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ding of bio-oil formation from the
hydrothermal liquefaction of organosolv lignin
isolated from softwood and hardwood sawdust†

Petter Paulsen Thoresen,a Jonas Fahrni,b Heiko Lange,acd Jasmine Hertzog,e

Vincent Carré,e Ming Zhou, f Anna Trubetskaya,g Frédéric Aubriet,e Jonas Hedlund,f

Tomas Gustafsson,b Ulrika Rova,a Paul Christakopoulos a

and Leonidas Matsakas *a

Conversion of organosolv lignins isolated with and without an inorganic acid catalyst (H2SO4) from hard-

and softwood (birch and spruce) into bio-oil through hydrothermal liquefaction has been investigated.

Furthermore, fractions of the isolated bio-oils were catalytically deoxygenated to improve the bio-oil

properties. As elucidated through NMR, both biomass source and extraction mode influence the bio-oil

product distribution. Depending on whether the lignins carry a high content of native structures, or are

depolymerized and subsequently condensed in the presence of sugar dehydration products, will dictate

heavy oil (HO) and light oil (LO) distribution, and skew the HO product composition, which again will

influence the requirements upon catalytical deoxygenation.
Introduction

Several issues are up for discussion when considering the
persistent use and recovery of fossil fuels and petroleum. First,
our economy andmodern society are essentially founded on the
idea that these resources are readily available.1 The abundance
of non-renewable carbon is not completely known, its accessi-
bility uncertain, so exactly when we will experience ‘peak oil’
and for how long these reserves will last, is questionable.2 The
second discussion concerning the impact of fossil carbon on
the climate is, to a larger extent, experiencing consensus,3 and
the possible detrimental scenarios induced by extreme weather
conditions include shortages of food, fresh drinking water, and
outbreaks of diseases.4,5 Thus, even though the reserves of
petroleum might, and likely will, sustain for several decades to
come, the persistent usage of these will eventually be forced to
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a halt, and the global consequences upon on their depletion will
be largely damaging for life as we know it today.

A potential shi from traditional petroleum-based chemicals
toward renewable ones is receiving increasing attention
because of the aforementioned concerns.6 Especially the lignin
fraction of lignocellulosic biomass is nowadays considered
largely unexploited relative to its potential as the largest
renewable source of aromatics.7 However, the main issue
regarding achieving proper utilization of this vastly abundant
component, moving toward integrating it as an industrial,
aromatic building-block and mitigate toward lower global
greenhouse gas emission, is to be established.8

To aid in overcoming this hurdle, the present work evaluates
both an effective way of extracting this underutilized polymer,
and its subsequent conversion into low molecular weight
components in the form of bio-oil. This nal bio-oil carries the
potential of replacing important chemicals for the industry. For
the initial lignin extraction process, organosolv fractionation
was applied. This technology has over the recent years been well
explored, with several recent papers reviewing the current state,
and issues to be solved.9,10 Meanwhile, the key idea behind the
process is to apply an extraction solution oen consisting of
water and organic solvents such as alcohols, organic acids or
ketones,11 sometimes with the addition of a catalyst,12 which
oen has a profound effect on the chemistry of the obtained
extract.13 Another important factor determining the chemistry
of the obtained lignin isolate, is the type of raw material
(hardwood, sowood or herbaceous raw material).14 While this
extraction yields a product, which can be isolated to give lignin
of high purity, the isolate will still be highly dispersed when
Sustainable Energy Fuels, 2023, 7, 5361–5373 | 5361
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considering its inherent composition and chemical structures.
Thus, a subsequent treatment would be necessary to retrieve
aromatic monomers with direct applications in the chemical
industry. Hydrothermal liquefaction (HTL) is a way to achieve
this.15 Application of this method for valorizing lignins into
compounds of lower molecular weight is highly complex, both
as a result of the initial lignin chemistry, but also because of the
somewhat chaotic character of subcritical water where depoly-
merisation, decomposition, and recombination occur at the
same time.16 For these reasons, the present work sets out to
provide insight into how the initial lignin chemistry affects the
distribution of the obtained bio-oil phases (volatiles (V), LO,
HO, char (C)) but also the release of specic components
seemingly originating from certain lignin motifs, or if specic
motifs favors the formation of any product phase over the other.
Finally, and for bringing the generated bio-oil fractions into
suitable fuel components, catalytical upgrading will be per-
formed. A recent work summarized the current state of catalytic
deoxygenation of bio-mass derived fuel-precursors,17 and
whereas the specic catalyst in combination with the precursors
and its deoxygenation route varies, it essentially depends in the
stability of the oxygen carrying group. This in general renders
furan compounds harder to deoxygenate than phenols due to
the integral role of the oxygen in the aromatic system.

Zeolites are the most prospective candidates for the
upgrading of bio-oil attribute to their high hydrothermal
stability, adjustable acidity, controllable pore structure, and
shape selectivity. Especially, it has been noticed that ZSM-5 type
zeolites have the perfect acidity and pore size for cracking and
aromatization reactions, and improved accessibility to the acid
sites can signicantly increase the yielding of aromatics.18

However, catalyst suffers from exceedingly fast deactivation by
coking.19 Some strategies have been proved to extend the life
time of catalyst: (1) by the introduction of additional mesopores
or reducing the crystal size, the diffusion path in zeolite can be
reduced;20–22 (2) grow catalyst in uoride medium to minimize
the framework defects;23 (3) disperse zeolite by adding diluent
for improve the heat transportation;24 and (4) co-feeding some
molecules to increase the combined H/C ratio of the bio-oil.25

This study sets out to elucidate the factors inuencing the
properties of the end-fuel, starting from organosolv lignin
extraction from both hard- and sowood raw materials. The
primary lignins are characterized in detail (13C NMR and 1H–13C
HSQC spectroscopy) and initially upgraded by hydrothermal
liquefaction, with the characteristics of the obtained bio-oil
fractions described (GC-MS and Fourier-transform ion
Table 1 Conditions applied for organosolv fractionation of the respecti
ratio applied was 1 gram biomass per 10 mL solvent

Code Raw material Temperature [°C] Tim

B Birch sawdust 200 15
BA Birch sawdust 200 15
S Spruce sawdust 200 30
SA Spruce sawdust 200 30

5362 | Sustainable Energy Fuels, 2023, 7, 5361–5373
cyclotron resonance mass spectrometry), before nal catalytic
upgrading is performed employing defect-free ultra-thin (35
nm) ZSM-5 catalyst. The catalyst was synthesized in uoride
medium and dispersed in 500 nm Stöber sol SiO2, as these can
signicantly increase the diffusion of hydrocarbons and the
transportation of heat generated by the exothermic reaction,
respectively. In addition, the bio-oil upon conversion compo-
sitionally renders them closer to petroleum. As such, the
current work provides a novel start-to-end investigation of
lignocellulosic valorization with in-depth characterization of
the various intermediate stages evaluated in light of the native
material structure.

Materials and methods
Lignin isolation

Birch (B) and spruce (S) lignins were obtained through orga-
nosolv (conditions given in Table 1) as previously described.26 In
short, spruce and birch sawdust were treated at a solid-to-liquid
ratio of 1-to-10 (dry weight biomass/volume solvent) in the
presence or without acid catalyst (1% w/wbiomass). The solvent
was a mixture of ethanol in water at a content of 60% v/v and
50% v/v for birch26 and spruce sawdust, respectively. Subse-
quent the organosolv treatment, the slurry was vacuum-ltered
to separate the solids from the liquid fraction. Lignin solubility
was then reduced by removing/evaporating the ethanol by
rotary evaporation allowing its isolation as precipitate. Subse-
quently, the precipitate was isolated by centrifugation (14 000
rpm/29 416 g, at 4 °C for 15 min) and then freeze-dried to yield
the nal powdery product.

Hydrothermal liquefaction (HTL)

An illustration of the set-up applied for the HTL is presented in
Fig. 1. In short, it is a combination of three connected vessels.
For trials performed in a semi-continuous fashion, the rst
reactor (semi-continuous feeding reactor in Fig. 1) is used as
a feed tank where the starting feed is being stirred at room
temperature. Next, when the feed liquid is pressurized, in this
work by nitrogen at 55 bar, the feed is pushed into the pre-
heated reactor (hydrothermal reactor in Fig. 1) by opening the
valve for 0.5 seconds. All the valves in the hydrothermal system
are pneumatic with on-off sensors to ensure safe operations.
Initially, the pre-heated reactor contains 35 mL distilled water
to ensure proper controller and thermometer function. When
the desired treatment time is reached, the mixture is shot into
a water-cooled cooling vessel (water-cooled vessel in Fig. 1)
ve lignocellulosic raw materials. For all treatments, the solid-to-liquid

e [min] EtOH [vol%] Catalyst [H2SO4% w/wbiomass]

60 0.0
60 1.0
50 0.0
50 1.0

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Top: The experimental set-up used for HTL of lignin with ball valves separating the pressurized zones. Bottom: PI&D of the continuous
HTL including feeding tank, pump, heat exchanger, reactor and pressure release valves.
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using the remaining steam and nitrogen pressure in the reactor.
Heating from room temperature to 320 °C is achieved within
20 min, while cooling back to room temperature is done within
5 min. In the semi-continuous system, initial trials used a 10%
suspension of lignin in water (B, BA, S, SA).

The continuous reactor consists of a 5 L tank where the feed
is stirred and pre-heated to 70 °C. Then with a dual-pumping
system, the feed is fed into the reactor at 200 bar. Part of the
feed stream is heated through a heat-exchanger system
exchanging heat with the product stream, the remaining energy
is obtained electrically until the desired temperature is ob-
tained (PID controlled). At the end of the reaction time, the
product is cooled down to 70 °C before being released through
an alternating ball-valve system ensuring a pulse-ow opera-
tion. Overall reactor volume is 800 mL, and a ow-rate of 40
mL min−1 was applied. The residence time for the continuous
system was 20 min. In the continuous system a 8.5% suspen-
sion of lignin in water was used.

The aqueous suspension in the crude reaction mixture was
ltered over a 20 mm lter paper (Whatman 541). The ltrate
was extracted twice with 50% of its volume of ethyl acetate to
isolate the monomer rich light oil (LO). The remaining water
phase was discarded. The HO and char were separated by
washing the lter cake with 2-methyl-tetrahydrofuran (2-Me-
THF). By removing the solvent, the HO is isolated. This frac-
tion is the largest portion (see Fig. 3B) and is assumed to be
comprised of depolymerized and deoxygenated species together
This journal is © The Royal Society of Chemistry 2023
with solvent-soluble unreacted lignin. An overview of the pro-
cessing is presented in Fig. 2.
Quantitative 13C nuclear magnetic resonance spectroscopy of
the organosolv lignin

The lignin NMR analysis was performed as described previ-
ously.27,28 In short, for quantitative 13C NMR analysis, approx.
80mg of lignin was dissolved in 500 mL DMSO-d6. We applied 50
mL (∼1.5 mg mL−1) of Cr(III) acetylacetonate in DMSO-d6 as
a spin-relaxation agent and 50 mL (∼15 mg mL−1) of trioxane
(92.92 ppm) in DMSO-d6 as an internal standard. Spectra were
recorded on a Bruker 600 MHz AVANCE III spectrometer
equipped with a 5 mm BBO broadband (1H/19F/2D) z-gradient
cryo-probe and controlled with TopSpin 3.6.4 soware at 30 °C,
with a total of 20 000–24 000 scans. An inverse-gated proton
decoupling pulse sequence was applied with a 90° pulse width,
acquisition time of 1.2 s, and relaxation delay of 1.7 s. Data were
processed with MestreNova Version 9.0.1 (Mestrelab Research
S.L., Santiago de Campostela, Spain).
1H–13C heteronuclear single quantum coherence (HSQC)
analysis of the organosolv lignins

The same sample prepared for the acquisition of the quantita-
tive 13C NMR was used. HSQC spectra were obtained at 30 °C on
a Bruker 600 MHz Avance III spectrometer (Bruker Biospin)
controlled with Topspin 3.6.4 and equipped with a 5 mm BBO
Sustainable Energy Fuels, 2023, 7, 5361–5373 | 5363
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Fig. 2 An overall illustration of the workflow related to the HTL of lignin.
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broadband (1H/19F/2D) z-gradient cryo-probe. The Bruker
hsqcetgpsisp2.2 pulse program in DQD acquisition mode was
applied, with NS = 64; TD = 2048 (F2) and 512 (F1); SQ =

12.9869 ppm (F2) and 164.9996 ppm (F1); O2 (F2) = 2601.36 Hz
and O1 (F1) = 7799.05 Hz; D1 = 2 s; CNST2 1J(C–H) = 145; and
acquisition time F2 channel = 197.0176 ms and F1 channel =
15.4164 ms. NMR data were processed with MestreNova.

GC/MS-analysis of light oil

The LO were analysed by GC-MS to determine the amounts of
monomers. Therefore, the samples were dissolved in acetone.
Guaiacol, 4-methylguaiacol (creosol), 3-methoxycatechol and
2,6-dimethoxyphenol (syringol) were used as standards for
quantication.

Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) of the heavy oil (HO)

The four heavy oils from liquefaction of birch or spruce lignin
were prepared to a nal concentration of 0.1 mg mL−1 in 90 : 10
(v/v) methanol/toluene (LC/MS grade).

Bio-oil mass spectra were acquired in positive-ion mode
using atmospheric pressure photoionization (APPI) with a 7 T
FT-ICR mass spectrometer (Solarix 2XR, Bruker Daltonics, Bre-
men, Germany). Ion source and instrument parameters were
5364 | Sustainable Energy Fuels, 2023, 7, 5361–5373
optimized via soware FTMS-Control V2.3.0 (Bruker Daltonics).
A 0.1 mg mL−1 sodium triuoroacetate solution was used to
externally calibrate the mass spectrometer, and to shim and
gate the ICR detection cell. Mass spectra were acquired over
a 193.5–2000 m/z range with a 4 megaword time-domain, and
300 scans were accumulated. Bio-oil samples were infused with
a ow rate of 12 mL min−1. The APPI source conditions were set
with drying gas temperature and ow rate at 200 °C and 2
L min−1, respectively, and the pressure of the nebulizer gas was
1.5 bar. The capillary voltage was 0.8 kV and the vaporizer was
heated at 300 °C.

Soware DataAnalysis 5.2 (Bruker, Daltonics) were used for
data processing. Mass spectra were exported to peak list at
a signal-to-noise $4. Internal calibration and peak list assign-
ment were performed by Composer soware (Sierra Analytics,
Modesto, USA). Molecular formulae were assigned within
a ±0.6 ppm mass error range, with the C, H, O, N, and S
elements, and both radical cations and protonated ions were
considered. This resulted to CH, CHO, CHN, CHON, and CHOS
molecular series. The double bound equivalent (DBE) was
calculated, as given by eqn (1), with nC, nH and nN being number
of carbon, hydrogen, and nitrogen atoms, respectively. The DBE
versus carbon number (#C) graphs give information on the
aromaticity and unsaturation degree of a molecule.
This journal is © The Royal Society of Chemistry 2023
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DBE ¼ 1þ nC �
�nH
2

�
þ
�nN
2

�
(1)

Catalytic upgrading of the light oil fraction

The zeolite ZSM-5 catalyst used here comprised 35 nm thick
defect free crystals synthesized in uoride medium as described
previously.29 These defect free crystals are by far the thinnest
reported, and it has been shown that these crystals displayed
superior catalytic performance in terms of e.g. resistance to
deactivation as compared with thicker ZSM-5 crystals and
defective ZSM-5 crystals.29 In the present work, these crystals
were supported on spherical Stöber SiO2 particles with a diam-
eter of 500 nm in a ratio of 1 : 10. The mixture was pressed,
crushed, and sieved to obtain a powder within the size range of
177 to 500 mm. Prior to use, the supported catalyst was dried at
110 °C for about 18 h.

For catalytic conversion of bio-oil, 1.7 g of the supported
catalyst was loaded in a stainless-steel reactor with an inner
diameter of 6 mm and a length of 140 mm. Quartz glass wool
was used to keep the catalyst in the center of the reactor and
graphite rings were used to seal the reactor. The bio-oil was
mixed with methanol and water in a weight ratio of 60% bio-oil,
20% methanol, and 20% water or a ratio of 10% bio-oil, 30%
methanol, and 60% water. A gas chromatograph (GC, Agilent
7890 B equipped with a capillary column CP-Sil PONA CB, 100m
× 250 mm × 0.5 mm and an FID detector) was connected online
to the reactor.

The mixtures of bio-oil, methanol and water were fed at
a weight hourly space velocity (WHSV) of 0.3 h−1 to the reactor
at 360 °C, while the connection lines between the reactor and
the GC were maintained at 220 °C. A stream of N2 at a ow rate
of 9.5 mL min−1 was used as carrier gas. The reactor effluent
was sampled every 70 minutes by the GC. The observed GC-
Fig. 3 Weight distributions of the various fractions originating from spruc
distribution of the non-volatile fractions obtained; (B) division of oil direc
LO and HO fractions.

This journal is © The Royal Society of Chemistry 2023
peaks could be classied into the following groups of prod-
ucts according to their retention times: deoxygenated C5-prod-
ucts, e.g., light alkenes and alkanes (all peaks except for
methanol and for dimethyl ether (DME) were observed at
retention time less than 9.8 min); deoxygenated C6+ products,
e.g., gasoline, (all peaks observed at retention time between 9.8
and 34 min); oxygenated products (all peaks observed with
retention time greater than 34 min).

Results and discussion
Spruce sawdust

The lignins used in this work originate from spruce or birch
sawdust, and while the specic mode of their extraction will
affect their chemistry, they are also different from the start as
they are isolated from so- and hardwood, respectively.11

Considering the weight distributions from HTL of spruce
lignins (S and SA; Fig. 3), employing acid (SA) during the lignin
extraction process does not largely affect the LO yield, while that
of HO increases. Inevitably, a certain amount of low molecular
weight species are still liberated yielding a similar LO yield;
however, less volatiles and water solubles, i.e., substances lost
with the waste water, are generated keeping more of the raw
material in the HO fraction. To get an idea of the dynamics and
what species are formed and potentially being either
a precursor for either of the product fractions during the HTL,
GC/MS-analysis was performed (Table 2).

Furthermore, in order to potentially unravel any correlation
between generated LO monomers with the initial spruce
lignins, qualitative 1H–13C HSQC and quantitative 13C NMR
analyses were performed on the two isolated spruce lignins.
Quantization of the most common structures (Table 3) was
achieved using the deviation of the HSQC data via quantitative
13C NMR.
e-based lignins, either extracted with (SA) or without acid (S): (A) weight
t extract into HO and LO fractions; (C) distribution of monomers in the

Sustainable Energy Fuels, 2023, 7, 5361–5373 | 5365
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Table 2 Monomeric compounds and their relative content detected in the LO fraction of spruce (S and SA) and birch (B and BA) lignin samples

Compounds
S [mg monomers
per gLO]

SA [mg monomers
per gLO]

B [mg monomers
per gLO]

BA [mg monomers
per gLO]

p-Cresol 15.5 19.4
Guaiacol 274.2 212.9 60.1 66.3
4-Methylguaiacol 113.3 73.7 24.1 45.1
3-Methoxycatechol 35.1 89.3 57.4
4-Ethylguaiachol 48.4 34.6 21.4 96.7
4-Methylcatechol 16 28.4
2,6-Dimethoxy phenol 62.5 17.4 251 215.9
4-Propylguaiacol 18.5 14.5 18 23.4
1,3,4-Dimethoxyphenol 16.7 20.2
Vanillin 76 56.9 40.5
5-Formylguaiacol 21.8
Phenol, 2,6-dimethoxy-4-methyl 28.6 65.5 61.2
Acetoguaiacone 35.8 26.4 15.7 22.4
2,6-Di-tert-butyl-p-cresol 23.2 25.4
5-tert-Butylpyrogallol 33.5
Guaiacylacetone 58.1 110.9 20.4 80.3
2-Butanone,4-(4-hydroxyphenyl) 30.4
Escaline 18.3
Syringaldehyde 23.3
Gallacetophenone-4′-methylether 17.3
Benzenepropanol, 4-hydroxy-3-methoxy- 57.4 60.60 23
Syringaldehyde 19.1 39.8 52.2
Gallacetophenone-4′-methylether 17.1
Phenol (unknown) 24.4
Acetosyringone 28.7 56.2
Syringylacetone 42 121
5-(3-Hydroxypropyl)-2,3-dimethoxyphenol 26.2 18.2
Phenol (unknown) 20.40
Phenol (unknown) 18.1
Phenol (unknown) 16.8 17.4
Sum of quantied mass 885.5 716 796 1143
Monomers in fraction 89% 72% 80% 114%
Yield monomers in LO 6.2% 5.0% 5.6% 4.0%

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 9
:4

6:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The general distribution of motifs in lignins originating
from relevant crops has been summarized14 and will be applied
as an initial foundation for the interpretation of the NMR data
presented herein. In short, native lignins from sowoods are
dominated by the guaiacyl monomer, derived from coniferyl
alcohol. The interunit linkages vary, with the b-O-4′ linkage
dominating (approx. 60%), while dibenzodioxocin (5–5′, 4-O-b′),
phenylcoumaran (b-5′), and pinoresinol (b–b′) are usually
present with contents of approx. 10, 10, and 5%, respectively.
Apart from these more commonly occurring structures, spi-
rodienone (b-1′) and biphenyl ether (4-O-5′) are present, albeit at
signicantly lower contents (approx. 1%). The analyses of the
organosolv spruce lignins used for the HTL are in line with this
general description, while indicating, however, that the stan-
dard motifs are drastically reduced in abundance. Analyses also
indicate the presence of notable quantities of oxidized deriva-
tives of typical interunit bondingmotifs; condensation products
are present.

The presented analytical data in form of GC-MS data and
NMR data can serve to evaluate how the apparent structural
changes in the raw-material, i.e., lignin modication, including
cross-coupling both in the aliphatic but also in the aromatic
domains, potentially incorporating sugar dehydration products
5366 | Sustainable Energy Fuels, 2023, 7, 5361–5373
in form of lignin–humin–hybrid structures,27 inuences the
dynamics and chemistry of the biomaterial during thermal
treatment, thus determining nal product formation.

Evaluating the results from Table 2, the monomers in the LO
fraction with decreasing abundances as acid is used in the
lignin extraction from spruce are guaiacol, 4-ethylguaiacol, and
4-methylguaiacol; this while the content of guaiacylacetone
augments. The latter is understandable considering the data
from the HSQC analysis in which G units with an oxidized side-
chain are observed (Table 3). Importantly, liberated guaiacol
units are in general decreasing abundancy in the LO fraction
alongside a reduced overall monomer content, whereas the
isolated HO fraction augments when moving from S to SA. For
initially evaluating potential modication of the extracted
lignins with respect to a putative lignin structure in planta
during the initial organosolv process, the 13C NMR spectra
where used to generate rough estimates for the content of
distinct aromatic carbons and to compare against the methoxyl
group content (Table 3). In general, the total content of
aromatic carbon atoms is presenting a 6-to-1 ratio relative the
methoxyl groups, which matches fairly well with what to expect
for a spruce lignin. However, the ArC-H content appears low: for
an ‘intact’ guaiacyl monomer one would expect ratios of CH :
This journal is © The Royal Society of Chemistry 2023
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Table 3 Structural motifs and groups of the initial organosolv spruce (S) and birch (B) lignins quantified through NMR

Motif (mode) Shis d(1H) [ppm]/d(13C) [ppm]

Spruce samplesa Birch samplesb

S [mmol g−1] SA [mmol g−1] B [mmol g−1] BA [mmol g−1]

ArC-H 125.5–100.0 14.65 16.06 10.87 22.19
ArC-C 125.5–140.0 7.15 7.72 10.87 10.55
ArC-O-R 140.0–160.0 13.26 14.73 12.73 13.08
Ar(CH : CC : CO) 42 : 20 : 38 42 : 20 : 38 32 : 32 : 37 48 : 23 : 29
13C–OMe (HSQC) 54.5–56.5 6.28 (5.55) 7.35 (6.59) 11.30 (11.49) 9.73 (9.98)
Sum aromatic carbons (per –OMe) 35.05 (5.58) 38.51 (5.24) 34.47 (3.05) 45.82 (4.71)
Ketone 206.50–207.10 0.50 0.42 0.00 0.04
b-O-4′ to S 4.88/72.04 0.03 0.03 0.36 0.10

4.13/85.91
3.41/59.44

b-O-4′ to G 4.90/71.34 0.01 0.02 0.19 0.03
4.21/84.59
3.23/59.92

b–b′ 4.67/84.98 0.01 0.01 0.06 0.01
3.06/53.50
4.03/70.99

b-5′ 5.43/87.00 0.02 0.02 0.19 0.08
3.48/52.99
3.66/62.79

Xylopyranoside 4.29/101.59 0.00 0.00 0.03 0.01
3.06/72.49
3.26/73.94
3.51/75.35
3.36/62.50

Benzyl ether (LCC) 4.59/80.92 0.00 0.01 0.04 0.01
Guaiacyl (G6) 6.25–7.20/117.0–122.75 2.21 2.59 0.78 1.90
Ox. G2 7.40/110.48 0.53 0.77 0.14 0.44
Guaiacyl (G2 + furan B C3) G2: 6.80–7.13/108.0–113.5 3.80 3.68 0.87 3.02

G2 + F3: 6.42–6.98/109.5–113.8
Furan B C4 7.36–7.68/121.5–125.0 1.40 1.31 0.06 1.22
Syringyl (S2.6) 6.20–7.00/101.8–104.4 0.07 0.07 2.34 1.39
Furan A C3 6.15–6.75/104.4–107.4 0.12 0.18 0.69 2.99c

Furan A C4 6.90–7.45/105.2–108.2 0.11 0.18 0.65 1.58
Sum furan rings 1.50 1.48 0.70 2.80
Sum lignin rings 2.28 2.66 3.11 3.29

a 200 °C; 30 min; 50 vol% EtOH. b 200 °C; 15 min; 60 vol% EtOH. c Overlapping signals.
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CC : CO being approx. 3 : 2 : 1, whereby the ratios found are
approx. CH : CC : CO = 2 : 1 : 2. Worth to mention is that the
exact distribution of ArC-C and ArC-O carbons might experience
overlaps caused by other structural motifs generating peaks in
their respective regions, however, the tertiary aromatic carbon
content obtained from 13C NMRwas found tomatch closely that
obtained when integrating the HSQC spectra in the same
regions, suggesting that tertiary carbons are reduced due to
a higher content of quaternary aromatic carbons either linked
to another carbon or oxygen. This trend appears to increase
further as acid is employed in the extraction process, reducing
still the number of aromatic carbons per measured methoxyl
group. Interestingly, whereas the ratios of the various aromatic
carbon types remain stable for the extraction treatments in
absence (spruce lignin S) or presence of sulfuric acid (spruce
lignin SA), the overall quantity increases for the latter alongside
the oil-direct extract and amount of heavy oil (HO). Further-
more, the amount of monomers in the LO fraction decreases,
suggesting that in fact the quantity and distribution of aromatic
This journal is © The Royal Society of Chemistry 2023
linkages inuence how the oil fractions are distributed.
Considering the composition of the LO fractions as elucidated
through GC-MS, the monomers are largely of lignin origin,
despite the fact that NMR analysis suggests the presence of
furan moieties in the extracted lignins at signicant contents
(Table 3).

In order to evaluate the assigned lignin monomer and furan
ring signals, the regions evaluated through 13C NMR where
compared against the shis assigned through HSQC (Fig. 4). A
good agreement is found regarding the contents obtained
through 13C NMR and their assigned HSQC shis, using the
quantication of the HSQCs on the basis of the quantitative 13C
NMR as reported before. Interestingly, the t especially
improves for spruce derived lignins when assuming that the
majority of the G units carries only two aromatic CH carbons,
which would imply that the majority carries an aromatic
substitution.

For the spruce HO fractions, the results obtained by FT-ICR
MS evidence an increase in CH species that originate on behalf
Sustainable Energy Fuels, 2023, 7, 5361–5373 | 5367
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Fig. 4 Top: Ratio of tertiary to quaternary aromatic carbons as measured through 13C shift ranges and specific 1H–13C assignments assuming
that lignin monomers and furan rings are non-substituted. Bottom: As for the top figure except with the assumption that 1 of the 3 tertiary ring
carbons of guaiacyl are substituted.

Table 4 Molecular composition description obtained by in APPI (+) FT-ICR MS of the HO fraction originating from spruce and birch lignins
isolated in the absence (S, B) and presence (SA, BA) of acid-catalyst, with assignment number and corresponding percentages

Sample CH CHO CHN CHNO CHOS Total

S 251 (3.8%) 6240 (95.5%) 0 46 (0.7%) 0 6537
SA 810 (10.6%) 6597 (86.7%) 8 (0.1%) 127 (1.7%) 64 (0.8%) 7606
B 182 (2.5%) 6975 (95.2%) 5 (0.1%) 53 (0.7%) 112 (1.5%) 7327
BA 631 (8.2%) 6829 (89.2%) 0 50 (0.7%) 146 (1.9%) 7656
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of CHO compounds (Table 4), in the sample obtained under
acidic conditions, i.e., SA. This does not contradict the NMR
data where an increase in all aromatic carbon types (C–H, C–C,
C–O) alongside the introduction of furans and aromatic
substitution is observed. Fig. 5A also evidences the specicity of
the spruce HO obtained under acidic conditions with the higher
contribution of the CH species. For the CHO compounds, in
both S and SA samples, the distribution is similar, although one
can notice higher contribution of the oxygen-rich (>O9)
compounds in the SA sample (Fig. 5).

Similar observations are reported30 and were attributed to
repolymerization phenomena. Such oxygen-rich compounds can
also represent larger molecular weight lignin-components ob-
tained, or formed, by acid catalysis. Regarding the pure hydro-
carbon species, an insight was achieved by representing them
according to their DBE vs. carbon number (Fig. 6). The differ-
ences between S and SA samples are noticeable with more CH
compounds in the SA sample. These specic features are char-
acterized by components that are of highermolecular weight and
that display a higher number of unsaturated motifs (higher DBE)
components. It is also noteworthy that from species with C > 30
and DBE > 8, there are some packets that differ by 5–6 carbon
5368 | Sustainable Energy Fuels, 2023, 7, 5361–5373
atoms and 1–3 DBE units. These CH compounds specically
observed in the SA sample can originate from high-molecular
weight lignin species that underwent deoxygenation reactions
under acidic conditions. These high-molecular weight
compounds can be imagined to be similar to those observed in
Fig. S2,† in the form of CHO compounds fromnon-acid catalyzed
organosolv lignin comprising close to 60 carbon atoms. Similar
graphic analyses were done using CHO compounds (Fig. S2†),
which did not evidence particular inuence of acid addition
during organosolv fractionation on the distribution of these
species, unlike in case of the CH species. These results are in line
with the distributions shown in Fig. 5A. Thus, these compounds
detected by FT-ICR MS derive from lignin oligomers and
comprise between 10 and 70 carbon atoms, which explains O-
distributions with up to 16 oxygen atoms.31 Relevant work per-
formed which further aid the interpretation of the DBE vs. #C
data suggest that, as acid is employed during the initial extrac-
tion treatment, the amount of saturated components augments
within the produced HO fraction which potentially could be
aliphatic segments linking aromatics.32

At this point it is also worth mentioning the appearance of
1,3,4-dimethoxyphenol in the LO derived from SA, hence the
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Oxygen-distribution of CH and CHO compounds detected in HO
of (A) spruce organosolv lignins extractedwith (SA) or without acid (S) and
(B) birch organosolv lignins extracted with (BA) or without (B) acid.
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acid extracted spruce lignin (Table 1). This component was not
detected in the S-derived LO fraction. Other double methoxy-
lated species appeared in the spruce-derived LO fractions and
Fig. 6 DBE vs. carbon number graph of CH compounds detected by APP
lignins isolated in the absence (S, B) and presence (SA, BA) of acid-cataly

This journal is © The Royal Society of Chemistry 2023
are in contrast to what one would initially expect to in fractions
generated from sowoods. It seems also important to point out
that the HO fractions of spruce, most noteworthy as well as the
HO fractions from birch (vide infra) show different character-
istics (DBE vs. #C) compared to that of polyaromatic hydro-
carbons (PAHs).32,33 Instead, the DBE vs. #C slope suggest that
aromatic groups carry increased contents of saturated carbon
segments aer HTL when acid is employed during the initial
extraction.32 Liberation of such segments during HTL could
certainly justify the appearance of pure CH components.
Birch sawdust

Moving from spruce to the birch extracts, Fig. 7 illustrates that
use of acid during the lignin isolation prevents subsequent
char formation, but also reduces the LO yield while instead
increasing the formation of HO.

Considering the lignin motifs elucidated through NMR
(Table 3), there is a signicant difference between their
contents depending on whether one employs acid or not. For
example, the b-O-4′ linkage content to either G or S units
decreases from 0.19 and 0.36 to 0.10 and 0.03 mmol g−1.
Despite this, the overall changes in oil direct extract, char, HO
and LO yield, are low compared to the spruce-derived products.
When considering the distribution of aromatic carbons there is
a large difference between B and BA. Especially the ArC-H
content increases and is observed alongside a steep increase
in the furan ring content (Table 2), which causes the sum of
aromatic carbons per methoxyl to increase from the reasonable
value of 3.05 to 4.71. This is not necessarily due to the intro-
duction of furans considering that birch carries both guaiacyl
and syringyl units and a value between 3 and 6 would be ex-
pected. Considering any aromatic substitutions (Fig. 4), the best
t for the aromatic carbon distributions, is found when not
I FT-ICR MS of the four different HO obtained from spruce and birch
st.

Sustainable Energy Fuels, 2023, 7, 5361–5373 | 5369
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Fig. 7 Weight distributions of various fractions originating from birch-based lignins, either extracted with (BA) or without acid (B): (A) weight
distribution of the non-volatile fractions obtained; (B) division of oil direct extract into HO and LO fractions; (C) distribution of monomers in the
LO and HO fractions.

Fig. 8 Weight distributions of various fractions originating from spruce when process configuration was altered to continuous (C-SA): (A) weight
distribution of the non-volatile fractions obtained; (B) division of oil direct extract into HO and LO fractions; (C) distribution of monomers in the
LO and HO fractions.
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assuming the presence aromatic condensation of the G unit and
in general correlate well with the measured contents of lignin
monomers and furans. Compared to the S and SA-derived bio-
oils, the direct oil extract is far lower than for the birch,
further indicating that aromatic cross-linking could promote
retention in the HO fraction.

Moving to the GC-MS-analyses of the LO fraction (Table 2),
there is an increase in the guaiacol compounds, which would
seem reasonable when recollecting the reduction of b-O-4′ to G
linkages. This is in contrast to what was observed for the spruce
lignin where they instead decreased. Expected to be exclusive
for the hardwood derived bio-oil, also syringyl derivates, i.e.,
5370 | Sustainable Energy Fuels, 2023, 7, 5361–5373
acetosyringone, syringylacetone, syringaldehyde, increase in
content in LO when moving from B to BA and the same argu-
ment can be made from their b-O-4′ to S content. The differ-
ences between the BA fractions from sowood and the
hardwood are also apparent looking at the total yields of
monomers, even when considering an estimated error of 10%
caused by the applied analyses, which is eventually biased by
the fact that not all generated monomers are equally well
ionizable: the total yields have been determined on the basis of
the integrated area of the total ion chromatogram as obtained
in the GC-MS analysis, causing in case of BA also a yield higher
than 100%.
This journal is © The Royal Society of Chemistry 2023
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Table 5 Monomeric compounds and their relative content detected
in the LO fraction of C-SA

Compounds C-SA [mg monomers per gLO]

Guaiacol 106
Catechol 19
Creosol 21
3-Methoxycatechol 3
4-Ethylguaiachol 17
5-Formylguaiacol 42
Acetoguaiacone 10
5-tert-Butylpyrogallol 41
Escaline 11
Syringaldehyde 2
Sum of quantied mass 272
Monomers in fraction 27%
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As with the spruce-derived HO fractions, the ones from birch
show a comparable behavior when considering the molecular
distribution obtained from FT-ICR of the two HO fractions
(Table 4 and Fig. 5B). There is also a signicant increase of the
pure hydrocarbons contribution when lignin is extracted with
acid catalyst, however, less CH formulae were observed for BA
compared to the SA sample. Also, whereas less developed than
SA at higher carbon numbers, the same is indicated in Fig. 6
where the DBE vs. carbon number graph obtained from the CH
assignments of the BA sample also display signal for
compounds with C > 30 and DBE > 8. As for samples based on
spruce-lignin, CHO compounds did not seem to be impacted by
addition of acid during organosolv as shown by Fig. 5B and S2.†
Process modication

Continuous HTL. Moving towards an industrial feasible
process, performing the HTL continuously would be of great
advantage considering efficiency of production. For this
purpose, spruce lignin (SA) was used and tested in a continuous
HTL reactor. By switching from semi-continuous to continuous,
Fig. 9 Conversion of biooil and deoxygenated C5- and deoxygenated C
deoxygenated C6+ in the final product) for different feeds for the cataly
stream at 360 °C and aWHSV of 0.3 h−1 over the 35 nm thick defect free Z
oil BA-LO, 20% methanol, and 20% water; (b) 10% bio-oil BA-LO, 30% m

This journal is © The Royal Society of Chemistry 2023
heating time reduced from approx. 30 to 1–2 min (Fig. S1†) thus
reducing thermal severity.

Considering the resulting weight distributions (Fig. 8), the
most obvious change introduced by making the process
continuous is that the majority of the biooil product is found to
be LO. Also, for the rst time in the present work, spruce lignin
is found to generate char, albeit to a negligible amount.
Previous ndings have found that the LO yield increases on
behalf of HO upon elevated HTL severity,34 this while especially
catechols have been found to be a precursor for bio-chars and
active during repolymerization.35 A striking difference between
SA and C-SA is the differences in guaiacol and catechol contents
in the LO where the former is reduced by more than 50% per
gram LO, whereas catechol and creosol appear for the rst time
in this work (Table 5), suggesting that the LO from C-SA is to
a larger degree developed. Guaiacol is considered the precursor
of catechol,36 with the latter tending to repolymerize into
insoluble bio-char which makes the presented data reasonable.
However, due to the lower thermal severity resulting from
a more efficient heating, such a scenario must originate from
the higher lignin loading applied during the continuous
process.

Catalytic conversion of the light fraction of HTL oil. In a nal
trial, the LO fraction from BA was applied as feed for the cata-
lytic conversion into short-chained, deoxygenated compounds.
Fig. 9A illustrates the conversion and yields for the various
group products for a feed consisting of 60% bio-oil BA-LO, 20%
methanol, and 20% water. During the rst 3.5 hours, a conver-
sion higher than 97% is observed. However, aer about 3.5 h,
lower conversions are observed, presumably due to deactivation
of the catalyst by coke formation.29 It should be noted that if
pure methanol is fed to the same catalyst at a very highWHSV of
8 h−1, deactivation is observed aer about 66 h, which would
correspond to 1760 h (=66 h × 8/0.3) at a WHSV of 0.3 as in the
present work. Initially, the yield (in mol) of deoxygenated C6+

molecules, e.g. gasoline, is as high as 50%, then it gradually
reduced to almost 0% aer 6 h. However, the yield of deoxy-
genated C5-products is initially of 30%, and increased to about
6+ yields (expressed as the percentage of the deoxygenated C5- and
tic conversion of the light fraction of HTL oil, as a function of time on
SM-5 catalyst supported on 500 nm Stöber SiO2 particles: (a) 60% bio-
ethanol, and 60% water.
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80% aer about 6 h. The yield of oxygenated products remained
unchanged at around 20%, and consequently the yield of
deoxygenated products (i.e., the sum of deoxygenated C5- and
deoxygenated C6+), remained constant at about 80%. Fig. 9B
illustrates the conversion and yields for amore dilute feed of the
same bio-oil, i.e., 10% bio-oil BA-LO, 30% methanol, and 60%
water. In this case, the conversion was higher than 90% for
about 18 h before the catalyst deactivated. Consequently, when
the bio-oil is six times more dilute, deactivation is observed ve
times later, i.e., the time to deactivation is nearly proportional to
the owrate of bio-oil. Similar trends were observed for the
yields of C5-products (increasing with time) and the yield of C6+

products (decreasing with time). The yield of the oxygenated
product remained at close to 0% during the entire experiment.
Conclusion

Lignins extracted through organosolv processing, from spruce
or birch, with or without sulfuric acid as acidic catalyst display
varying chemical structures, which dictate how they behave
upon formation of bio-oil during hydrothermal liquefaction.
For spruce lignins, its innate ‘sensitive’ nature toward depoly-
merization and cross-coupling generate a bio-oil precursor,
which upon HTL has the potential of generating an enlarged
fraction of heavy oil (HO). The birch lignin experiences overall
less modication, and despite similarities in terms of trends
observed upon acid-catalyzed lignin extraction from birch when
compared to spruce, the more ‘resistant’ nature of the hard-
wood lignin creates a starting-point where depolymerized
traditional motifs refrain from undergoing further structural
modications that would give raise to an enhanced formation of
the HO fraction as observed for the spruce-derived lignins. In
addition, continuous processing was evaluated and found to
primarily generate LO when SA was evaluated, i.e., a sowood
lignin isolated using an acid-catalysed organosolv process.
Finally, the LO fraction obtained from BA, i.e., lignin extracted
using the acid-catalysed organosolv process, was catalytically
converted to short-chained deoxygenated compounds with
a conversion yield of more than 97%, prior to catalyst deacti-
vation aer approx. 18 h.
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