char, catalyst and ash were insoluble in
THF. The solid phase was dispersed in 100 ml THF followed by stirring for 30 minutes at room
temperature. Next, the solutions were filtered using vacuum filtration. The ‘THF insoluble
solid’, collected on the filter paper, was dried overnight. The filtrate phase ‘THF soluble solid’
was recovered by evaporation of THF. The yield of each fraction was calculated using Eq. 5
and 6, respectively.

MTHF insoluble solid ~— MAsh — Mcatalyst

THF insoluble solid yield =

100 Eq. 5

MPpAF lignosulfonate

THF soluble solid yield = ——LAEsolublesolid .1y, Eq. 6

MPpAF lignosulfonate

In the experiment on liquefaction of biomass (chapter 6), the conversion of biomass or
organosolv lignin was calculated as in Eq. 7. The content of the sugar derived light products
were determined according to Eq. 8. The relative area basis percentages of light products were
measured by GC-FID analysis of the light fractions and the water content in the light phase
was determined by Karl-Fischer titration. The monomer yields in the oil fractions from
conversion of biomass were determined based on Klason lignin, using Eg. 9, while the
monomer yields from conversion of organosolv lignin were determined based on the DAF
Organosolv lignin, using Eg. 10.
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Msolid fraction “MAsh “Mcatalyst

Conversion = (1 — )-100 Eq.7
MDAF biomass
. . (MLight fraction "Mwater)
Light products yield = ~—ght/raction 22T - Area % Light product Eq. 8
Msugars in biomass
. _ MMonomer
Monomer yield piomass = -100 Eq. 9
MKlason lignin in biomass
. _ MpMonomer
Monomer yield organosolv lignin = *100 Eg. 10

MPpAF Organosolv lignin

3.6. Characterizations and analytical techniques

3.6.1. Catalyst characterization
Some specifications of Ni based catalysts used in chapter 4 were determined using TPR, CO
chemisorption, NH3-TPD and XRD that are described below:

Temperature programmed reduction (TPR) analysis was performed in order to investigate
the reducibility of Ni (NOz)2 species using a Quantachrome iQ. apparatus. The consumption
of Hz was measured using a Hiden QGA mass spectrometer. The catalyst was flushed with 40
Nml/min of helium (He) for 25 minutes followed by heating from room temperature to 350 °C
(Ni supported on SiOz2) or 600 °C (Ni supported on AC, y-Al,Oz and ZrOy) at a rate of 2 “C/min
with Hy flow of 40 Nml/min and then maintaining at this temperature for 4 hours. The
consumption of Hy is indicative of catalyst reduction and the end of Hz consumption is taken
as evidence of complete reduction.

Catalyst metal dispersion was measured by carbon monoxide (CO) chemisorption. The
metal dispersion represents the percentage of the available metal atoms (Ns) to the total metal
atoms (N1) [123]. Similar to TPR, a Quantachrome iQ apparatus was used and CO was
measured by TCD detector. Prior to chemisorption, the catalyst was properly reduced at the
required temperature for 2 hours, followed by cooling to 30 °C by 40 Nml/min He flow. The
titration was conducted at 30 °C by pulse injection of 279 ul CO into the He flow and measuring
the CO uptake. The results were used to calculate the Ni particle size. It should be emphasized
that the nickel carbonyl generated in this procedure can cause harm to the TCD detector
filament.

The acidity of Ni/SiO2, Ni/ZrO; and Ni/y-AlO3 was determined by temperature
programmed desorption of ammonia (NH3-TPD). An amount of 0.1 g of each sample was
heated to 500 °C in He flow of 25 Nml/min and then cooled to 100 “C. Thereafter, the samples
were saturated with 50 Nml/min NH3 flow for 2 hours. TPD was then conducted by heating
the sample to 500 °C at a heating rate of 10 "C/min in He flow of 25 NmL/min. A thermal
conductivity detector (TCD) was used for measuring the desorbed NH3 with the acidity equated
to the desorbed amount of NHz [123]. The peak in the temperatures lower than 200 °C is
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considered as weak acid sites, whereas the peak at higher temperature is considered as strong
acidity region.

The X-Ray diffraction (XRD) of fresh and spent catalysts was recorded with a Huber G670
powder diffractometer using Cu (Kal) radiation. Measurements were performed in the range
of 3-100 degrees with a step size of 0.005 and total measurement duration of 60 minutes. The
software used for crystal identification was Crystallographica Search-Match (by Oxford
Cryosystems Ltd.) with the ICDD PDF4 powder diffraction database.

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used for
quantification of the Ni, Mo and S content in NiMo-II catalyst samples. The samples were
melted together with potassium pyrosulfate, dissolved in a solution of water and HCI and
analyzed with optical emission spectroscopy. The sulfur content in the NiS catalyst (chapter 4)
were determined in a similar way. The results are presented in chapters 4 and 5.

In chapter 5, the NiMo catalysts prepared in-house (NiMo-II) were analyzed with
transmission electron microscopy energy-dispersive X-ray spectroscopy (TEM-EDX) analysis.
The pre-sulfided NiMo-1I catalyst before reaction, spent pre-sulfided NiMo-I1 after the reaction
at 310 °C, and also spent non pre-sulfided NiMo-II after the reactions were all analyzed with
TEM-EDX analysis. The samples were dispersed on a grid and mounted on an FEI single tilt
holder. The TEM images were obtained using FEI Tecnai T20 G2 S-TEM microscope
operating at 200 keV. The EDX spectra were acquired with an Oxford X-max silicon-drift
detector (SDD) with an active area of 80 mm?.

3.6.2. Analysis of the feedstocks and products

The content of organic carbon, hydrogen, sulfur and nitrogen in lignosulfonate, biomass,
oil and solid fractions were analyzed using a EuroVector EA 3000 CHNS analyzer. The
measurement is done by the combustion of 1 mg encapsulated samples at 980 °C and further
quantification of CO2, H20, N2 and SO, by GC-TCD. The oxygen percentage was calculated
by subtraction of C, H, N, S and ash content of each sample.

The sulfur content in the oil fractions was measured by ICP-OES. The samples were
prepared by dilution of a weighed amount of oil samples in ethanol.

The ash content of H-LS, beech wood and also solid residues was determined by
combusting an aliquot in an oven at 600 °C. The solid residues from catalytic experiments were
mixed with spent catalyst. It was assumed that catalyst is not combustible and is left with the
ash after the combustion.

The molecular weight distribution of lignin, solid and oil fractions was evaluated using
size exclusion chromatography (SEC). SEC was performed using an Agilent 1100 series HPLC
equipped with a UV-vis detector. A polymer Standard Service Company Polarsil pre-column
(50 x 8 mm, 5 pum) and column (300 x 8 mm, 5 um) were used. A 90/10 wt% DMSO/water
solution containing 0.05 M LiBr was used as solvent. The samples were dissolved in the solvent
with a concentration of approximately 2 mg/ml. The column oven temperature was set to 80
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°C to facilitate the elution of solvent. 10 ul of sample was injected for each analysis and the
elution flow rate was set to 1 ml/min. Phenol (Mw: 94 g/mol) and 4-propyl guaiacol (Mw: 166
g/mol), guaiacylglycerol beta guaiacyl ether (GGGE) (Mw: 320 g/mol) and tannic acid (Mw:
1701 g/mol) were used as representative standards for lignin monomers, dimers and polymers.
It was expected that only lignin derived fractions were detected by the UV-vis detector, at 280
nm, which is the wavelength suitable for detection of aromatic species.

The oil and light fractions were analyzed using a Shimadzu QP 2010 Ultra GC-MS-FID
apparatus equipped with a Supelco Equity 5 column. Identification and quantification of the
samples was performed by a mass spectrometer and flame ionization detector (FID),
respectively. A weighed amount of oil samples were diluted in 10 ml ethanol for analysis. The
initial temperature for the GC column was set to 40 °C and the column was heated to 250 °C
with a heating rate of 10 “C/min and kept at this temperature for 5 minutes. A split ratio of 90
was used in the injection section. The MS scanning was set to a range of 30 to 400 m/z and the
MS was intentionally turned off between 2.4 to 4 minutes in order to avoid saturation by the
high concentration of ethanol. Product identification was performed using the NIST 08 library.
A weighed quantity of phenol was added to the oil samples as external standard. The ‘relative
response factor’ method [124] was used for quantification of the compounds in the oil; the
relative response factor (RRF) of guaiacol, 4-methyl guaiacol, 4-ethyl guaiacol and 4-propyl
guaiacol was obtained using commercial standards (according to Eq. 11). Cs and As are the
concentration and the area of standards and Cj and A; are the concentration and the area of the
compound i. The RRF of the compounds such as ethyl vanillate, 4-propyl syringol, phenol 2-
methoxy-4-(2-proponyl) and phenol, 2, 6-dimethoxy-4-(2-propenyl) was determined using effective
carbon number (ECN) method [125].

Cs- Ai
Ci- As

RRF = Eqg. 11

In chapter 5, the oil phases from non-catalytic and catalytic reactions were analyzed with
GCxGC analysis. The samples were analyzed on a LECO Pegasus GCxGC-TOFMS equipped
with two columns: The first column was a 25 m x 0.25 mm i.d. and 0.25 pm film of ZB-1701
connected to a second column which was a 1.5 m x 0.18 mm i.d. and 0.18 pm film of Rtx-5.
The oven temperature of the first column was set to 40 °C for 2 minutes, then heated to 300 °C
with a heating rate of 5 “C/min and was kept at 300 °C for 5 minutes. The second oven had an
offset of 5 °C from first column. Pulsed split with split ratio 25 and pressure of 20 psi for 2
minutes was applied. The carrier gas was helium with constant flow of 1.5 mL/min. The
modulation time was 8 seconds throughout the run. The MS acquisition was acquired with
mass range of 41-441 m/z at 100. The ion source temperature was set to 225 °C. The MS plots
were analyzed using LECO ChromaTOF software, version 4.50.

An Agilent 7890A series gas chromatography equipped with a TCD detector was used for
identification and quantification of gaseous products. After each experiment, when the
temperature inside the reactor reached ambient temperature, a sample of the gas phase was
collected in a Tedlar bag for GC analysis. The gas injection into the GC was achieved using a
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fixed pressure pump. The gas flow was further split into two lines. He and Ar were used as
carrier gases. Hz was analyzed with an arrangement of a 6 ft Haysep Q and 5 A molecular sieve
columns, where Ar was the carrier gas. The gases N2, O2, CO, CO2, CHas, C2H4 and C2Hs, were
detected in the He line with 3 ft Haysep Q, HP-Plot and 5 A molecular sieve columns; The
calibration curves were created using certified gas mixtures from AGA. The moles of each gas
were calculated by the gas distribution in the gas phase measured by the GC and the pressure
in the cooled autoclave assuming ideality.

The heteronuclear single quantum coherence nuclear magnetic resonance (HSQC NMR)
experiments on the oils were performed on a 400 MHz Bruker Ascend magnet with an Avance
Il console and equipped with a Prodigy cryoprobe, at 400.13 MHz for *H and 100.61 for $3C
using the standard Bruker pulse sequence. The samples were prepared by dissolving them in
DMSO-ds as solvent. The experiments were recorded with a sweep width of 12 ppm in H and
2048 points and 256 increments in the indirect dimension (*3C) covering 165 ppm. The delay
for magnetization transfer delay was calculated to be optimal for a one-bond coupling for 145
Hz. Data were processed and plotted using Mnova software.
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4. Solvothermal conversion of lignosulfonate assisted by Ni catalyst

Among the relevant studies on catalytic conversion of lignosulfonate, Song et al. [110]
recently reported 68 wt% conversion over 10 wt% Ni/AC catalyst in ethylene glycol at 200 °C
under hydrogen atmosphere with product selectivity being 75-95% for alkyl-substituted
guaiacols, which is very promising yield of monomeric units [110]. They observed higher
conversion of lignosulfonate in ethylene glycol than in ethanol medium (a conversion of 21
wit% in ethanol) [110]; however, the role of solvent on the depolymerization mechanism was
not elaborated upon. The degradation medium has a great impact on the depolymerization of
lignin and stabilization of degraded fragments. Ethylene glycol is a good solvent for dissolution
of lignin through formation of H-bonding between EG and hydroxyl groups in the lignin [126].
Furthermore, ethylene glycol has been reported to act as an end capping agent, preventing
repolymerization [127]. On the other hand, Huang et al. [78] demonstrated that as a solvent for
lignin degradation, ethanol can suppress undesirable condensation reactions through alkylation
and esterification with degraded lignin fragments and by stabilization of reactive compounds
such as formaldehyde.

In this chapter the results of our investigation on the conversion of lignosulfonate over Ni
based catalysts in ethanol and ethylene glycol are presented. The products fractions are
carefully evaluated in order to understand the solvent effect on depolymerization and inhibiting
condensation reactions. The sulfur in the structure of lignosulfonate arise challenges for using
a heterogeneous catalysts. We also investigated the sulfur tolerance of Ni catalyst.

4.1. Catalyst

5 wt% Ni catalysts supported on SiO2was prepared by incipient wetness impregnation. A
nickel dispersion of 14.7 % was measured by CO titration, which corresponds to an
approximate catalyst particle size of 7.5 nm. One step reduction of Ni/SiO; catalyst at 350 °C
was confirmed by TPR. In order to understand the role of support material on the catalyst
activity, Ni supported on AC, ZrO2 and y-Al,O3 were prepared. The particle size of Ni/AC and
Ni/y-Al203 catalysts was estimated 14.8 and 32.5 nm, respectively (Table 9). However, the CO
titration and therefore particle size estimation of Ni/ZrO, was not achievable due to severe
deposition of nickel carbonyl in the TDC detector. The acidity of Ni/SiO2, Ni/ZrO; and Ni/y-
Al;O3 catalysts were measured using NHs-TPD, while Ni/AC was assumed to be neutral.
According to NHsz desorption measurements, catalysts with a range of acidity were synthesized:
The NHz desorbed content increased in order of 55, 373 and 601 pmol/gcat for Ni/SiO2, Ni/ZrO>
and Ni/y-Al;Osz catalysts. The temperature in which NH3 was desorbed from Ni/ZrO, was
within the range of strong acidity while those for Ni/SiO2 and Ni/y-Al.O3 were in the range of
weak acidity.

Table 9 The particle size and acidities of the 5 wt% nickel based catalysts

Catalyst Particle size  NH; desorbed NHs desorbed
[nm] [umol/gea] weak — [umol/geat] Strong
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Ni/SiO, 75 55 (at 152 °C) -

Ni/AC 14.8 N.A. N.A.

Ni/izZro,  N.A. - 373 (at 225 °C)
Ni/y-Al,Os 325 602 (at 184 °C) -

4.2.  Solvothermal conversion of lignosulfonate
The oil and solid yields from conversion of H-LS with and without catalyst in ethanol and
ethylene glycol solvents are presented in Table 10.

Table 10 The yields of the oil and solid fractions from conversion of H-LS over Ni/SiO catalyst.
Reaction condition: 0/0.75 g catalyst, 7.5 g H-LS, 75 ml solvent, initial H, loading of 50 bar at RT, 250
°C, 3 hours.

Ethanol medium

Solid phase wt%

Entry Catalyst Oil yield wt% THF insoluble THF soluble  Total
1 Non-Catalytic 16 60 10 70
2 Ni/SiO> 31 46 16 62
3* Ni/SiO; 47 30 9 39
Ethylene glycol medium
Apparent/ Solid phase wt%
Entry Catalyst Estimated Oil ~ THF insoluble ~ THF soluble  Total
yield wt%
4 Non-Catalytic 89/ 20 6 74 80
5 Ni/SiO; 93/ 32 23 45 68

* Reaction temperature of 300 °C

The oil and solid yields from non-catalytic conversion of H-LS in supercritical ethanol
were 16 and 70 wt%, respectively (Table 10, Entry 1). A poor mass balance was obtained which
was mainly due to severe solid deposition in the internal surface of the autoclave and the stirring
compartment, accompanied by loss of solid products during the workup procedure. The oil
yield increased to 31 wt% by catalytic conversion of H-LS in ethanol medium, while solid yield
decreased to 62 wt% (Table 10, Entry 2). The higher yield of liquefied oil products in the
presence of a catalyst is likely due to hydrogenolysis of facile bonds such as C-O over Ni active
sites [110] and the role of catalyst in stabilization of the reactive fragments. VVan den Bosch et
al. [113] elaborated the role of Ni/Al,Os mainly as stabilization of reactive lignin fragments
and inhabitation of repolymerization during delignification of birch sawdust in methanol. By
addition of catalyst the yield of THF insoluble fraction decreased from 60 wt% in the absence
of catalyst to 46 wt%, and the yield of THF soluble fraction increased from 10 wt% to 16 wt%
in catalytic condition. The physical appearance of the solid phase changed noticeably by
addition of catalyst. The solid residues in non-catalytic reactions were large lumps, while small
solid particles were obtained after catalytic reaction. This difference may be affected by
grinding action of the catalyst particles on the char under the stirring. The yield of the liquefied
products are highly influenced by reaction temperature [109]; 47 wt% oil yield was obtained
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by conversion of H-LS over Ni/SiO; catalyst at 300 °C in ethanol (Table 10, Entry 3) and the
total solid yield decreased to 39 wt%. The higher oil yields were likely through increase of the
thermal cracking rates at higher temperatures [27] and also increase of the end-capping
alkylation reactions compared to repolymerization reactions [31].

A more complex workup procedure using extraction with water and ethyl acetate was
applied for isolation of liquefied products from EG. It was assumed that organic compounds
were extracted in ethyl acetate phase. Ethyl acetate was later evaporated using rotary
evaporation. However, after its evaporation, excessive oil contents of 6.7 and 7.0 g were
obtained from non-catalytic and catalytic tests, respectively (corresponding to ‘apparent’ oil
yields of 89 and 93 wt%), which were considerably higher than the expected mass of oil
fractions from degradation of lignin. Solid yields of 80 and 68 wt% were obtained in the
absence and presence of catalyst, respectively. It was speculated that the extra mass observed
in the liquid phase was either due to poor separation of the solvent (EG) from products or
extensive solvent incorporation to the lignin fragments, which is elaborated later. The yield of
the oil fractions from conversion of H-LS in EG were therefore approximated as everything
not accounted for by the solid fractions (‘Estimated’ oil yields). Similar to reaction in the
ethanol medium, the yield of liquefied fraction increased over the catalyst (Table 10, Entry 4
and 5). The estimated oil yield of 32 wt% obtained over Ni/SiO2, which was very similar to the
yield in the EtOH medium. Only 8 wt% THF insoluble fraction was observed in non-catalytic
condition, however, this number increased to 23 wt% over catalyst.

By contrast, Song et al. [110] reported 68 and 21 wt% conversion of sodium lignosulfonate
in EG and EtOH over Ni/AC at 200 °C, respectively. They further observed 78 wt% conversion
from reaction of Na-LS in EG at 240° C. Unlike Song et al. [110], we observed almost similar
yields of 31 and 32 wt% of the degraded fractions (oil yield) in both solvents. There may be
several reasons for the differences between our work and Song et al. [110]. The origin of lignin
and the number of -O- and -OH bonds influences its thermal degradation [59] and dissolution
in solvents [126]. In the work by Song et al. [110] , the biomass from which the lignosulfonate
was extracted was not stated, so there may be differences in the feedstocks. Moreover, they
had loadings of 0.2 g catalyst, 2 g lignosulfonate and 120 ml solvent. The excess amount of
solvent to lignin ratio compared to our reaction conditions (7.5 g lignin, 75 ml solvent) may
affect the conversion. They used lignosulfonate with sodium ions as counter ion to sulfonate
group, while the lignosulfonate we investigated was in sulfonic acid form. The SOsH groups
can acid-catalyze the reaction [128], which may be the reason for higher conversion we
observed in EtOH medium compared to their result. Lignosulfonate is highly soluble in EG,
while its solubility in EtOH is limited [129]. Some unconverted lignosulfonates may remain
soluble in EG after the reaction which then may result in overestimation of the conversions. A
workup procedure suitable for separation of degraded products and unreacted lignin from
solvent seems critical for accurate analysis.
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4.2.1. Evaluation of the products and comparison between ethanol and ethylene glycol
as reaction media

The cleavage of facile bonds such as C-O aryl ethers present in the structure of lignin
results in the formation of reactive monomeric and dimeric intermediate radicals [127].
Repolymerization reactions and non-selective formation of stable C-C bonds induced by
radicals can suppress the degradation and results in formation of char. Condensation of
phenolic groups originating from lignosulfonate and aldehydes are reported [128]. Formation
of C-C bonds can be inhibited by reaction of the solvent with the radicals. In order to elaborate
on the role of each solvent, the liquefied products were analyzed with GC-MS equipped with
FID detector. The chromatograms of the oil fractions obtained over Ni/SiO- are presented in
Appendix A, Figure Al and Figure A2. Monomer yields (base on DAF lignin) of 3.6 and 4.0
wit% were quantified from non-catalytic and catalytic conversion in EtOH presented in Table
11. The monomer yields from non-catalytic and catalytic degradation in EG were 1.2 and 0.8
wit%, which were lower compared to the monomer yields in EtOH. The observed yields of
monomers indicate that the oil fractions are mainly composed of larger oligomers. In the work
by Song et al. [110] 75-95% selectivity for alkyl-substituted guaiacols from conversion of
sodium lignosulfonate in EG at 200 °C was reported. However, evaluating our oil fractions
using GC-MS-FID results, it was observed that only a small fraction of the oil phases were
comprised of monomers, and therefore, the high selectivity reported by Song et al. [110] could
not be reproduced in our work.

Table 11 The selectivity of monomers in the oil fractions from non-catalytic and catalytic conversion
of H-LS based on GC-MS-FID analysis, and total monomer yields base on DAF lignin. Reaction
condition: 0/0.75 g catalyst, 7.5 g H-LS, 75 ml solvent, initial H, loading of 50 bar at RT, 250 °C, 3
hours.

Experiment Selectivity % Monomers
Guaiacols & Aromatic  Total yield wt%
substituted guaiacol esters

EtOH, Non-catalytic 10.9 11.8 22.7 3.6

EtOH, Ni/SiO. 6.6 6.3 12.9 4.0

EG, Non-catalytic 5.8 - 5.8 1.2

EG, Ni/SiO, 2.6 - 2.6 0.8

In the oil from conversion of H-LS in EtOH, guaiacol and substituted guaiacol and
aromatic esters were the two main groups of identified compounds with guaiacol (selectivity
of 8.6% in the absence of catalyst and 5.3% over Ni/SiOz) and ethyl vanillate (selectivity of
10.3% in the absence of catalyst and 5.6% over Ni/SiO2) being the primary compounds.
Structure of guaiacol and ethyl vanillate is shown in Figure 36. Compounds such as 4-methyl
guaiacol, 4-ethyl guaiacol and 4-propyl guaiacol were identified in trace amounts. Formation
of guaiacol and alkyl substituted guaiacols can take place via hydrogenolysis of C-O-C bonds
involving phenyl propane units such as such as B-O-4 and a-O-4 [130]. The cleavage of f-O-4
is reported to occur in temperature range of 200-300 °C in different solvents [27]. Formation
of ethyl vanillate was reported from degradation of Alkali lignin at 250 °C over vanadium
sulfide catalyst [131]. The aromatic esters were possibly produced by reaction of in-situ
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produced aromatic carboxylic acids from degradation of lignosulfonate and ethanol. According
to the GC-MS results, esterification occurs in ethanol medium in both non-catalytic and
catalytic reactions, resulting in stabilization of reactive fragments. Sulfonic acid groups present
in the structure of H-LS catalyze esterification reactions [132]. Esterification reactions are
favored for enhancement of bio-oil quality as carboxylic acids groups decrease the stability of
oil and makes the oil more acidic [133]. Esterification between ethanol and acids increases at
supercritical condition [134]. Guaiacol was the primary monomeric product from degradation
of lignin in the EG medium and corresponded to selectivity of 5.8 and 2.6 wt% in the oil phases
from non-catalytic and catalytic conditions, respectively.

OH

OCH, o N

1 ocH, 2

Figure 36 The main identified compounds in the oil fractions by GC-MS analysis: (1) Guaiacol, (2)
Ethyl vanillate

The stability of the solvent is critical for an economically viable bio-refinery. The GC-
MS-FID analysis of the light fractions from reaction in EtOH detected 99.4% EtOH (Area
basis) as the major compound. Formation of trace amounts of 3-methyl 1-pentanol, 1,1
diethoxy ethane and 2-ethoxy 1-propanol was detected from self-reaction of EtOH molecules
and esterification. The GC analysis of the gas phase detected negligible amounts of CO. and
CH4 from both non-catalytic and catalytic conversion of lignosulfonate. This observation
indicates that EtOH was relatively stable at the reaction conditions.

The high apparent yields of liquid phase from reactions in EG were not to a large extent
originating from poor extraction of EG as only 6 and 10 wt% EG was detected in the oil phases
from non-catalytic and catalytic reactions, using GC-MS-FID. Rather the high yield is due to
conversion of EG to higher glycols; the GC-MS analysis of the oil fractions indicated extensive
formation of diethylene glycol (DEG), triethylene glycol (TEG), tetraethylene glycol (TTEG),
and compounds such as diethylene glycol ethyl ether, which account for the extra oil mass. A
blank test in the absence of lignin was conducted in order to evaluate self-reaction of EG over
Ni/SiO. catalyst. Only ethylene glycol and trace amounts of 2-methoxy 1, 3 dioxolane were
detected from blank test, which indicated formation of higher glycols was associated with the
presence of H-LS or its degradation products. A likely explanation for the EG conversion in
the presence of H-LS is the acid catalysis from H-LS protons. Self-reaction of EG under acidic
conditions and formation of DEG and TEG are reported [134], [135]. The H" originated from
SOsH in the structure of H-LS can catalyze such reactions [128], which possibly initiated EG
self-reactions. As shown in Figure 37, protonation of EG can take place by introduction of H*
from SOszH unit in the lignosulfonate structure. By nucleophilic attack of the adjacent EG
molecule, a DEG is formed through dehydration. Formation of TEG and higher glycols follows
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a similar mechanism. The reaction of EG is not limited to self-reaction. EG reacts with reactive
lignin intermediates via end-capping reactions [41]. Moreover, reaction between carboxyl
groups produced in-situ from degradation of lignin and ethylene glycol results in the formation
of esters and ketones [136]. However, apart from guaiacol, we could not detect other products
from reaction of H-LS degraded compounds and EG, which is probably because these
compounds were too large to pass the GC column and reach the detector.

H* B
HO-CH,-CH,-OH ————> HO-CH,-CH,-0~ "

@ —~H
~—. _H
HO-CH,-GH,-OZ |} ————— HO-CH,-CH,-0-CH,-CH,-OH +H,0

HO-CH,-CH,-OH
Figure 37 Acid catalyzed self-reaction of ethylene glycol to form diethylene glycol ether.

Although GC is a robust method for analysis of chemicals, most of the lignin degradation
compounds are not volatile at the conventional GC analysis conditions and will thus not be
detected. Size exclusion chromatography (SEC) is a useful technique for determination of the
molecular weight distribution of the liquefied fractions. The SEC of the oil fractions obtained
from non-catalytic and catalytic degradation of lignosulfonate confirmed the formation of
lower molecular weight compounds compared to the starting feedstock (Figure 38). We used
phenol, GGGE and tannic acid as standards. The corresponding peak position for each standard
is shown for comparison. According to the elution pattern of the oil fractions, the majority of
the degraded compounds had molecular weights that ranged from dimers to oligomers. This is
consistent with the GC analysis of the oil fractions, showing relatively low yields of monomers.
The SEC of the oil fractions from EtOH tests showed a bimodal pattern (see Figure 38). The oil
from catalytic conversion in EtOH showed a larger shoulder in higher molecular weight
fractions (lower retention times) compared to oil produced without a catalyst. The elution of
non-catalytic oil produced in EG medium showed a slightly broader molecular weight
distribution compared to oil formed in the presence of a catalyst. Comparing the molecular
weight distributions of the oil in the two different solvents indicates that the oil fractions from
EtOH medium had much smaller molecular weight compared to the oils in EG. Schutyser et
al. [41] observed formation of higher molecular weight lignin oligomers in ethylene glycol than
in other solvents including ethanol, water and methanol from conversion of birch sawdust over
Pd/C catalyst at 200 °C. This may be due to the end-capping reactions between EG and higher
glycols with lignin fragments. Both EG and EtOH solvents can perform end-capping of formed
radical fragments. They react with —OH and —COOH groups in the degraded fractions via
different reactions including formation of hydrogen bonds and esterification. EG with two
hydroxyl groups most likely links two smaller fragments into a larger one while EtOH with
one hydroxyl group reacts with only one radical fragment. Thus, conversion in EG leads to oils
with larger molecular weight. Taking into account the SEC and GC-MS-FID results of the oil
fractions, it is concluded that catalytic role has been more pronounced in formation of dimers
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and oligomers, perhaps by inhibiting condensation of larger fragments, whereas the monomer
yields has not been increased by a catalyst.

—EG-Catalytic

—EG-Non catalytic

5

lﬂ',' ——EtOH-Non catalytic
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n —EtOH-Catalytic
—--Mw: 94 g/mol
""""" Mw: 320 g/mol

---Mw: 1701 g/mol
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Figure 38 SEC analysis of non-catalytic and catalytic oil products from conversion of H-LS in EtOH
and EG media. Reaction condition: 0/0.75 g Ni/SiO; catalyst, 7.5 g H-LS, 75 ml solvent, initial H
loading of 50 bar at RT, 250 °C, 3 hours.

A strong odor of sulfur in the light and oil fractions was an indication of the presence of
sulfur. The ICP analysis detected 0.38 and 0.73 wt% sulfur in the oil from catalytic conversion
of H-LS in EtOH and the liquid products from EG test (Apparent oil), respectively. This
indicates that the oil would need further desulfurization to become a viable fuel. The
considerably higher sulfur content in the oil from EG test might be because of the reaction of
EG with reactive intermediate, stabilizing them, and inhibiting further cleavage of C-S bonds.

The solid phases were fractionized into THF soluble and THF insoluble compounds and
analyzed with SEC analysis. However, the THF insoluble fraction from the EtOH test was not
soluble in the 90/10 wt% DMSO/water solution, used as solvent for SEC analysis. This
observation indicates that the THF insoluble fraction from EtOH medium was composed of
highly crosslinked carbonaceous fragments. The SEC analyses of the solid phases from
catalytic conversion of H-LS in both solvents are shown in Figure 39. The molecular weight
distribution of the THF soluble fraction from the EtOH medium practically overlays on the
SEC of H-LS, which suggests that this phase is largely composed of unreacted lignosulfonate.
Moreover, formation of higher molecular weight fractions compared to H-LS in the left
shoulder confirms condensation reactions building larger structures. The THF soluble fraction
from EG medium shows lower molecular weight compared to THF insoluble fraction, which
is consistent with its solubility in THF. As EtOH is less efficient for end-capping, the solid is
a combination of highly cross-linked carbonaceous char phase and H-LS that has undergone
little or no conversion (THF soluble) whereas EG as a better end-capping agent gives a solid
that is a mixture of mid-size depolymerization products. It has been observed that EG can react
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with in-situ produced formaldehyde from cleavage of f-O-4 and -5 [127], and inhibits phenol
formaldehyde condensation reactions, and suppresses char formation.

—Lignosulfonate
—EG-THF Soluble
—EG-THF Insoluble

S —EtOH-THF Soluble
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Figure 39 SEC analysis of the solid phases from catalytic conversion of H-LS in EtOH and EG
mediums. Reaction condition: 0.75 g Ni/SiO; catalyst, 7.5 g H-LS, 75 ml solvent, initial H loading of
50 bar at RT, 250 °C, 3 hours.

It was observed that the content of THF insoluble phase from reaction of H-LS in EG
increased from 6 wt% in non-catalytic condition to 23% in the presence of a catalyst (Table 10,
Entry 4 & 5). The GC analysis of the liquid fractions indicated that the relative areas of DEG,
TEG and TTEG compared to EG increased in the presence of catalyst, which indicated that
isomerization of EG was catalyzed over Ni/SiOz. The lower —OH density of these compounds
compared to EG may have inhibited end-capping and be the reason for the higher THF
insoluble fractions in the catalytic condition. Mu et al. [137] investigated dissolution of Alkali
lignin in EG and poly ethylene glycol at 140 °C. While lignin was fully soluble in EG, only 5
wit% lignin- poly ethylene glycol solution was reported due to low density of hydroxyl groups
[137].

The elemental composition of oil and solid phases were also determined. Van Krevelen
diagrams were plotted based on atomic O/C and H/C ratios. The H/C and O/C ratios for H-LS
and the oil fractions are shown in Figure 40. Deoxygenation and hydrogenation was clearly
observed in the oil fractions in an EtOH medium. The oil from catalytic tests had a lower O/C
ratio compared to the non-catalytic oil, which indicated the role of a catalyst on removal of
oxygen most likely by hydrodeoxygenation. The O/C ratio in the oil from a catalytic test at 300
°C was lower compared to the oil obtained at 250 °C, indicating increased oxygen removal at
higher temperatures. Also note that the oil yield at 300 °C was significantly higher (47 wt%)
than at 250 °C (31 wt%), see Table 10.
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The oil fractions from EG tests were a mixture of liquefied lignin derivatives incorporated
by EG, and also DEG, TEG, TTEG and higher glycols. Therefore, the presented O/C and H/C
atomic ratios for these fractions are representing the whole mixture and not only the liquefied
lignin fraction, and the fact that H/C and O/C ratios are higher in oil from conversion of H-LS
in EG than in the original H-LS will reflect this solvent incorporation and solvent conversion.
Using the Dulong formula [134], the higher heating value (HHV) of H-LS was determined as
21.4 MJ/kg. This number increased in the oil fractions from conversion of H-LS in non-
catalytic and catalytic conditions in EtOH medium to 25.6 and 26.6 MJ/kg. The liquid fractions
from conversion of H-LS in EG (which contains EG and higher glycols) in non-catalytic and
catalytic condition had HHVs of 25.3 and 23.4 MJ/kg, respectively.

The Van Krevelen diagram of the solid phases confirmed the decrease in O/C content in
solid residues from both solvents, which was more pronounced in the solid residue from EG.
The H/C content in the solid fractions from EG medium slightly increased compared to H-LS
which may be through incorporation of higher glycols to large fractions.
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Figure 40 Van Krevelen diagrams of (a) oil and (b) solid fractions from conversion of H-LS in EtOH
and EG mediums. Reaction condition: 0/0.75 g catalyst, 7.5 g H-LS, 75 ml solvent, initial H, loading
of 50 bar at RT, 250 °C (except for conversion of H-LS in EtOH at 300 °C), 3 hours.

The presented results clearly indicated differences in performance of EG and EtOH as
solvents for conversion of sulfonic acid lignosulfonates. At the reaction condition, thermal
cleavage of ether bonds occurred and resulted in formation of monomeric and dimeric reactive
fragments. By reaction of solvent with the degraded compounds, these were stabilized and
prohibited from further degradation/condensation. There are advantages and disadvantages
associated with each solvent. Feasibility studies can further clarify superiority of either of
solvents for conversion of lignosulfonate. The performances of the solvents are summarized as
follows:

- EtOH remained almost intact at the reaction conditions. The GC-MS analysis showed
that EG to a significant extent was converted to higher glycols via self-reaction.
Depending on the value of the liquefied products from EG conversion, the conversion
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4.3.

of EG to higher glycols may be unfavorable. However, it should be noted that
conversion of EG was acid catalyzed by H* from sulfonate group. It is possible that the
stability of EG can be improved by utilizing non-acid forms of lignosulfonate such as
Na-LS. In support of this, although at lower temperature than applied here, Schutyser
et al. [41] stated that EG remained stable during conversion of birch sawdust over Pd/C
catalyst at 200 °C.

The isolation of the oil from EtOH is simple and may be done by distillation. On the
contrary, separation of reaction products in the EG medium is very challenging due to
the high boiling point of EG and also partial solubility of EG in conventional solvents
used for extraction of products.

The products from reaction in EtOH, alkyl substituted guaiacols and aromatic esters,
can be used as a source of value-added chemicals. The O/C atomic ratio of the oil from
EtOH reaction decreased to 0.31 while the H/C increased to 1.16. However, if
applications such as fuel additives are considered, further hydrodeoxygenation
reactions are necessary. The oil fraction from EtOH tests had lower molecular weight
distribution compared to the oil from EG medium. The liquefied compounds in EG
were mixed with EG and higher glycols. The mixture may be directly used for
applications such as functional gels and additive for lubricant [136], [137].

EG is a better end-capping agent in preventing C-C bond formations. The presence of
THF and DMSO insoluble solid fractions from EtOH tests indicated that the end-
capping reactions between EtOH and reactive fractions were less efficient compared to
EG. The solid residues left from reaction in EG can possibly be recycled in a continuous
process and degraded to lower molecular weight compounds, while degradation of the
solid char residue from EtOH medium could require severe reaction conditions or
different processes such as pyrolysis or gasification. The char residue can also be
burned for the energy supply.

EtOH is in a supercritical condition at 250 °C. The operational pressure in EtOH tests
rose up to 155 bar while the pressure in EG tests was up to 78 bar. Obviously, a lower
pressure is favorable from industrial equipment design point of view. It is beneficial to
optimize the process condition by reduction of initial hydrogen loading and ethanol to
lignosulfonate ratio.

Effect of the catalyst support on the degradation of lignosulfonate

The effect of the support material on the catalytic behavior of Ni based catalysts was

investigated by using Ni catalyst supported on SiO2, AC, ZrO and y-Al,Oz3 (the specifications
of the catalysts are presented in Table 9). The catalytic tests were conducted in EtOH medium
due to easier workup procedure. The oil and solid yields from reaction of H-LS over Ni/AC,
Ni/ZrO2 and Ni/y-Al>Oz are presented in Table 12, Entry 1-3. The oil yields were almost similar
up to 34 wt%, despite the nature of support and associated acidity. The oil yield from
conversion of H-LS over Ni/AC (the inert support) was 34 wt% which was almost similar with
33 wt% oil yield over Ni/y-Al,O3 catalyst (possessing acidity). The SEC analysis of the olil
fractions from conversion of H-LS over Ni deposited on different support materials showed
similar molecular weight distribution (Shown in Appendix A, Figure A3). Moreover, similar
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results were observed from elemental analysis of the oil phases. Furthermore, using merely
support as catalyst was evaluated using AC and SiO (Table 12, Entry 4-5), where oil yields
almost similar to the oil yield from non-catalytic condition (around 15-18 wt%, see Table 10
and Table 12) were observed. Considering all the evidences, we conclude that catalyst carrier
most probably was not involved in catalytic degradation of lignosulfonate and the presence of
an active phase like Ni was required.

Table 12 The oil and solid yields from conversion of H-LS over Ni based catalyst in EtOH. Reaction
condition: 0.75 g catalyst, 7.5 g lignin, 75 ml solvent, initial H, loading of 50 bar at RT, 250 °C, 3 hours.

Entry Catalyst Qil yield Solid yield
wt% wt%

1 Ni/AC 34 60

2 Ni/ZrO, 34 69

3 Ni/y-Al,O3 33 67

4 AC 15 76

5 SiO; 18 67

6 Ni/SiO; (Sulfided) 33 52

7 Ni/SiO," 30 60
*Spent catalyst from reaction of H-LS in EtOH in the presence
of Ni/SiO,

4.4. Working state of Ni based catalyst

Sulfur is a known poison for Ni catalyst [138], and sulfur-poisoning may occur during the
conversion of the sulfur containing feedstock. XRD analysis of solid residue from catalytic
conversion of H-LS over Ni/SiO. in EtOH confirmed presence of a NiS phase (Shown in
Appendix A, Figure A4). The XRD pattern of the detected NiS peaks is in agreement with
literature [84], [139]. The NiS phase detected by XRD analysis of the spent catalyst is likely
formed through cleavage of C-S bond in lignosulfonate and adsorption of sulfur on Ni active
sites. The presence of sulfur in the spent Ni/SiO: catalyst residues was also confirmed by ICP
analysis. In order to observe whether sulfur deposition affects cracking activity of catalyst, a
batch of Ni/SiO; catalyst was deliberately sulfided in the presence of DMDS; 0.75 g of catalyst
was treated with 10 ml DMDS at 400 °C overnight. The autoclave was initially loaded with 30
bar Hz pressure (RT). The presence of NiS was confirmed by XRD analysis on the sulfided
catalyst. This catalyst was tested for conversion of H-LS at standard reaction condition without
any further reduction (Table 12, Entry 6). Surprisingly, an oil yield of 33 wt% was observed
which was almost similar to the oil from fresh Ni/SiO> catalyst. This observation indicated that
either the catalytic activity is not affected by the presence of sulfur and formation of NiS, or
NiS is partially regenerated during the reaction. Narani et al. [32] also reported activity of a
sulfided Ni/AC catalyst for conversion of kraft lignin, where 70 wt% methanol soluble oil was
obtained at 320 °C. Song et al. [110] argued that Ni metal is active for hydrogenolysis of ether
bonds. They reported that NiS phases were regenerated to catalytically active Ni sites in
reductive medium by desorption of sulfur in form of H.S [110]. We treated the NiS/SiO:
catalyst in a blank test (without lignin) in the presence of EtOH at 250 °C and 50 bar H> (RT)
to see whether NiS can react to the metallic Ni. The ICP analysis confirmed presence of sulfur
in the catalyst after reductive EtOH treatment with S/Ni molar ratio of 0.71. This is lower than
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a full NiS stoichiometry. It is not possible to make conclusions about the surface state of the
catalyst on the basis of ICP, but the results indicate that the catalyst remains at least partly non-
sulfided under reaction conditions and is able to exert some catalytic effect in this state.
Understanding the exact mechanism of the catalytic activity is complex. Based on our
observations, results from Song et al. [110] and the literature, herein we propose the following
potential routes on the activity of Ni/NiS sites:

- The sulfur in the structure of lignosulfonate or in the depolymerized fractions adsorbs
on Ni via cleavage of C-S bond and forming NiS. A sulfur removal cycle may
simultaneously take place where the adsorbed S may desorb in form of compounds such
as HoS [110].

- Maxted et al. [140] reported that while sulfur in high molecular weight organosulfur
compounds adsorbs on catalytic sites, the carbon chain can inhibits adsorption of other
reactants in the adjacent sites [140]. By adsorption of sulfur from lignosulfonate or
partially degraded oligomers on catalytic active sites, the carbonic chain may therefore
have steric effects and possibly hinder formation of new NiS bonds. The adsorbed
organosulfur then may be degraded via hydrogenolysis on the covered active sites and
desorb, followed by successive adsorption of an organosulfur compound.

4.4.1. Catalyst reusability

The reusability of spent Ni/SiO catalyst was tested in EtOH. It was not possible to
separate the catalyst from the char from the former experiment and therefore we used the total
solid residue (char + catalyst) from reaction of Ni/SiO. (Table 10, Entry 2) as catalyst and
assumed that the char would not react further or catalyze reaction. The solid residue was treated
with hydrogen prior to use, in a way similar to the standard tests. An oil yield of 30 wt% was
observed (Table 12, Entry 7) which is almost similar to the 31 wt% oil yield over fresh Ni/SiO».
The SEC analysis of the oil fraction from catalytic reuse test was also consistent with the
molecular weight distribution of oil obtained with fresh catalyst (Shown in Appendix A, Figure
ADb). This confirms the reusability of the catalyst.

45. Conclusion

The liquefaction of lignosulfonate in its acid form (H-LS) in ethanol and ethylene glycol
media was investigated in the absence or presence of Ni/SiO; catalyst, and the solid and liquid
products were analyzed in detail. The yields of liquefied fractions were almost similar in the
two solvents (31 wt% in EtOH and 32 wt% in EG). Monomer yields of 0.8-4.0 wt% were
obtained while SEC analysis indicated that the products in the oil fractions were mainly dimers
and oligomers. The molecular weight distribution of oil from conversion in EtOH medium
showed formation of lower molecular weight compounds compared to the oil from conversion
of H-LS in EG medium. The solid residue from EtOH tests was mainly char. Char formation
was to a greater extent inhibited in EG medium by end-capping reaction and suppression of
repolymerization by reactive compounds. EtOH was relatively stable in the reaction conditions
whereas EG was significantly converted to DEG, TEG and TTEG. The oligomerization of EG
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is catalyzed by H* from the SOsH groups in the lignosulfonate structure. No effect was
observed from the catalyst support material for Ni supported on AC, SiO, ZrO; and y-Al20:s.
The oil yields obtained were almost similar for all four catalysts. The formation of a NiS phase
in the spent catalyst from conversion of H-LS in EtOH medium was confirmed by XRD and
ICP analysis. The catalyst remained partially active despite formation of NiS.
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5. Solvothermal conversion of lignosulfonate assisted by NiMo catalyst

Hydrotreating NiMo and CoMo catalyst have gained interest in solvothermal conversion
of biomass and lignin. A recent patent reported [141] successful conversion of biomass in
digestive solvents such as ethanol and ethylene glycol over supported catalysts comprised of
S, Mo/W, and Co, Ni or a mixture of them at 180-300 °C. Cattelan et al. [76] observed higher
yields of aromatics from conversion of kraft lignin in the presence of an MoS; based catalyst
compared to non-catalytic conversion in supercritical ethanol at 280 °C under nitrogen
atmosphere: The yield of aromatic compounds increased from 10.2 wt% to 17.8 wt% in the
presence of catalyst [76] Cattelan. Joffres et al. [103], [104] observed cleavage of -O-4 and
a-0-4 bonds in reductive degradation of wheat straw soda lignin over NiMoS/Al;O3 at 350 °C
in tetralin solvent.

We investigated conversion of lignosulfonate over alumina supported NiMo in ethanol
medium. The quality of liquid, solid and gaseous compounds was comprehensively evaluated
and the role of solvent and also its consumption was elaborated. Additionally, we studied the
effect of reaction parameters such as reaction temperature, reaction time, catalyst loading and
reusing the catalyst to maximize the yield of the liquefied fractions. Furthermore, we
investigated the necessity of pre-sulfidation of the NiMo catalyst for conversion of the
lignosulfonate. It was intended to observe whether the catalyst can be sulfided in-situ by sulfur
present in lignosulfonate, or it must be sulfided prior to use to gain the cracking, HDO and
HDS activity.

5.1. Depolymerization of lignosulfonate

The results from conversion of H-LS are summarized in Table 13. The reproducibility was
confirmed by repeating a few selected experiments. A high yield of 67+2 wt% oil phase was
obtained from conversion of H-LS over NiMo-I catalyst at 310 °C (Table 13, Entry 1). The
catalyst was used in its oxide form, and it was assumed that it may get sulfided in-situ by
reaction with sulfur from lignosulfonate. This will be discussed later based on the results from
NiMo-II catalyst. The yield of solid fraction was 38 + 2 wt%. Noticeably, the sum of solid and
oil yields exceeded 100 %, most likely due to solvent incorporation. The observed oil yield is
amongst the highest yields reported from one-pot mild solvothermal conversion of lignin [92],
[111]; Oregui-Bengoechea reported maximum oil yield of 65 wt% from conversion of rice-
straw lignin in ethanol/formic acid solution over sulfated alumina supported NiMo catalyst at
higher temperature of 340 °C [92].
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Table 13 Results from conversion of H-LS. Reaction condition: 0/1 g NiMo-I catalyst, 10 g lignin, 100
ml ethanol, 26 bar H, (loaded at RT).

Entry Catalyst: Pre- Catalyst Reaction T [°C] Oilyield Solid yield
Sulfided/ Oxide mass [g]  time [h] wt% wt%
1 Oxide 1 3 310 67 38
2 Non-Catalytic 0 3 310 26 77
3 @  Oxide 1 3 310 45 64
4 Non-Catalytic 0 3 260 17 81
5 Oxide 1 3 260 29 72
6 Pre-Sulfided 1 3 260 46 56
7 ®  Oxide 0.5 3 310 76 24
8 ®  Pre-Sulfided 0.5 3 310 76 25
9 ©  Pre-Sulfided 1 3 260 44 51
10 Pre-Sulfided 1 3 290 53 45
11 Pre-Sulfided 1 3 300 62 40
12 Oxide 1 1 310 53 49
13 Oxide 1 2 310 61 42
14 Oxide 1 4 310 79 25
15 Oxide 0.5 3 310 57 47
16 Oxide 2 3 310 88 15
17 Oxide 3 3 310 87 16
18 @ Spent catalyst N.A 3 310 65 35
19®  Spent catalyst N.A 3 310 61 36

(a) Experiment in N, atmosphere (8 bar N loaded in room temperature), (b) 0.5 g catalyst, 5 g
lignin, 50 ml solvent, (c) With addition of 1 ml DMDS in the reactor, (d) Reusing catalyst from
Entry 1, (e) Reusing catalyst from Entry 18.

The sulfidation state of NiMo catalyst after reaction of H-LS was assessed using TEM and
EDX. At a similar reaction condition (310 °C & 3 h, no DMDS addition), H-LS was reacted
over the oxide home-synthesize NiMo-II catalyst and the TEM and EDX images were obtained.
Also, the TEM and EDX images of fresh pre-sulfided NiMo-II and pre-sulfided NiMo-I1I after
reaction (spent catalyst, reaction with H-S at 310 °C & 3 h, no DMDS addition) were obtained
as reference. The MoS:; slabs were clearly visible in the TEM images of the fresh pre-sulfided
NiMo-II (Figure 41, a) and the spent pre-sulfide NiMo-II (Figure 41, b). Regarding the spent
non pre-sulfided NiMo-II (Figure 41, c), linear features were detected which were consistent
with MoS; slabs, however, in a less developed state compared to the pre-sulfided NiMo-II
catalyst samples. The EDX analysis of the spent non pre-sulfide NiMo-Il showed a
homogenous distribution of Ni, Mo and S (Shown in Figure 42). 10.0 wt% sulfur was
determined by ICP in the sulfided home-synthesized NiMo-II catalyst, which is sufficient to
convert Mo and Ni atoms to the sulfide state. Taking into account TEM and EDX results, we
therefore conclude that the catalyst was sulfided in-situ from the sulfur present in the structure
of lignin. In some EDX images, accumulation of Ni and S was observed (shown in Appendix
B, Figure B1), which is most likely due to formation of NizSz along with NiMoS [142].
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Figure 41 TEM images of (a) Fresh pre-sulfide NiMo-II, (b) Spent pre-sulfided NiMo-Il, (c) Spent non
pre-sulfided NiMo-II. Reaction condition: 1 g NiMo-II catalyst, 10 g lignin, 100 ml ethanol, 26 bar H,
(loaded at RT), 3 hours.

f 500nm !
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Figure 42 (a) TEM image of spent non pre-sulfided NiMo-II catalyst, EDX mapping of (b) Mo, (c) Ni
and (d) S in spent non pre-sulfided NiMo-II catalyst from reaction of H-LS at 310 °C. Reaction
condition: 1 g NiMo-II catalyst, 10 g lignin, 100 ml ethanol, 26 bar H, (loaded at RT), 3 hours.

The role of catalyst was studied by conversion of H-LS in the absence of catalyst (Table
13, Entry 2). The presence of the catalyst clearly promoted the formation of liquefied
fragments. Only 26 wt% oil was obtained in the absence of the catalyst compared to 67 wt%
with the catalyst. Conversely, the solid fraction was 77 wt% in the absence of the catalyst
versus 38 wt% when the catalyst was present. The oil and solid fractions from non-catalytic
and catalytic tests were comprehensively evaluated in order to determine the differences.
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5.1.1. Evaluation of the oil fractions

The oil fractions were analyzed with GC-MS analysis (Figure 43).The structures of the
main compounds identified with the mass spectrometer are shown. Here it should be considered
that only the compounds that were sufficiently volatile to pass through the column at GC
conditions were identified with the MS. The GC analysis therefore only covers the lowest size
range of the products. Guaiacol, alkylated guaiacols and ethyl vanillate comprised the main
identified compounds in the oil from the non-catalytic tests (See Figure 43, a). Guaiacol and
alkyl substituted guaicols are expected compounds from degradation of spruce based lignin;
spruce lignin is mainly composed of coniferyl alcohol units (G-Lignin) [143]. Formation of
Guaiacol and its variations can be attributed to the cleavage of f-O-4 bonds [144]. Formation
of ethyl vanillate may take place by formation of vanillic acid from cleavage of ether bonds
and esterification with the ethanol.

Noticeably, the identified compounds in the oil from catalytic conversion were different
from the compounds in the absence of catalyst (Figure 43, b). Three main groups of compounds
were identified in the oil fraction obtained over alumina supported NiMo-I: alkyl phenols,
alkoxy alkyl phenols and alkoxy alkyl benzene. The selectivity to mono-oxygen containing
compounds was more than 50 % (area basis), whereas all compounds in the oil fraction from
non-catalytic test contained at least two oxygen atoms. This implies a deoxygenation activity
of the catalyst on the di-oxygenated species. The presence of alkyl ether bonds was pronounced
in the monomers of the catalytic oil. Horacek and co-workers [111] observed guaiacol and
guaiacol derivatives from conversion of 5 wt% aqueous solution of lignosulfonate over alumina
supported NiMo catalyst at 320 °C in a continues flow reactor. The difference between the
products observed in our work and the work from Horacek et al. [111] exhibits the role of
ethanol in C- and O alkylation of reactive intermediate [78], catalyzed over NiMo/Al;O3
catalyst.

Moreover, the oil fractions from non-catalytic and catalytic conversion of H-LS at 310 °C
were qualitatively analyzed with GCxGC analysis for identification of the main compound
groups in the oil fractions (Figure 44). Guaiacol and alkyl guaiacols (methyl, ethyl and propyl
substituted guaiacol) and catechol and alkyl catechols (methyl, ethyl substituted catechols)
were the major identified compounds in the oil fraction obtained in the non-catalytic condition,
whereas alky phenols, alkyl benzenes and alkyl catechols were identified compound groups in
the catalytic oil. Ethanol incorporation in form of alkylation was clearly observed over the
catalyst, where formation of bis and tert alkyl compounds were observed. Oxygen free
compounds such as alkyl benzene were only detected in the oil from catalytic conversion of H-
LS. Deoxygenation and alkylation reactions in the presence of the catalyst were therefore
confirmed by GCxGC, which is consistent with the GC-MS results. Vanillic acid derivative
were the other identified group in non-catalytic condition, while the intensities corresponding
to this group considerably decreased in the catalytic oil, presumably by deoxygenation activity
of the catalyst in removing the carboxyl groups. Moreover, vanillin derivatives with a low
intensity were detected in the oil from non-catalytic condition only.
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Figure 43 GC-MS analysis of the oil fraction from conversion of H-LS at 310 °C (a) non-catalytic, (b)
over NiMo-I catalyst. Reaction condition: 0/1 g catalyst, 10 g lignin, 100 ml ethanol, 26 bar H, (loaded
at RT), 3 hours.
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Figure 44 GCxGC analysis of the oil fractions from (a) non-catalytic and (b) catalytic test over NiMo-
I at 310 °C. Reaction condition: 0/1 g catalyst, 10 g lignin, 100 ml ethanol, 26 bar H, (loaded at RT), 3
hours.

The size exclusion analyses (SEC) of non-catalytic and catalytic oils are shown in Figure
45. Moreover, the SEC of H-LS is shown for comparison. The retention times of phenol, GGGE
and tannic acid are shown as standards. Surprisingly, the conversion of H-LS over NiMo
catalyst did not result in formation of compounds with higher degree of depolymerization. Both
oil fractions had the same retention time ranges. The oil from non-catalytic test showed a
bimodal elution, while the oil from the catalytic condition had a more uniform molecular
weight distribution. The main peaks in both oil samples had elution times with the range of
dimers to oligomers. However, the catalytically produced oil had a greater fraction of larger
compounds. The formation of higher fraction of monomers perhaps requires higher reaction
temperature to scissor highly stable C-C bonds. The potential reasons for the similar sizes of
the oil fractions are elaborated later with the mechanism of lignin degradation.
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Figure 45 SEC analysis of H-LS, oils from non-catalytic and catalytic conversion at 310 °C. Reaction
condition: 0/1 g NiMo-I catalyst, 10 g lignin, 100 ml ethanol, 26 bar H, (loaded at RT), 3 hours.

The SEC analysis of the oil fractions from non-catalytic and catalytic tests confirmed that
the oil fractions consisted of mainly dimers and oligomers and a minor concentration of
monomers. However, we only detected monomers by the GC technique. In order to get a better
insight into the functional groups in the oil fractions, HSQC NMR was utilized. The NMR
analysis of the oil fractions from non-catalytic and catalytic reactions over NiMo-II at 310 °C
are shown in Figure 46. The aliphatic, aromatic and the signals corresponding to the side chains
are specified, according to the literature [145], [146]. The prominent inter-connecting units in
the structure of lignin such as B-O-4 and o-O-4 were not detected, indicating that the
degradation in the absence and presence of catalyst resulted in the cleavage of these bonds.
Compared to the non-catalytic oil, a pronounced decrease in methoxy protons (dc/0H
56.2/3.75), relative to the aromatic protons, was observed in oil products from catalytic
conversion. In agreement with the GC-MS results, this indicates the catalytic hydrogenolysis
and deoxygenation of methoxy groups. Additionally, 9 times more CH4 was evolved in the
catalytic test which is consistent with the hydrogenolysis of -OCH3 to CHa4. A decrease in y-
protons (dc/on 62.9/3.76, 61.3/4.27), the alcohol neighboring protons, was observed in
catalytically produced oil. This indicated the removal of the hydroxyl group on the aliphatic
carbon in the presence of the catalyst. Higher intensities in the aliphatic region were detected
in the oil from catalytic conversion which corresponds to CHz/CH in a position connected to
an aromatic ring and is consistent with the observed ethanol alkylation reactions catalyzed over
NiMo catalyst.
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Figure 46 HSQC NMR of the oil fractions from (a) non-catalytic oil, (b) catalytic over NiMo-I at 310
°C. Reaction condition: 0/1 g catalyst, 10 g lignin, 100 ml ethanol, 26 bar H (loaded at RT), 3 hours.

The elemental analysis of the lignin and oil samples is shown in Table 14. The higher
heating values (HHVs) were calculated using the Dulong formula [134]. The oxygen content
of the non-catalytic oil fraction (Table 14, Entry 2) was 23.3 wt%, compared to 30.8 wt% for
the H-LS, indicating that the deoxygenation took place even in the absence of catalyst. This is
in agreement with the observations of Nielsen et al.[25], where deoxygenation was reported in
non-catalytic conversion of enzymatically hydrolyzed lignin in ethanol at 250-450 °C. Higher
degree of deoxygenation was observed over NiMo-I catalyst (Table 14, Entry 3), where the
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oxygen content decreased to 11.4 wt%. The HHV in the oil obtained over NiMo-I catalyst was
calculated to be 36.5 MJ/kg similar to that of butanol (HHV of 36.6 MJ/kg) [147]. Surprisingly,
the sulfur content of the oil from non-catalytic test was 0.25 wt%, which was lower than in the
oil from catalytic test, 0.43 wt%. However, the sulfur content of the catalytic oil can be reduced
to 0.1 wt% by prolonging the reaction time to 4 h, which is elaborated later.

Table 14 Elemental analysis and the HHV values of H-LS and the oil fractions from non-catalytic and
catalytic conversion of H-LS at 310 °C. Reaction conditions: 0/1 g catalyst: 10 g lignin: 200 ml ethanol,
26 bar H, (loaded at RT) except for the test in N2 atmosphere, 3 hours.

Entry H-LS/Oil Catalyst C @) H S Atomic Atomic HHV
wt% wt% wt% wt% O/C H/C (MJ/kg)

1 H-LS - 61.1 308 44 31 0.38 0.86 21.4

2 Oil Non-catalytic 69.9 232 6.7 025 0.25 1.14 29.0

3 Oil NiMo-I 80.1 114 80 043 0.11 1.20 36.5

4 Qil” NiMo-I 79.9 113 84 029 0.11 1.27 37.1

* Qil produced in N, atmosphere (8 bar N, loaded at RT)

The role of hydrogen on degradation of lignin was studied by catalytic conversion of H-
LS in N2 atmosphere (8 bar at room temperature). Here, oil and solid yields of 45 and 64 wt%
were detected, respectively (Table 13, Entry 3). The oil yield in N2 atmosphere was lower than
the oil yield in Hz atmosphere (45 vs. 67 wt%). Similarly, Narani et al. [32] observed 22 wt%
methanol soluble oil from conversion of kraft lignin over NiMoS/AC in the absence of H,
while the oil yield increased to 53 wt% in the presence of 35 bar of hydrogen (loaded at RT).
The elemental composition of the oil in N2 atmosphere showed similar features to the oil from
H> (Table 14, Entry 4). It is speculated that the in-situ ethanol derived hydrogen can be involved
in hydrogenolysis and reductive deoxygenation reactions. The formation of hydrogen from
ethanol in nitrogen atmosphere was confirmed by GC analysis. The NMR analysis (shown in
Appendix B, Figure B2) indicated that the catalyst was capable of demethoxylation under
nitrogen pressure, within the same degree as under hydrogen pressure. However, the decrease
of y-protons did not progress to the same extent in nitrogen atmosphere, perhaps due to lower
partial pressure of hydrogen. Therefore, it is concluded that higher partial pressure of hydrogen
positively affects the liquefaction reactions likely by stabilization of reactive radicals.

Based on the results from characterization of the oil fractions using different analytical
technique, the following mechanism is suggested: The similar molecular weight distribution
ranges observed by SEC analysis of the oil fractions from non-catalytic and catalytic conditions
indicates that the depolymerization reactions are possibly not affected by catalyst. Moreover,
the HSQC NMR analysis of the oils confirmed absence of prominent interconnecting units in
the structure of lignin such as B-O-4 in non-catalytic and catalytic conditions, and aligned with
SEC results indicates that degradation reactions possibly occur via thermal cracking and
ethanolysis. Highly reactive intermediates produced from depolymerization undergo fast
condensation reactions, unless the reactivity is suppressed by end-capping reactions [113]. In
the presence of catalyst, stabilization of radical fragments takes place via ethanol alkylation
reactions, resulting in higher liquefaction yield [78]. Moreover, the role of catalyst is noticeable
on deoxygenation reactions via reductive removal of hydroxyl and methoxy groups.
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5.1.2. Evaluation of the solid fractions

The solid products were isolated using filtration. In catalytic reactions, the solid residue
consisted of organic matters and ash originating from lignin and spent catalyst. The physical
appearance of the solid fractions from non-catalytic and catalytic conditions (Table 13, Entry
1 and 2) is shown in Appendix B, Figure B3. While the solid residue in the absence of catalyst
consisted of large agglomerated lumps, the solid residue from the catalytic reaction had much
smaller particles of more uniform size, presumably due to grinding action of the catalyst
particles on the char under the stirring. The elemental composition of the solid residues from
non-catalytic and catalytic conversion of H-LS is shown in Table 15. The solid from non-
catalytic test had a higher carbon content than the solid from catalytic conversion whereas the
chemical composition of the solid from catalytic condition possessed very similar composition
to H-LS (Table 15, Entry 1). However, getting insight in the molecular weight distribution of
the solid phases was not achievable due to their insoluble character in 90/10 wt% DMSO/water
(solvent used for SEC analysis, in which H-LS is completely soluble). Therefore, it was
concluded that both solid fractions were produced from condensation reactions. The higher
oxygen content in the solid from catalytic condition compared to the non-catalytic solid,
suggest that it probably experienced a lower degree of condensation.

Table 15 Elemental analysis and the HHV values of H-LS and the solid fractions from non-catalytic
and catalytic conversion of H-LS at 310 °C. Reaction condition: 0/1 g catalyst: 10 lignin: 100 ml ethanol,
26 bar H. (loaded at RT), 3 hours.

Entry H-LS/ Catalyst C @) H S Atomic  Atomic HHV
Solid wt% wt% wt% wt% O/C H/C (MJ/Kg)

1 H-LS - 61.1 308 4.4 3.1 0.38 0.86 21.4

2 Solid Non-catalytic ~ 76.4 178 4.8 094 0.17 0.75 29.5

3 Solid NiMo-I 65.3 300 4.7 N.A  0.34 0.87 17.8

5.1.3. Pre-sulfidation of catalyst

It was interesting to evaluate whether there are advantages from pre-sulfidation of the
catalyst with respect to the products distribution. To this end, a number of tests were conducted
using the oxide and pre-sulfided catalyst at 260 and 310 °C (results are shown in Figure 47).
H-LS was tested in a non-catalytic reaction at 260 °C as a benchmark to compare non-catalytic
and catalytic results at this temperature. Without catalyst, the oil and solid yields of 17 and 81
was obtained at 260 °C (Table 13, Entry 4). By addition of catalyst at 260 °C in the oxide form
(Table 13, Entry 5), the oil yields increased to 29 wt%, while the solid yield decreased to 72
wit%. Moreover, by reaction of H-LS over pre-sulfided NiMo at 260 °C (Table 13, Entry 6) the
oil yield increased to 46 wt%, while the solid yield decreased to 56 wt%, which indicated that
pre-sulfidation of NiMo was advantageous for reaction at 260 °C to acquire higher catalytic
activity.

76



Chapter 5
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Figure 47 Oil and solid yields from degradation of H-LS with non pre-sulfided NiMo-I and pre-sulfided
NiMo-I at 260 and 310 °C. Loading at 260 °C: 1 g catalyst, 10 g H-LS, 100 ml ethanol. Loading at 310
°C: 0.5 g catalyst, 5 g H-LS and 50 ml ethanol. 26 bar H, (loaded at RT), 3 hours.

At 310 °C the oil yield was 76 wt% over both the oxide and sulfide catalyst (Table 13,
Entry 7 & 8, respectively) and the solid yields were also similar of above 25 wt%. In these
experiments, the loading of catalyst, lignin and solvent in the experiments at 310 °C were cut
by half, in order to avoid overpressure when using the pre-sulfided NiMo. It is interesting to
observe that the oil yields increased under these conditions (compared to 67 wt% in standard
reaction condition), which probably was due to higher partial pressure of hydrogen and also
the variations in the density of supercritical ethanol and solubility of lignin. The oil fractions
from non pre-sulfided and pre-sulfided NiMo tests at 310 C were analyzed with GC-MS
analysis. The identified monomers and the selectivity were very similar (shown in Appendix
B, Table B1). We therefore, concluded that opposite to the tests at 260 °C, there was no effect
in terms of the oil and solid yields at 310 °C over non pre-sulfided and pre-sulfided catalyst.
However, the gas phase analysis indicated a major difference, where larger amount of gaseous
products were formed for the pre-sulfided catalyst (shown in Figure 48). The concentration of
ethane in the gas phase from the test using the pre-sulfided NiMo was more than twice of that
in the gas phase from reaction over non pre-sulfided catalyst. A similar trend was observed for
all gases except for CoHa, which was converted over the pre-sulfided catalyst to the alkane
(CoHe). This was consistent with the rapid initial pressure increase over the pre-sulfided
catalyst. This initial gas formation most likely occurred from the solvent and stopped when the
catalyst surface was covered with the lignin decomposition products. For the non pre-sulfided
catalyst, however, the sulfidation and initial lignin breakdown occurred simultaneously and
therefore much less active free sites were available for solvent consumption in the early stages
of the experiment.
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Figure 48 Gas phase analysis from conversion of H-LS over non pre-sulfided and pre-sulfided catalyst
at 310 °C. Reaction condition: 0.5 g catalyst, 5 g H-LS, 50 ml ethanol. 26 bar H. (loaded at RT), 3
hours.

It is therefore suggested that at 310 °C, the in-situ sulfidation by sulfur present in H-LS is
kinetically fast throughout 3 hours reaction time, and therefore pre-sulfidation has negligible
effect on the liquefaction yields, while at 260 °C, the sulfidation is kinetically progressing with
lower rates and therefore pre-sulfidation of catalyst is advantageous in increasing the oil yields.
Hereafter, the catalytic experiments at 310 °C were conducted using NiMo-I catalyst without
pre-sulfidation, unless specified.

The presence of sulfur source in catalytic conversions using NiMo and CoMo catalysts is
required in order to keep catalyst activity. According to Mortensen et al. [102] when
hydrodeoxygenation of phenol takes place, both H>S and H20 compete for the catalyst active
sites [102] and in the absence of sulfur, the edge sulfur atoms can be replaced by oxygen. We
assumed that instead of co-feeding a sulfur source, the sulfur present in the structure of lignin
can keep sulfur vacant sites active. In a test, 1 ml of DMDS was added to the reactor for
conversion of H-LS over pre-sulfided NiMo at 260 °C (Table 13, Entry 9), to ensure sufficient
partial pressure of HaS inside the reactor. Almost similar results to the test in the absence of
DMDS were observed, which indicated that the sulfidation state of catalyst was kept by organic
sulfur from lignosulfonate.

5.2. Parameter study

5.2.1. Effect of reaction temperature

The effect of reaction temperature on the degradation of H-LS was elaborated by
expanding the reaction temperatures to 290 (Table 13, Entry 10) and 300 °C (Table 13, Entry
11). The catalysts for the tests at 290 and 300 °C were pre-sulfided to ensure catalytic activity.
The oil and solid yields from conversion of H-LS and the atomic H/C and O/C ratios are shown
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in Figure 49. The rise in oil yield, increase in H/C ratio and decrease in O/C ratio illustrate the
increase in lignin degradation and hydrodeoxygenation reactions with increase in temperature.
The partial pressures of CO and CO: in the gas phase from catalytic reaction at 260 "C were
1.08 and 1.7 bar, while at 310 °C the pressure were 1.4 and 2.3 bar, respectively, indicating the
prominent role of temperature on cleavage of C-O bond, decarbonylation and decarboxylation.
The oil yield increased relatively more when the temperature increased from 290 to 300 °C
(A(oil yield/AT)= 0.9 wt%/°C). The temperature required for high rate of degradation and
cleavage of stable C-C and C-O bonds depends on the type of biomass and treatment method.
Yuan et al. [85] observed an increase of the depolymerization over 5% Ru/C in acetone for
kraft lignin when the reaction temperature increased from 250 to 275 °C. However, they did
not observe the same trend for organosolv lignin, as it originally had lower molecular weight
distribution and much better solubility in ethanol at lower temperatures [85]. The increase of
the oil yield from 300 to 310 °C occurred with slop of A(oil yield/AT)= 0.5 wt%/°C.
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Figure 49 The oil and solid yields and atomic H/C and O/C ratios as function of temperature. Reaction
condition: 1 g catalyst: 10 g lignin: 100 ml ethanol, 26 bar H, (loaded at RT), 3 hours.

Surprisingly, the SEC analysis of the oil fractions at 260 and 310 °C showed similar
molecular weight distribution range (Shown in Appendix B, Figure B4). Though the oil yield
obtained at 310 °C was higher than the yield at 260 °C, the degree of depolymerization is limited
to the specific molecular weight distribution. These observations indicate that at higher
temperatures more degradation occurred, however, the degradation progressed only to a certain
size range centered in the dimer to oligomer range, and little degradation to monomers took
place.
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5.2.2. Effect of the reaction time

The effect of reaction time was studied by varying it from 1 to 4 hours at 310 °C (Table
13, Entries 12-14). The oil and solid yields from these tests are shown in Figure 50. The oil
yield increased from 53 wt% after 1 h reaction time to 79 wt% after 4 h and the solid yield
decreased from 49 wt% after 1 h reaction to 25 wt% after 4 h.
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Figure 50 The oil and solid yields as a function of reaction time. Reaction condition: 1 g catalyst: 10 ¢
lignin: 100 ml ethanol, 26 bar H, (loaded at RT).

The elemental analysis and the atomic O/C and H/C ratio in the oil fractions are presented
in Table 16. The atomic O/C ratio gradually decreased by increasing the reaction time. The
NMR analysis of the oil fractions indicated that demethoxylation occurred progressively
(shown in Appendix B, Figure B5-B7). In addition, a gradual increase in the partial pressure
of methane indicated that hydrogenolysis continued throughout the reaction. However, the
decrease of methoxy groups levelled off after three hours. Decrease of y-protons was observed
for 3 hours, while it increased slightly after 4 hours, which might be due to uncertainties of the
measurements. The gas phase analysis indicated that CO content was nearly constant in
different reaction time and CO; content increased by increase of reaction time from 1 h to 2 h,
but flattened by further increase of reaction time. This observation indicates that
decarbonylation and decarboxylation reactions progressed in the early stages of the reactions.
The sulfur content, determined by ICP analysis, decreased from 0.5 wt% after 1 h reaction to
0.1 wt% after 4 hours, which if compared to the lignosulfonate with 3.1 wt% sulfur content,
indicates 97% sulfur removal in the oil fraction after 4 hours. This is expected since the NiMoS
is an efficient HDS catalyst.
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Table 16 Elemental analysis of the oil fractions from conversion of H-LS in different reaction time.
Reaction condition: 1 g catalyst: 10 g lignin: 100 ml ethanol, 26 bar H, (loaded at RT).

Reaction C H S O Atomic Atomic HHV
time[h] wt% wt% wt% wt% O/C H/C (MJ/kg)
1 73.7 7.3 0.5 18.4 0.19 1.19 32.1

2 78.8 7.5 0.5 13.2 0.12 1.15 35.0

3 80.1 8.0 0.4 11.4 0.11 1.20 36.5

4 80.6 8.0 0.1 11.2 0.10 1.20 36.7

The oil fractions were analyzed by GC-MS. In the oil fraction from 1 h test, guaiacol and
ethyl vanillate (shown in Figure 43, compounds no.1 & 4) were the main compounds detected
which shared similarities with non-catalytic oil fraction. Almost similar compounds were
detected in the oil fraction obtained after 2 hours. However in the oil from 3 hours reaction
time, the guaiacol and ethyl vanillate peaks disappeared and instead, peaks corresponding to
alkyl phenols, alkoxy alkyl phenol and alkoxy alkyl benzene were detected (Shown in Figure
43). Similar compounds were detected in the oil after 4 hours, indicating that demethoxylation
and alkylation progressed over time. Narani et al. [32] observed that during conversion of kraft
lignin, by prolonging the reaction time from 4 h to 8 h, guaiacol and substituted guaiacols
transformed to alkyl phenols while the oil yield increased from 40 to 82 wt%. In our
experiments 79 wt% oil is achievable with a considerably shorter reaction time of 4 hours and
the oil is comprised mainly of alkyl phenolic and alkoxy alkyl benzene compounds.

The molecular weight distribution of the oil fractions after 2 ,3 and 4 hours reaction time
indicated a similar pattern (detected by SEC analysis), while the oil fraction from 1 hour
reaction time showed formation of slightly lower moleculare weight oil (shown in Appendix
B, Figure B8). Similar to the observations on the reaction temperature, it was observed that the
molecular weight distribution of the oil did not decrease by increasing the reaction time; further
decrease of the molecular weight of the oil fraction may require more severe conditions
compared to the employed condition.

5.2.3. Effect of the catalyst loading

The effect of catalyst mass was investigated by varying the loading of catalyst with a fixed
amount of lignin (10 g). The solid and oil yields are shown in Table 13 (Entries 15-17). The oil
yield increased from 57 to 88 wt% by increasing catalyst mass from 0.5 g to 2 g and the solid
yield decreased from 47 wt% to 15 wt%. However, by increasing the catalyst mass from 2 g to
3 g no further increase of the oil yield was observed. At this stage, the conversion of the original
lignin seems to have stopped and the remaining solid was likely a highly cross-linked char from
e.g. repolymerization and therefore the oil yield did not change further as this solid could not
be converted. The SEC analysis showed almost similar elution pattern, except for the oil from
0.5 g catalyst test. This phase was composed of smaller molecular weight fractions (shown in
Appendix B, Figure B9). Similar to what was observed by increasing the reaction temperature
and reaction time, further degradation of dimers and oligomers to monomers did not occur even
with the highest catalyst loading. This supports the proposed mechanism for lignin degradation.
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5.3. Catalyst reusability

Catalyst reusability is a critical factor for catalytic processes. The spent catalyst from
catalytic conversion of H-LS was mixed with solid char residue. Separation of the catalyst from
the char was not possible; therefore, we used the entire solid residue fraction from a standard
reaction experiment (Table 13, Entry 1) as a catalyst for a subsequent experiment, without any
pretreatment. The oil yields decreased slightly from 67 wt% to 65 wt% and 61 wt%, by reusing
catalyst for the first and second time (Table 13, Entry 18-19) which may be due to the loss of
catalyst in workup procedure. Moreover, coke may have formed on the catalyst. Considering
the reasonably high oil yields, it was concluded that catalyst is reusable for at least two times
without any pretreatment.

5.4. Ethanol consumption

Lignin degradation via ethanolysis (or generally solvolysis) may be economically
favorable if solvent can be conserved and recycled. Solvent consumption in lignin solvolysis
is rarely discussed in the literature. Recently, Nielsen and co-workers [148] elaborated on
solvent consumption in un-catalyzed conversion of biorefinery lignin using methanol, ethanol,
propanol and butanol as solvent. Along with the reactions for stabilizing the lignin fragments,
ethanol may react with itself to higher alcohols, esters, aldehydes, ethers and hydrocarbons
[77], undergo self-condensation reactions to form light fractions and degrade to gaseous
compounds [148]. The incorporation of ethanol to aromatic compounds is favorable in a sense
that it increases the energy density of the oil fraction. Ma et al. [35] observed 164 wt% oil yield
from ethanolysis of kraft lignin over a-MoC1.x/AC at 280 °C, which indicated considerable
ethanol incorporation.

In order to evaluate solvent consumption to the light and gas phases, a non-catalytic and a
catalytic control test in the absence of lignosulfonate at 310 °C was conducted and the light and
gas phases were compared. The detail of the gas phase analysis is shown in the Appendix B,
Table B2. It was observed that in the non-catalytic ethanol control test and lignin test, 3 and 12
mmol C;" gases (mainly C2Hs but also including C2Ha, CsHs, CsHgand n-C4Hio) were formed,
indicating that both solvent decomposition and hydrogenolysis of C-C bonds of alkyl side
chains in lignosulfonate contribute to formation of them. The same trend was observed for CO,
CO2 and CHa. However, it was not possible to distinguish the degree of conversion of lignin
and solvent individually. The formation of gaseous compounds in the presence of catalyst
increased considerably. The light phases from control and lignin tests were analyzed with GC-
MS. The water content in the light phases was determined using Karl-Fischer titration and the
quantities of ethanol and light fractions were determined based on GC areas and considering
the water content in each sample. Similar to the gas composition, distinguishing between water
produced from deoxygenation of lignin fragments and ethanol conversion was not possible.
The detail of the identified and quantified compounds in the light phases is shown in Appendix
B, Table B3.
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The ethanol consumption is evaluated by considering the conserved ethanol amount, the
yields of water and light products in the light phase and yield of gas phase and comparing to
the initially loaded ethanol. A mass loss was observed that may be due to deposition of light
phases in the internal walls of the setup overhead. The degradation of lignin to gas and light
phases and formation of water from deoxygenation of lignin were neglected. The content of
each fraction is shown in Figure 51. It was observed that in the presence of lignin, ethanol was
partially converted to the light products, water and gas phase. Further process optimizations
such as initial ethanol loading are required to decrease the extent of ethanol consumption for
the economy of the process. Noticeably, ethanol consumption was considerably higher in the
absence of lignin, which indicated that referring to the control tests is not accurate enough for
evaluation of solvent consumption in lignin conversion processes. The presence of lignin
therefore inhibited the consumption of ethanol to some extent. The coverage of catalyst active
sites by lignin degradation products was most probably the reasons for the lower consumption
of ethanol in the presence of lignin, which is desirable as it inhibits solvent loss to gaseous or
light fractions.
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Figure 51 The ethanol content and the yields of gas, water and light products based on the initial ethanol
loading for ethanol control test and lignin conversion at 310 °C. Reaction condition: 1 g catalyst: 0/10
lignin: 100 ml solvent, 26 bar H (loaded at RT), 310 °C, 3 hours.
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Conclusion

Lignosulfonate was successfully degraded in the presence of alumina supported NiMo catalyst
at temperature ranges of 260-310 °C in ethanol. The presence of catalyst resulted in a
considerable increase of the liquefied fractions, which is attributed to stabilization of reactive
compounds with reductive ethanol incorporation over catalytic sites. 67 wt% oil yield was
obtained from conversion of H-LS at standard reaction condition at 310 °C (1 g catalyst: 10 g
lignin: 100 ml solvent, Initial Hz loading of 26 bar, 3 hours). It was observed that at 310 °C, in-
situ activation by formation of the more active sulfide NiMoS catalyst was achievable by
deposition of sulfur from the lignosulfonate. However, pre-sulfidation of the catalyst is
required at lower temperatures e.g. 260 °C. The yield of liquefied fraction increased to 88 wt%
from conversion by doubling the catalyst loading at 310 °C. The reusability of the catalyst with
only a minor loss in the oil yield without any pretreatment was confirmed for at least two times.
Ethanol was partially consumed in the solvolysis process via incorporation to the reaction
products, which is favorable, and unfavorable conversion to light products and gaseous
fractions, which is undesirable.
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6. Catalytic conversion of beech wood and organosolv lignin over
NiMo/AlO3

Early-stage catalytic conversion of lignin is a method based on mild liquefaction of lignin
to a handful of chemicals while leaving the holocellulose nearly unchanged [10], [43], [149].
Lignin in birch sawdust was successfully fractionized to 4-propyl guaiacol and 4-propyl
syringol with total monomer yield of 52% at 250 °C in methanol over a Ru/C catalyst in the
presence of hydrogen [43], while conversion of the same biomass over Pd/C and Ni/Al2Os led
to formation of 4-propanol guaiacol and 4-propanol syringol [41], [113]. The solvent was
greatly involved in lignin fragmentation and depolymerization while the catalyst was mostly
responsible for stabilization of reactive fragments via hydrogenation of unsaturated side chains
[113]. Similarly, solvent assisted one-pot catalytic conversion of whole biomass to monomers
and light hydrocarbons was recently studied [79], [115], [120]. Using the one-pot conversion
method, a conversion of 28 wt% was reported from conversion of birch wood over Pt/NbOPQO4
catalyst in cyclohexane at 190 °C, with the formation of alkyl cyclohexane, pentane and hexane
as products derived from lignin, hemicellulose and cellulose [119]. The role of the catalyst was
to perform HDO of the fragments released into the solvent [119].

The results of one-pot conversion of beech wood and evaluation of the effect of reaction
temperature from 200 to 300 °C are presented in this chapter. The conditions were selected to
convert only the lignin and altered to convert all the biomass constituents and obtain high
overall conversion of the biomass. A commercial NiMo/y-Al2O3 catalyst was used with ethanol
as solvent and in presence of hydrogen, with the aim to obtain both degradation and
hydrodeoxygenation. The direct conversion of the lignin in whole biomass to lignin monomers
was compared with a two-step procedure involving organosolv extraction of the lignin and
subsequent catalytic conversion.

6.1. One-pot conversion of beech wood

One-pot conversion of raw beech wood in ethanol over commercial sulfided NiMo/y-
Al>03 catalyst at 300 °C resulted in 99 wt% conversion of the biomass. 44 wt% liquefied heavy
phase (oil) was obtained which was mainly composed of lignin degradation fractions and some
compounds originating from cellulose and hemicellulose. The lignin content was selectively
fractionized to 4-propyl guaiacol (PG) and 4-propyl syringol (PS), accompanied by formation
of 4-ethyl guaiacol, 1,2,3-trimethoxy-5-methyl, benzene and 5-sec-butyl-1,2,3-benzenetriol,
with the total monomer yield of 18.1 wit% (shown in Table 17, Entry 1). Formation of
substituted syringol and guaiacol species are expected as beech wood lignin is mainly
composed of guaiacyl and syringyl units (G and S unites) [47] connected mostly via p-O-4
bonds. The light fraction contained compounds from holocellulose; the hemicellulose and
cellulose were mainly converted to C5-C6 ketones and furans from cleavage of glucoside bonds
and also were converted to ethers and ester from reaction of holocellulose originating
compounds with the ethanol (the identified compounds are presented in Appendix C, Table
Cl).
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The lignin derived monomers can directly be used as chemicals, or alternatively, be
upgraded via reactions such as functionalization and conversion to compounds such as
aromatic amines [118]. The light products from the holocellulose fraction may be used as a
fuel additive, or upgraded by hydrodeoxygenation. Our results are considerably different from
previous results in the literature [150]. Grilc et al. [150] reported about 25% unconverted wood
from conversion of 20 g beech sawdust in 80 g tetralin in a slurry reactor over 2 g sulfided
NiMo/Al203 under 50 bar hydrogen pressure at a constant gas flow of 1 NL/min at 300 °C in
60 min. The researchers reported that by further increasing the temperature to 350 °C and
reaction time up to 160 min, the content of insoluble residue (containing char) increased to 20
wit% [150], while in our process no char was formed and almost full conversion of biomass
was obtained within 3 hours. According to Grilc et al. [150], the increase of the insoluble
residue simultaneously occurred with decrease of hydrodeoxygenated oil products, suggesting
that the oil fraction was the precursor of the charring. In the literature, char formation is
attributed to the condensation reactions of insolubilized carbohydrates [151], which compete
with wood liquefaction. The difference between our results and the literature [150] highlights
the superior performance of ethanol in solubilization of aromatic monomers and carbohydrate
fractions possibly via end-capping the radicals fragments by esterification. Moreover, cleavage
of C-O bonds by ethanolysis and subsequent etherification may explain our char free products
[148]. Consistent results were observed by duplication, which supported the reproducibility of
the results.

The role of the catalyst was evaluated by conversion of beech wood in the absence of
catalyst. A high conversion of 86 wt% was obtained in the non-catalytic condition (Table 17,
Entry 2), indicating that liquefaction of lignin and degradation of holocellulose was nearly
independent of the catalyst. The unconverted biomass was possibly constituted of cellulose.
Amongst biomass constituents, cellulose is the most difficult to degrade owing to its crystalline
structure [79]. In the absence of catalyst, complete degradation of holocellulose in ethanol
requires a temperature of 350 °C [114]. An oil yield of 50 wt% was obtained in the absence of
catalyst with monomer yield of 10.8 wt%. Compared to the non-catalytic condition, hydroxyl
groups in the light products were removed in the presence of a catalyst; compounds such as
propanoic acid, 2-hydroxy-ethyl esters and butanoic acid, 2-hydroxy ethyl ester were
transformed to propanoic acid ethyl ester and butanoic acid ethyl ester in the presence of
catalyst.

Table 17 The conversions, oil and solid yields and the yields of the monomers in the oil fractions from
conversion of beech wood at 300 °C. 0/1 g NiMo/Al,O3 catalyst: 10 g beech wood, 100 ml ethanol, 26
bar H, (loaded at RT), 3 hours.

Entry Catalytic/ Conversion Oil yield Solid yield Monomer yield wt%
- i 0, 0, 0,
Non-catalytic wt% wt% wt% PG PS Total
1 Catalytic 99 44 1 5.6 8.7 18.1
2 Non-catalytic 86 50 14 1.4 3.7 10.9

The SEC analysis of the oil fractions from non-catalytic and catalytic conversions are
shown in Figure 52. The retention time ranges corresponding to the elution of 4-propyl guaiacol
and tannic acid are shown for comparison. The largest peak in the oil from catalytic conversion

87



Catalytic conversion of beech wood and organosolv lignin over NiMo/Al>O3

of beech wood was within the retention time of 4-propyl guaiacol. This indicates that the
catalytic oil was mainly comprised of compounds within the size range of monomers and
dimers. The SEC of the non-catalytic oil showed greater amount in the left shoulder, indicating
that this oil fraction contained higher molecular weight compounds compared to the catalytic
oil. Considering that fractionation of lignin occurs even in the absence of catalyst, next to the
higher yield of monomers and the lower molecular weight of the aromatic compounds in the
catalytic oil, it is suggested that the catalytic role is prominent in stabilization of lignin derived
fragments and inhibiting condensation reactions [113]. Moreover, the high conversion of beech
wood of 99 wt% over the catalyst may be due to a synergistic effect of the in-situ produced
water from HDO reactions and its interactions with carbohydrates (8.7 g water was detected in
the light fraction from catalytic conversion at 300 °C). Higher conversion of biomass in the
presence of water as an additive is reported [116], [151]: Water provides better interaction with
wood components and transfers solvent to the structure of holocellulose, which results in
increased conversion rate of biomass. While about 10% unconverted wood was reported from
conversion of pine wood in guaiacol medium at 310 °C, less than 5% solid residue was obtained
by conversion in guaiacol/water (8:1 w/w) solution [151], which supports the role of water in
solubilization and hydrolysis of biomass.

——Non-catalytic oil —Catalytic oil

Tannic acid | 4-Propyl guaiacol
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Figure 52 SEC of the oil fractions from non-catalytic and catalytic conversion of beech wood in ethanol
medium at 300 °C. 0/1 g NiMo/Al,Os catalyst, 10 g beech wood, 100 ml ethanol, 26 bar H; (loaded at
RT), 3 hours.

6.1.1. Effect of the reaction temperature
The effect of reaction temperature on the degradation of biomass constituents was studied
by catalytic conversion of beech wood at 200, 260 and 280 °C, and the results were compared
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with those at 300 °C. The conversions, oil and solid yields and the yields of the lignin derived
monomers (based on Klason lignin) at different reaction temperatures are shown in Table 18.
In these experiments the sum of the yields of light products, water and gas were determined by
difference (light phase). By increasing the temperature from 200 °C to 300 °C, the conversion
increased from 21 wt% to 99 wt% (Table 18). The solid phases retrieved after each test
possessed a fibrous texture at 200, 260 and 280 °C indicating that the wood structure was
preserved to some extent. The solid yield decreased significantly when raising the temperature
from 260 to 280 °C. The oil yields increased from 20 wt% at 200 °C (corresponding to a lignin
conversion of 99 wt%, if only Klason lignin is converted) to 44 wt% at 300 “C. On the other
hand, the yields of light products, water and gas phases increased from 1 wt% to 55 wt% by
increasing the temperature from 200 to 300 °C. The increase in the yield of light, water and gas
is mainly due to conversion of ethanol, increased thermal cracking of carbohydrates, increased
HDO reactions and formation of gaseous compounds. The evolution of oil and light fractions
are elaborated below.

Table 18 The conversions and the yields of oil, solid and light phase and monomers from conversion
of beech wood over NiMo/Al,Os at different reaction temperatures. 1 g catalyst: 10 g beech wood,
100 ml ethanol, 26 bar H; (loaded at RT), 3 hours.

Entry T Conversion Solidyield Oil yields Light phase Monomer yield wt% PS/

[°C] wit% Wt% Wit% Wit%" PG PS Total PG
1 200 21 78 20 1 10 22 121 22
2 260 51 49 29 22 56 113 200 2.0
3 280 87 14 41 46 54 98 188 18
4 300 99 1 44 55 56 87 181 15

* Light phase: Light products + water + gas

6.1.1.1. Degradation of lignin

The total lignin content of the investigated beech wood is 23.9 wt%. However, the
observed oil yields increased up to 44 wt% at 300 °C, indicating that degradation products from
holocellulose fraction were also present in the oil. Thus, comparing the degree of degradation
of lignin based on the oil yields is not realistic. We, therefore, considered the monomer yields
as a mean of comparison for lignin degradation. The lignin degradation to monomers increased
by increasing the reaction temperature from 200 °C to 260 °C. The total monomer yield
increased from 12.1 wt% at 200 °C to 20.0 wt% at 260 °C, while it slightly decreased to 18.8
and 18.1 wt% at 280 and 300 °C, respectively. These results suggest that lignin is extracted
from holocellulose at lower temperature of 200 “C. However, major degradation to monomers
requires higher temperature evidenced by the highest monomer yield at 260 °C. The results
indicate that an optimum monomer yield may be obtainable between 200-260 °C. This is
aligned with the observations of Schutyser et al. [41] where the monomer yields (relative to
maximum possible monomer yield, see ref [41] for details) from conversion of birch sawdust
in methanol increased from nearly 30% at 200 °C to almost 50% at 250 °C over Pd/C catalyst
and 3 hours reaction time with catalyst: biomass: solvent ratio of 0.2 g: 2 g: 40 ml. At higher
temperature of 280 and 300 °C, general degradation of hemicellulose and cellulose occurred,
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which is consistent with the increase in formation of light products, water and gaseous
compounds with increase of reaction temperature.

The ratio of sinapyl: coniferyl: coumaryl alcohol units in beech wood was estimated 40:
56: 4 [152], [153]. However, we observed higher yields of 4-propyl syringol compared to 4-
propyl guaiacol in all the oil fractions. Noticeably, the ratio of PS to PG content decreased from
2.2 at 200 °C to 1.5 at 300 °C, converging towards the theoretical S/G. Compared to coniferyl
alcohol units, sinapyl alcohol are more involved in formation of f-O-4 linkages, while coniferyl
alcohol units form more C-C bonds than sinapyl alcohol units [7]. Therefore, the decrease of
S/G by increase of reaction temperature may be attributed to the cleavage of more stable bonds
such as C-C bonds attached to the coniferyl alcohols.

The formation of PG and PS compounds is attributed to cleavage of prevalent -O-4
bonds. Zhang et al. [91] proposed that cleavage of a f-O-4 over sulfided NiMo occurs via
removal of the hydroxyl group from C, position on the catalyst acid sites followed by formation
of a radical intermediate and subsequent hydrogenolysis of the C-O bond. The catalytic
cleavage of bonds is expected to occur on thermally liquefied fragments as solid-solid
interactions between biomass and catalyst is not expected. The obtained propyl substituted
products in our study seem to support the pathway proposed by Zhang et al. [91] (Figure 53).
The GC-MS analysis of the oil from reaction at 200 °C indicated the presence of phenol 2-
methoxy-4-(2-propenyl) and phenol, 2, 6-dimethoxy-4-(2-propenyl) compounds with rather high
quantities (monomer yield of 8.9 wt%). However, these compounds disappeared by increase
of the reaction temperature to 260 °C, indicating that saturation of alkyl side chains of the
aromatics took place at higher temperatures.
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Figure 53 Proposed mechanism [91] for cleavage of -O-4 bonds present in the structure of beech wood
lignin over sulfided NiMo/Al,O3; (NiMoS) catalyst at 200-300 °C.

In order to assess the quality of the oil phases and evaluate the degree of
hydrodeoxygenation, elemental analysis was conducted. The detailed elemental analysis is
presented in Table C2, Appendix C. 2.7 wt% sulfur was detected in the oil fraction obtained at
200 °C, which is attributed to the contamination from DMDS derived products. The sulfur
content further decreased to 1.3 and 1.0 wt% at 260 and 300 °C, which is consistent with the
increased oil yields at higher temperatures. No sulfur was detected in the oil at 280 °C, most
probably due to the measurement errors. The representative Van Krevelen diagram is shown
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in Figure 54 and the atomic O/C and H/C ratio of beech wood is shown for comparison.
Deoxygenation and hydrogenation is observed in the oil fractions: Lower atomic O/C and
slightly higher H/C ratio was observed in the oil fraction at 200 °C compared to the catalytic
oil at 260° C, perhaps due to co-presence of holocellulose derived compounds in the oil from
260 °C. Slightly higher atomic H/C ratio was observed in the oil obtained at 280 °C compared
to the oil at 300 °C, possibly due to the analysis uncertainties. The greatest HHV of 27.4 MJ/kg
(using Dulong formula [134]) was determined for the oil from 280 °C.
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Figure 54 Van Krevelen diagram representing atomic H/C and O/C ratio of beech wood and the oil
fractions from conversion of beech wood over sulfided NiMo/Al,Os at different reaction temperatures.
1 g catalyst: 10 g beech wood, 100 ml ethanol, 26 bar H, (loaded at RT), 3 hours.

6.1.1.2. Light fraction and degradation of cellulose and hemicellulose

The light phase obtained at each reaction temperature was comprised of ethanol, light
products (see Table C1 in Appendix C) and water. Ethanol was partially consumed during the
reaction and also degraded to the light products and gaseous compounds. The light products in
each experiment were therefore products coming from holocellulose and solvent. The content
of ethanol, water and light products and the percentage of converted ethanol based on ethanol
input at each temperature are summarized in Table 19. Ethanol was the dominating product in
the light fraction at all temperatures, but its concentration decreased progressively from 98.0
wt% at 200 °C to 77.6 wt% at 300 °C, associated with formation of light products and water
formation from hydrodeoxygenation and ethanol dehydration reactions. Noticeably, ethanol
was a stable solvent at 200 °C and even 260 °C with ethanol conversion being 0.3 and 4.3 wt%,
respectively, while its conversion increased to 11.1 and 18.5 wt% at 280 and 300 °C.
Conversion of solvent is of economical concern and with ethanol conversions obtained at
different reaction temperatures, the lower temperatures of 200 and 260 °C are favored for
solvent conservation.

91



Catalytic conversion of beech wood and organosolv lignin over NiMo/Al>O3

Table 19 The content of ethanol, water and light products in the light fractions from converison of
beech wood and ethanol conversion over sulfided NiMo/Al,Os at different reaction temperatures. 1 g
catalyst: 10 g beech wood, 100 ml ethanol, 26 bar H, (loaded at RT), 3 hours.

T (°C) 200 260 280 300
Water wt% 19 50 8.5 10.6
Light products wt% 01 22 6.7 11.8
Ethanol wt%o 98.0 92.8 848 776

Ethanol conversionwt% 0.3 4.3 11.1 185

Some of the light compounds such as furans and cyclopentane originated from biomass
only, while compounds like esters and alcohols were products of both ethanol and holocellulose
fractions. Blank experiments without wood at 280 and 300 °C indicated that ethanol reacted
more severely in the absence of biomass. In the presence of biomass, the biomass degradation
products probably cover the catalyst active sites, partially, and hinder the ethanol degradation.
Thus, using the blank tests results as a mean to distinguish and quantify the biomass and ethanol
conversion products does not provide the correct picture. The yields of a few compounds that
were solely products of biomass conversion are presented in Table 20 for evaluation of
cellulose and hemicellulose conversions. The yields were determined based on the sugar
content in the biomass. The structure of the compounds is shown in the Appendix C, Figure
C2.

Table 20 The yields of the sugar derived compounds from conversion of beech wood over sulfided
NiMo/Al,Os at different reaction temperatures. 1 g catalyst: 10 g beech wood, 100 ml ethanol, 26 bar
H> (loaded at RT), 3 hours.

Compound 200 °C 260 °C 280 °C 300 °C
wt% wt% wt% wt%

Ketones

2-Pentanone 0.00 0.18 1.43 2.47

2-Octanone 0.00 0.00 0.00 0.39

2-Methyl cyclopentanone  0.01 0.20 1.48 2.16

2-Ethyl cyclopentanone 0.00 0.05 0.78 1.11

Furan

Dimethyl furan 0.08 0.17 0.83 2.84

Ester

Pentanoic acid ethyl ester ~ 0.00 0.26 1.16 1.47

Ether

2-Ethoxypentane 0.00 0.00 0.11 0.58

Alcohol

1-Nonanol 0.00 0.00 0.19 0.77

The formation of the selected compounds was very limited at 200 °C, indicating that at
this temperature most of the cellulose and hemicellulose fractions were conserved. A 20 wt%
oil yield was obtained at this temperature, which is consistent with the lignin content of the
biomass (20.9 wt% Klason lignin) and with solid residue yield of 78 wt%. Considering the very
low yields of sugar derived fractions, the oil fraction is expected to be mostly lignin derived
products. However, by increasing the reaction temperature to 260 °C, 2-pentanone, 2-ethyl
cyclopentanone, and pentanoic acid ethyl ester were formed and concentration of 2-methyl
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cyclopentanone and dimethyl furan increased, indicating degradation of the holocellulose
fraction. At 280 °C, 2-ethoxy pentane and 1-nonanol were also detected. 2-octanone was only
detected at 300 °C. The yield of 2-pentanone, 2-methyl cyclopentanone and dimethyl furan
reached over 2 wt% at 300 “C. These results confirm that by increasing the reaction temperature
the holocellulose fractions were converted to the valuable light products and partially to the
gaseous compounds.

Formation of gaseous compounds increased by increase of reaction temperature; 0.31,
0.96, 1.84 and 2.62 g gas was determined from reactions at 200, 260, 280 and 300 °C (shown
in Figure 55). The gas phase at 200 “C was mainly comprised of hydrogen; however, by
increasing temperature to 260 °C, the content of CoH4, C2He, CO and CO> gases increased. The
formation of CO and CO: is attributed to the removal of carbonyl and carboxyl groups,
respectively, while formation of C2H4 and C2Hs were most likely due to degradation of solvent
and light products and possibly to a less extent via cracking reactions of the side chains of the
biomass constituents.
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Figure 55 The main compounds in the gas phase from conversion of beech wood over sulfided
NiMo/Al,Os over different reaction temperatures. 1 g catalyst: 10 g beech wood, 100 ml ethanol, 26 bar
H: (loaded at RT), 3 hours.

The evaluation of oil, light and gaseous fractions indicate that at 200 °C, ethanol and
holocellulose are conserved and mainly lignin is converted. This reaction temperature can be
employed if the ECCL strategy is of interest. However, the lower yield of monomers compared
to the higher temperatures indicated that this temperature was not sufficient for obtaining high
monomer Yyields. By further increasing the reaction temperature, the yield of lignin derived
monomers increased and cellulose and hemicellulose conversion was observed. Considering
the significant increase in conversion between 260 and 280 °C (51 and 87 wt%) and the gas
formation within the same temperature range, it is assumed that this temperature range is
necessary for carbohydrates constituents degradation. Our method is versatile for either ECCL
at temperatures between 200 and 260 °C, with the highest monomer yield, or full conversion
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of biomass at 300 °C with a total oil yield of 44 wt% containing 29.6 wt% oxygen. The oil
fraction should however be deoxygenation and desulfurization for applications such as fuels.

6.2. Direct conversion of beech wood vs. organosolv pretreatment and lignin
conversion

Organosolyv is a pretreatment method where sulfur free and comparatively low molecular
weight lignin is obtained while the remaining pulp is a good feedstock for enzymatic processes
[7]. The lignin obtained by organosolv treatment is relatively pure compared to the other types
of technical lignin [154]. In order to assess the susceptibility of organosolv lignin to conversion
to liquid products and compare it with direct conversion of raw biomass, organosolv lignin was
extracted. The organosolv lignin however had a carbohydrate impurity of 27.5 wt%.

In the absence of catalyst, a conversion of 62 wt% was observed with an oil yield of 41
wt%. In the presence of catalyst, almost complete conversion of organosolv lignin was
achieved at 300 °C, with an oil yield of 86 wt% and a solid yield of 2 wt%. The high conversion
indicates that the lignin produced in organosolv treatment is degradable under the catalytic
reaction conditions. However, a low monomer yield of 4.3 wt% was detected in the oil phase.
The main identified compound was mainly PS with a yield of 2.3 wt%, which was significantly
lower than the yield in the direct conversion of biomass (8.7 wt%). Despite high conversion of
organosolv lignin, the molecular weight distribution of the oil showed that its degree of
depolymerization was considerably lower than the oil from direct conversion of beech wood
(see Figure 56). The molecular weight distribution of organosolv lignin is shown for
comparison. The physical appearance of the oil fraction obtained from direct conversion of
biomass also showed a better fluidity, which is aligned with the lower molecular weight of the
oil fraction.

——Organosolv lignin ——Direct beech oil ——0Organosolv oil

Tannic acid 4-Propyl guaiacol
K>

Signal (a.u.)

6 7 8 9 10 11 12 13
Retention time (min)
Figure 56 SEC of organosolv lignin and the oil fractions from direct conversion of beech wood and

organosolv lignin over sulfided NiMo/Al,O3 at 300 °C. 1 g catalyst: 10 g feedstock, 100 ml ethanol, 26
bar H, (loaded at RT), 3 hours.

The HSQC NMR of organosolv lignin and the oil fractions from conversion of organosolv
lignin and direct conversion of biomass (at 300 "C) were acquired for evaluation of the
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chemical units present. The representative C and H signals of interconnecting B-O-4,
phenylcoumaran (containing B-5 and a-O-4 bonds) and resinol (containing B-B and y-O-a
bonds) were determined according to the literature [135], [146], [155], [156]. The HSQC NMR
of the aliphatic side in organosolv lignin (shown in Figure 57, a) indicated the presence of [3-
O-4 bonds with both G and S units (Aa: 4.82/71.9 ppm, AB: 4.09/85.9 ppm), phenylcoumaran
units (Ba: 5.43/86.9 ppm, BB: 45/53.1 ppm) and resinol units (Ca: 4.63/84.9 ppm, Cp:
3.03/53.5 ppm, Cy: 3.76/71.0 ppm) and methoxy groups (3.75/56.2 ppm). Both G and S units
were detected in the aromatic side of organosolv lignin (Figure 57, b). However, these units
disappeared in the HSQC-NMR of the oil fractions from conversion of organosolv lignin
(Figure 57, c) and beech wood (Figure 57, d), indicating that 3-O-4 bonds were fully broken
under the employed reaction conditions, with the possibility of cleavage of phenylcoumaran
and resinol units, as depolymerization of these units requires cleavage of both C-O and C-C
bonds [116]. The signals corresponding to methoxy groups were considerably lower in the oil
fractions indicating HDO activity of the sulfided NiMo catalyst, as expected [102]. Despite
removal of B-O-4 bonds in the oil fractions, the formation of larger molecular weight oil from
organosolv lignin compared to the oil from direct conversion of biomass was most probably
due to the presence of stable C-C bonds, possibly formed by transformations that the native
lignin experienced during extraction via organosolv treatment. Our results are aligned with
those from Sun et al. [118] where lower monomer yields and higher yields of oligomers were
observed from conversion of organosolv lignin compared to conversion of biomass over Cuzo-
PMO catalyst at 180 °C. Therefore, we conclude that direct conversion of biomass is promising
compared to conventional pretreatment of biomass and subsequent conversion of lignin.
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Figure 57 HSQC NMR analysis of (a) side chain signals of organosolv lignin, (b) aromatic signals of
organosolv lignin and the side chain signals of oil fractions from conversion of (c) organosolv lignin
and (d) beech wood over sulfided NiMo/Al,O3 at 300 °C. 1 g catalyst: 10 g feedstock, 100 ml ethanol,
26 bar H (loaded at RT), 3 hours. The structure of B-aryl ether, phenylcoumaran and resinol are adapted

and modified from [155].

96

C(ppm)

C (ppm)



Chapter 6

Conclusion

The direct conversion of beech wood over sulfided NiMo/Al,Oz catalyst in ethanol solvent
was studied at 300 °C. A high monomer yield of 18.1 wt% (relative to the Klason lignin content
of 20.8 wt%) was observed with 4-propyl guaiacol and 4-propyl syringol being the major
compounds. The molecular weight distribution of the oil indicated formation of compounds
mainly within the range of monomers and dimers. The cellulose and hemicellulose fractions
were completely converted to ketones, furans, alcohols, esters, ethers and aldehydes. The lignin
derived monomers can be used as chemical building blocks, while the holocellulose derived
compounds can further be upgraded by hydrodeoxygenation to serve as fuel. A study of the
influence of reaction temperature indicated that at 200 °C mainly lignin was converted leaving
the holocellulose untouched. By increasing the temperature to 260, 280 and 300 °C also the
holocellulose fractions were progressively converted and at 300 °C essentially all biomass was
converted to liquid or gaseous products with a total oil yield of 44 wt% and oxygen and sulfur
content of 29.6 wt% and 1.0 wt%, respectively. Further deoxygenation and possibly
desulfurization is required for utilizing this oil fraction as a fuel. Ethanol conversion, which is
of economic concern, was practically zero at 200 °C, but it was increasingly converted at 260,
280 and 300 °C. The direct conversion of biomass is a versatile approach for production of
chemical building blocks and high value chemicals. The direct conversion of biomass was
compared with a two-step process where the lignin was first extracted by the organosolv
method and then converted in ethanol. The two step method resulted in a slightly lower total
oil yield (87 wt%) and a considerably lower yield of monomers (4.3 wt%) and a larger
molecular weight distribution of the oil. This indicates that organosolv lignin contained stable
C-C bonds and its recalcitrance was a result of transformations in the organosolv process. These
findings highlight the superiority of the direct conversion method versus the conventional
pretreatment methods.
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7. Summary and concluding remarks

Solvothermal conversion of lignin is a promising approach which if assisted with a
heterogeneous catalyst may result in relatively high yield of monomers. Among different types
of technical lignin, solvothermal conversion of lignosulfonate was investigated in this PhD
thesis using Ni based and commercial NiMo catalysts at moderate temperatures of 250-310 °C.
The experiments were conducted in a batch reactor in the presence of a solvent and hydrogen.
After each test, different product fractions were evaluated using various analytical techniques.
The following are some of the main findings in this study:

It was observed that reaction medium greatly effects on the product distribution. Ethanol
and ethylene glycol were evaluated as reaction media for conversion of lignosulfonate over Ni
based catalysts in chapter 4. Both solvents can be produced from bio-based processes and
therefore degrading lignin using them supports an integrated green biorefinery. The result
showed that yield of oil fraction was nearly independent of the reaction medium. However, the
compounds were of lower molecular weight in ethanol. Therefore, if obtaining lower molecular
weight compound is intended, ethanol is a better solvent. The degraded oil can be directly used
as a fuel additive or alternatively upgraded in a further cracking/hydrotreating process.
Surprisingly, no char was observed in the reaction products in ethylene glycol, which indicated
that this solvent had a better performance in inhibiting condensation reactions. In conversion
of lignin, condensation reactions occur simultaneously with degradation. A good solvent
should suppress the activity of the reactive fragments and inhibit char formation. The higher
density of hydroxyl group in ethylene glycol is presumably the main contributor in suppressing
char formation. It was however not possible to select a solvent as the one with better
performance since both solvents showed pros and cons, and therefore a feasibility study is
required for selecting the solvent by considering the type of feedstock and availability of
solvent for a potential lignin valorization process.

In chapter 5, it was shown that lignosulfonate can be successfully converted over
NiMo/Al>Oz in ethanol at 260-310 °C. A high oil yield of 88 wt% was observed at 310 °C from
conversion of 10 g lignin in the presence of 2 g catalyst in a relatively short reaction time of 3
hours. Comparing the type of product in the absence and presence of catalyst, it was shown
that depolymerization reactions were mostly from thermolysis types and what makes the
catalytic process superior, is the role of catalyst in inhibiting condensation reactions of the
depolymerized reactive fragments and also HDO and HDS. It was observed that catalyzed over
NiMo, ethanol stabilizes the phenolics by alkylation reactions and inhibits condensation
reactions. NiMo catalyst is a conventional hydrotreating catalyst that is widely used in
petrochemical industry. The catalyst is developed over the years and optimized for the
applications in petrochemical industries, and therefore by using this type of catalyst for
conversion of lignin, the challenges of production of a stable catalyst are avoided. The good
performance of this catalyst brings the conversion of lignin one step closer to industrial
conversion step. A parameter study was conducted evaluating the effect of reaction time,
reaction temperature and catalyst loading and was shown that the catalyst is reusable for at
least two times. However, it should be emphasized that the product of the liquefaction of
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lignosulfonate over NiMo were not selective to specific monomers, and if production of
chemicals is intended an upgrading process may be required.

Lignin first biorefining method was the other strategy evaluated in this PhD (chapter 6).
The method relies on fractionation of lignin in biomass and leaving holocellulose unconverted.
The main superiority of the method is that the lignin derived products are extracted in form of
mainly monomers and dimers, which in contrast to the conversion of technical lignin, shows
high selectivity to a few number of monomers. Beech wood was converted over NiMo catalyst
in ethanol medium at 200- 300 °C. It was observed that mainly lignin was degraded at 200 °C,
with high selectivity to 4-propyl syringol and 4-propyl guaiacol while by increasing
temperature to 300 °C hemicellulose and cellulose were progressively being converted. This
method is flexible as either lignin conversion or whole biomass conversion can be attempted.
Moreover, the method showed promises compared to two step extraction of lignin with
organosolv process and further conversion of it, where lower yields of monomers was obtained.
The complex structure of lignin experiences transformations during pulping process and other
pretreatments such as those in the production of bio-ethanol and organosolv process, and
becomes more recalcitrance towards degradation as a result of formation of stable C-C bonds.

7.1.  Outlook
The results obtained in this PhD study provide insight in degradation of lignin with the
main focus on lignosulfonate and also conversion of beech wood.

The high yields of oil fractions over NiMo catalyst were promising. However,
understanding the reaction mechanism in the molecular level is challenging as lignin is a
complex polymer. A detailed study using model compounds over NiMo catalyst can enlighten
the mechanism and be useful for modeling the degradation.

The conversion of lignin over NiMo catalyst can be combined with a further upgrading
process in order to obtain higher yields of monomers with higher selectivity. The upgrading is
normally conducted in the presence of stable solvent such as dodecane and depending on the
targeted compounds, a variety of hydrogenation and deoxygenation catalysts can be used.

Though good results were obtained from conversion of beech wood, this method is still in
its early stage of evaluations and should be expanded to the other types of biomass and other
catalytic systems. In this method ethanol is used as solvent, which itself degrades in the
presence of catalyst and form light compounds that can also be obtained from cellulose and
hemicellulose. Therefore, it remains as a challenge to distinguish ethanol derived products from
those from conversion of biomass. The evaluation of whole system in terms of the products
yield and economy is not possible unless the products can be distinguished. Therefore, a great
focus should be devoted on developing methods for product evaluation. Solvent consumption
should be minimized by altering lignin to ethanol loading, catalyst loading and reaction time.
This is not only of concern for conversion of biomass, but also for conversion of technical
lignin.
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Figure Al GC-MS analysis of the oil fraction from conversion of H-LS over Ni/SiO; catalyst in
ethanol medium. Reaction condition: 0.75 g catalyst, 7.5 g H-LS, 75 ml solvent, initial H, loading of
50 bar at RT, 250 °C, 3 hours.
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Figure A2 GC-MS analysis of the oil fraction from conversion of H-LS over Ni/SiO; catalyst in
ethylene glycol medium. Reaction condition: 0.75 g catalyst, 7.5 g H-LS, 75 ml solvent, initial H;
loading of 50 bar at RT, 250 °C, 3 hours
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Figure A3 SEC of catalytic oil produced from conversion of H-LS in EtOH over Ni supported on
SiOy, AC, ZrO; and y-Al;0s. Reaction condition: 0.75 g catalyst, 7.5 g H-LS, 75 ml solvent, initial H
loading of 50 bar at RT, 250 °C, 3 hours.
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Figure A4 XRD pattern of the solid residue from conversion of H-LS over Ni/SiO; catalyst. The
peaks for NiS are specified. Reaction condition: 0.75 g catalyst, 7.5 g lignin, 75 ml solvent, initial H.
loading of 50 bar at RT, 250 °C, 3 hours.
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——Reused Ni/SiO2 catalyst
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13
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Figure A5 SEC of catalytic oil products from conversion of H-LS in EtOH over fresh and reused
Ni/SiO; catalyst. Reaction condition: 0.75 g catalyst, 7.5 g H-LS, 75 ml solvent, initial H, loading of
50 bar at RT, 250 °C, 3 hours.
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Figure B1 EDX mapping of the spent non pre-sulfided NiMo-II catalyst from reaction of H-LS at 310
°C: Accumulation of Ni and formation of NisS,. Reaction condition: 1 g NiMo-II catalyst, 10 g lignin,
100 ml ethanol, 26 bar H; (loaded at RT), 3 hours.
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Figure B2 HSQC NMR of the oil fraction from catalytic conversion of H-LS in nitrogen atmosphere
at 310 °C (Table 13, Entry 3). Reaction condition: 1 g catalyst, 10 g lignin, 100 ml ethanol, 8 bar N>
(loaded at RT), 3 hours.
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Figure B3 The physical appearance of the solid fractions from non-catalytic and catalytic conversion
of H-LS at 310 °C (Table 13, Entry 1 & 2). (Right): Non catalytic solid, (Left): Catalytic solid.
Reaction condition: 0/1 g catalyst: 10 g lignin: 100 ml solvent, 26 bar H, (loaded at RT), 3 hours.

Table B1 The selectivity of the compounds identified by GC-MS-FID analysis of the oil fractions
from conversion of H-LS over non pre-sulfided and pre-sulfided NiMo-1 at 310 °C (Table 13, Entry 7
& 8). 0.5 catalyst: 5 g lignin: 50 ml ethanol, 26 bar H, (loaded at RT), 3 hours.

Compound group Non pre-sulfided Pre-sulfided
NiMo NiMo

Alkyl phenol % 36.6 39.9

Alkoxy alkyl phenol % 28.4 29.1

Alkoxy alkyl benzene % 34.9 31.0

Mono-oxygen compounds %  57.2 52.3

Di-oxygen compounds % 42.8 47.7
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Figure B4 SEC results of the oil fractions obtained from catalytic conversion of H-LS at 260 and 310
°C. Loading at 260 °C: 1 g catalyst: 10 g lignin: 100 ml ethanol. Loading at 310 °C: 0.5 g catalyst: 5 ¢

lignin: 50 ml ethanol. 26 bar H> (loaded at RT), 3 hours.
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Figure B5 HSQC NMR of the oil fraction from catalytic conversion of H-LS at 310 °C and 1 hour
reaction time. Reaction condition: 1 g catalyst, 10 g lignin, 100 ml ethanol, 26 bar H, (loaded at RT).
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Figure B6 HSQC NMR of the oil fraction from catalytic conversion of H-LS at 310 °C and 2 hours
reaction time. Reaction condition: 1 g catalyst, 10 g lignin, 100 ml ethanol, 26 bar H (loaded at RT).
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Figure B7 HSQC NMR of the oil fraction from catalytic conversion of H-LS at 310 °C and 4 hours
reaction time. Reaction condition: 1 g catalyst, 10 g lignin, 100 ml ethanol, 26 bar H (loaded at RT).
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Figure B8 SEC of the oil fractions from catalytic conversion of H-LS at 310 °C for different reaction
times. Reaction condition: 1 g catalyst, 10 g lignin, 100 ml ethanol, 26 bar H, (loaded at RT).
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Figure B9 SEC of the oil fractions from catalytic conversion of H-LS at 310 °C with varied catalyst
loading. Reaction condition: 0.5, 1, 2 and 3 g catalyst, 10 g lignin, 100 ml ethanol, 26 bar H. (loaded
at RT), 3 hours.
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Ethanol consumption

In order to evaluate ethanol consumption at 310 °C, two ethanol control tests with and
without catalyst were conducted and the results were compared to the lignin conversion tests.
The cold pressure after ethanol control tests in non-catalytic and catalytic conditions at 310 °C
were 31 and 33 bar, respectively. This observation indicated continuous gas formation from
degradation of ethanol and light phases, which are undesired reactions. The cold pressure in
non-catalytic conversion of lignin was 26 bar, while the same number for catalytic test was 22
bar. The detailed gas phase analysis is shown in Table B2. 207 mmol of C," gases were detected
form conversion of ethanol over pre-sulfided NiMo-I in control test, corresponding to 72 wt.%
of the gases in the gaseous products, and equals to 12.1% of the carbons in the fed ethanol.
However, in the gas phase from catalytic conversion of H-LS, 44 mmol C,* was detected which
was considerably lower compared to the control test.

Table B2 GC analysis of the gas phases from conversion of lignin and control tests in non-catalytic
and catalytic condition. 0/1 g catalyst, 0/10 g H-LS, 100 ml ethanol, 26 bar H, (loaded at RT), 3
hours.

Gas Control tests Lignin tests
[mmol] Non-Catalytic ~ Catalytic Non-Catalytic Catalytic
CO 2 1 7 3

CO; 0 9 10 10

CH4 1 6 1 9

C.* 3 207 12 44

H, 254 43 192 98

The GC-MS analysis of the light phases from non catalytic and catalytic ethanol control
tests and catalytic conversion of lignin are shown in Table B3 and Figure B10. Methanol
(retention time: 2.4 min) is produced in-situ from ethanol. Ethyl acetate (retention time: 4.1
min) may be produced from ethanol dehydrogenation [157]. Ethyl acetate can also be a product
from reaction between ethanol and acetic acid. We did not detect acetic acid in the reaction
products, which presumably reacted with ethanol forming ethyl acetate, or degraded to CH4
and CO,. These reactions are promoted over NiMo catalysts [158]. Compounds such as 1-
butanol (retention time: 5.2 min) are produced via condensation reactions between two
molecules of ethanol and dehydration. Formation of diethyl acetal (retention time: 6.5 min) can
be through reaction of ethanol and acetaldehyde via Guerbet reactions. The esteric compounds
were detected in the reaction products of ethanol, including propanoic acid ethyl ester
(retention time: 6.1 min) and butanoic acid ethyl ester (retention time: 8.2 min) formed possibly
through Cannizzaro/Tishchenko reactions [148]. A peak at retention time of 5.8 was detected
in the light phase of catalytic tests (ethanol control test and H-LS reaction), which indicated
formation of diethyl sulfide. This compound is originated from DMDS (which was added for
keeping sulfidation state of catalyst) in ethanol control test, and from sulfur in lignosulfonate
structure. Diethyl sulfide is known as a by-product from reaction of ethylene with H,S over
alumina based catalyst and production of ethanethiol. However, we did not detect ethanethiol
in the light phase, which may have evaporated upon opening the autoclave (boiling point: 35
°C).
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The ethanol content was considerably lower in control catalytic tests compared to non-
catalytic and catalytic conversion of H-LS. Concentration of ethyl acetate increased from 0.8
% in the absence of catalyst (control test) to 6.0 % in catalytic test. However, 1.9 % ethyl
acetate was detected in catalytic conversion of H-LS. Formation of esteric compounds was
catalyzed over NiMo catalyst in ethanol control test, while they were detected in trace amounts
in the light phase from conversion of H-LS. These observations are aligned with the results in
the gas phase, which show ethanol reactions are catalyzed over NiMo catalyst, but are limited
in the presence of lignin, presumably due to the coverage of the catalytic active phases with
lignin derived fragments and therefore inhibiting ethanol conversion.

Table B3 GC-MS of light fractions from non-catalytic and catalytic control tests and H-LS
conversion in the presence of catalyst. Reaction condition: 0/1 g catalyst, 0/10 g H-LS, 100 ml
ethanol, 26 bar H, (loaded at RT), 3 hours.

Compound Retention Control tests Catalytic, H-LS
time [min]  Non-Catalytic % Catalytic %

Methanol 2.4 0.4 0.4 0.2
Ethanol 2.9 95.6 62.5 84.3
Ethyl acetate 41 0.8 6.0 1.9
1-Butanol 5.2 0.1 11 0.1
Diethyl sulfide 5.8 - 0.4 0.2
Propanoic acid ethyl ester 6.1 - 13 <0.1
Diethyl acetal 6.5 11 1.9 1.1
Butanoic acid ethyl ester 8.2 - 0.5 0.1
Other compounds - 0.2 1.6 <0.1
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Figure B10 GC-MS analysis of the light phases from control tests and lignin conversion at 310 °C (a)
light phase from non-catalytic control test, (b) light phase from catalytic control test, (c) light phase
from catalytic conversion of lignin. Reaction condition: 0/1 g catalyst, 0/10 g H-LS, 100 ml ethanol,
26 bar H (loaded at RT), 3 hours.
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Table C1 The identified light products from conversion of beech wood over sulfided NiMo/AlOs at
300 °C. 1 g catalyst: 10 g beech wood, 100 ml ethanol, 26 bar H, (loaded at RT), 3 hours.

Retention time (min) Compound Area%  Holocellulose* EtOH?
Alcohols

3.56 1-Propanol 0.20 * *
5.21 Butanol 1.01 * *
8.44 Propylene glycol 0.06 * *
11.37 2,4-dimethyl 1-Heptanol 0.20 * *
12.15 1-Nonanol 0.06 * -
Aldehydes

2.38 Acetaldehyde 1.8 * *
Esters

6.05 Propanoic acid ethyl ester 0.43 * *
8.11 Butanoic acid ethyl ester * *
9.68 2-Propanol, 1-(2-methylpropoxy)  0.05 * *
10.35 Pentanoic acid ethyl ester 0.12 * -
10.58 Acetic acid, ethoxy-, ethyl ester 0.02 * *
Ethers

6.16 Ethanol, 2-ethoxy 0.09 * -
6.5 1,1-diethoxy ethane 1.13 * *
7.09 1-ethoxy, 2-propanol 0.04 * *
7.40 1-ethoxy, butane 0.19 * *
8.32 2-ethoxy, butane 0.01 * *
8.58 2-ethoxypentane 0.04 * *
8.79 Ethylene glycol monovinyl ether  0.03 * *
9.52 4-ethoxy 1-butanol 0.01 * *
10.03 2-ethoxy, butane 0.03 * -
10.41 1,1-diethoxy butane 0.07 * *
10.52 1-ethoxy, 3-pentanol 0.02 * *
10.68 1-(1-ethoxyethoxy), butane 0.03 * *
10.79 2-Ethoxypentane 0.05 * *
Ketones

5.53 2-Pentanone 0.20 * -
7.76 3-Hexanone 0.10 * -
7.87 2-Hexanone 0.21 * -
9.10 2-Methyl, cyclopentanone 0.18 * -
9.24 3-Methyl, cyclopentanone 0.04 * -
9.77 4-Heptanone 0.05 * -
10.16 2-Octanone 0.03 * -
11.29 Cyclopentanone 0.09 * -
11.91 4-Octanone 0.02 * -
Furans

5.94 2,5-Dimethylfuran 0.23 * -
13.97 Furanmethanol-tetrahydro 0.19 * -

2 1t is specified by * whether the compounds were detected from conversion of holocellulose or
ethanol



Supplementary Information for Chapter 6

Table C2 Elemental analysis, atomic O/C and H/C ratio and high heating value of beech wood and
the oil fractions from conversion of beech wood over sulfided NiMo/Al:Os. 1 g catalyst: 10 g beech

wood, 100 ml ethanol, 26 bar H, (loaded at RT), 3 hours.

Sample C H N S @) Atomic Atomic HHV
wt% wt%  wt% wt% wt% O/Cratio H/Cratio (MJ/kg)
Beechwood 53.0 5.8 0.1 - 41.0 0.58 1.32 18.9
Oilat200°C 59.2 75 0.4 2.7 30.9 0.39 1.52 25.2
Oilat260°C 590 74 0.4 13 31.9 0.41 1.51 24.8
Oil at280°C 614 8.4 0.4 - 29.8 0.36 1.64 27.4
Oil at 300 °C 609 8.2 0.3 1.0 29.6 0.36 1.61 26.9
PN °
2-Pentanone 2-Octanone
0 o]
CH;,
2-Methyl cyclopentanone 2-Ethyl cyclopentanone
0 0
U //\\O)I\/\/
Dimethyl furan Pentanoicacid ethyl ester
/\\//\\/\\.//\\//OH

2-Ethoxypentane

Figure C1 Structure of sugar derived compounds from conversion of beech wood over sulfided

NiMo/Al,Os in ethanol

1-Nonanol
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