
Aalborg Universitet

Value-added products by optimization of hydrothermal liquefaction of wastes

Arturi, Katarzyna Ratajczyk

DOI (link to publication from Publisher):
10.5278/vbn.phd.eng.00004

Publication date:
2017

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Arturi, K. R. (2017). Value-added products by optimization of hydrothermal liquefaction of wastes. Aalborg
Universitetsforlag. https://doi.org/10.5278/vbn.phd.eng.00004

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: July 04, 2025

https://doi.org/10.5278/vbn.phd.eng.00004
https://vbn.aau.dk/en/publications/f485c110-ce9f-41ce-944e-5388fbfd8a3a
https://doi.org/10.5278/vbn.phd.eng.00004




K
ATA

R
ZYN

A R
. A

R
TU

R
I

VA
LU

E-A
D

D
ED

 PR
O

D
U

C
TS B

Y O
PTIM

IZATIO
N

 O
F 

H
YD

R
O

TH
ER

M
A

L LIQ
U

EFA
C

TIO
N

 O
F W

A
STES

VALUE-ADDED PRODUCTS BY
OPTIMIZATION OF HYDROTHERMAL

LIQUEFACTION OF WASTES

BY
KATARZYNA R. ARTURI

DISSERTATION SUBMITTED 2017





Value-added products by
optimization of hydrothermal

liquefaction of wastes

PhD Dissertation
Katarzyna R. Arturi

Aalborg University
Department of Chemistry and Bioscience

Niels Bohrs Vej 8
DK-6700 Esbjerg



Dissertation submitted:	 March 3, 2017

PhD supervisor: 	 Prof. Erik G. Søgaard
			   Department of Chemistry and Bioscience
			   Aalborg University, Denmark

PhD committee: 	 Professor Donghong Yu (chairman)
			   Department of Chemistry and Bioscience
			   Aalborg University, Denmark

			   Professor Shuguang Deng
			   School of Engineering of Matter, Transport and Energy
			   Arizona State University, USA

			   Professor Peter Westh
			   Department of Science and Environment, Chemistry
			   Roskilde University, Denmark

PhD Series:	 Faculty of Engineering and Science, Aalborg University

ISSN (online): 2446-1636 
ISBN (online): 978-87-7112-908-3

Published by:
Aalborg University Press
Skjernvej 4A, 2nd floor
DK – 9220 Aalborg Ø
Phone: +45 99407140
aauf@forlag.aau.dk
forlag.aau.dk

© Copyright: Katarzyna R. Arturi except where otherwise stated. All rights reserved.

Printed in Denmark by Rosendahls, 2017



Curriculum Vitae

Katarzyna R. Arturi

Pro�esional Experience
2014-now PhD fellow, Aalborg University Esbjerg
2012-2014 ScientiÆc Assistant, Aalborg University Esbjerg

Higher Education
2010–2012 MSc, Aalborg University Esbjerg, Removal of Fe from groundwater
2007–2010 BSc, Aalborg University Esbjerg, Hydrothermal biomass processing

Teaching Experience
2014–2016 Products, processes, and applied chemistry
2014 Introduction to colloidal chemistry in laboratory
2015 Introduction to X-ray di�raction in laboratory
2012–2016 Supervision of student projects (semesters II-IX)

Conferences
June 2016 Poster presentation ”Hydrothermal processing of waste into value“,

24th EUBCE (European Biomass Conference and Exhibition),
Amsterdam, Netherlands.

Sept. 2016 Oral presentation ”Advanced oxidation of water soluble organics (WSO)
from near- and supercritical liquefaction (HTL) of biomass“,
1st International Conference on Sustainable Water Processing,
Sitges, Spain.

iii



Curriculum Vitae

iv



Abstract

The need to replace fossil-based fuels, materials, and chemicals has spurred in-
tense research in dozens of biomass conversion Æelds. Hydrothermal liquefaction
is a thermochemical technique that utilizes the unique properties of near- and su-
percritical Øuids to convert complex biomass feeds into a spectrum of value-added
products. The process is versatile in terms of feedstocks, it can process moisture-
rich streams unsuitable for the traditional pyrolysis and gasiÆcation conversions,
and it can utilize wastes incompatible with biochemical processing methods. The
outlined advantages make liquefaction an excellent potential addition to a bioreÆn-
ery.

Optimization of di�erent aspects of liquefaction is crucial for further development
and commercialization of this conversion technique. This thesis deals with a num-
ber of liquefaction challenges including I) Development of multivariate models for
prediction of liquefaction outputs as a function of process parameters; II) Improving
the analytical characterization of liquefaction products; III) Design of batch systems
and experimental procedures with control over all crucial process parameters as a
platform for the development of continuous liquefaction processes; IV) Hydrother-
mal liquefaction of di�erent wastes (lignin, lignocellulose, and plastic) as potential
feedstocks for production of value-added products: drop-in energy carriers, trans-
portation biofuels, and chemicals.

Due to variations in the applied experimental liquefaction procedures and product
separation schemes, the pool of results reported in the literature is very hetero-
geneous. Application of multivariate data analysis as a tool for determination of
universally valid guidelines for prediction of liquefaction showed that each biomass
type requires its own optimized parameters. The quality of the models varied de-
pending on the biomass type and response. Algae as feed resulted in maximized
biofuel yields and enhanced energy content. A combination of concentrations of
the homogeneous catalyst, heating time, and residence time controlled the distri-
bution of the products between the aqueous fraction and the biocrude. The energy
content in the biocrude was dependent on the biomass properties, but not on the
process conditions.
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Abstract

With production of valuable chemicals as a partial aim of liquefaction, there is
a need for improved characterization of the composition of the reaction prod-
ucts. The challenge today is that the constituents of the aqueous phase and the
biocrude are either too polar or not volatile enough to be identiÆed and quantiÆed
by standard analytical tools. Transfer and analysis of analytes by combination of
solid-phase microextraction (SPME) with gas chromatography-mass spectrometry
(GC-MS) was an excellent low-tech method providing detailed characterization of
organics present in the aqueous phase and the biocrude from liquefaction. Applica-
tion of high-resolution liquid chromatography mass spectrometry (LC-ESI-MS/MS)
enhanced separation and identiÆcation of the samples’ constituents and was crucial
for an accurate quantiÆcation of the produced chemicals.

A small batch reactor is the most common system used for liquefaction studies.
These systems have the advantage of minimizing practical challenges common for
the continuous systems, and are therefore preferred in the initial stages of lique-
faction screening. However, using typical batch reactors can be troublesome with
regard to the control of certain process parameters such as medium density, heat-
ing rates, and reaction time. The reactor used in this study incorporated injection
of biomass slurries into a pre-heated and pre-pressurized reaction medium. This
procedure guaranteed fast heating of the feed, which served to avoid unwanted
pathways in the conversion chemistry, and precise residence times. In addition to
that, the reactor also included a pressure control feature, which made the obtained
results comparable to the results from typical continuous liquefaction reactors.

Selection of the right biomass for liquefaction is essential for process sustainability
and maximizing resource e�ciency. Wastes, which do not compete with food, do
not require land, water, nutrients, or pesticides, and are available in ample amounts,
seem like an excellent candidate. Recovery of energy from waste streams by burning
is at the bottom of the waste hierarchy pyramid. These materials could be valorized
more e�ciently with liquefaction, as showed by the current results. A broad spec-
trum of chemicals, including aliphatic, cyclic, and light oxygenates were formed as
a result of processing. Lignin was converted into a mixture of aromatic monomers,
dimers, and heavier repolymerization products. Liquefaction of lignocellulose re-
sulted in a conversion product combination low molecular weight chemicals (LMW),
cyclics (C), aromatics (A), and higher molecular weight compounds (HMW). With
plastic as a feed, both the monomers from the polymer chains as well as secondary
reaction products were recovered for recycling to close the loop on the material
life cycle. Process parameters such as temperature and the presence of co-solvents
were of paramount importance for the reaction pathways of liquefaction and the ob-
tained yields of monomers. For liquefaction of biomass, the co-solvents increased
the production of aromatics and repressed repolymerization leading to biochar.
In solvolysis of plastics, the presence of acetone led to an e�ective polarity-based
separation of reaction products, in addition to the formation of other value-added
outputs.

vi



Resumé

Behovet for at erstatte fossile brændsto�er, materialer og kemikalier med ved-
varende alternativer har medvirket til intens forskning i biomasse konverteringspro-
cesser. Hydrothermal liquefaction er en termokemisk metode, der omdanner kom-
pleks biomasse til værdifulde produkter vha. de unikke egenskaber af nær- og
superkritiske væsker. Processen er alsidig mht. råmaterialer, f.eks. både vandholdig
biomasse såvel som organisk a�ald kan udnyttes. Dette gør liquefaction forskellig
fra pyrolyse, forgasning, og biokemiske metoder, der stiller høje krav til råmate-
rialet. Liquefaction har mange fordele og vil være et fremragende bidrag til et
moderne biora�naderi.

Optimering af liquefaction er afgørende for teknikkens videre udvikling og kom-
mercialisering. Resultater, præsenteret i denne afhandling, vedrører forskellige ud-
fordringer ved processen: I) Udvikling af statistiske modeller til at forudsige produk-
ternes mængder og egenskaber på bagrund af procesparametrene; II) Forbedring af
produkt karakterisering vha. analytiske metoder; III) Design af batch reaktorer og
eksperimentelle procedurer, der muliggør en høj grad af proceskontrol og udvikling
af kontinuerlige processer; IV) Liquefaction af diverse a�aldsprodukter (lignin, lig-
nocellulose, og plast) og evaluering af deres potentiale som en kilde til værdifulde
produkter: drop-in energibærere, biobrændsto�er til transportformål, og kemikalier.

Liquefaction afhænger af talrige procesparametre, og på grund af variationer i
eksperimentelle procedurer og produkt separationsprocesser, Ændes der signiÆkante
afvigelser mellem resultaterne fra forskellige undersøgelser i litteraturen. Anven-
delse af multivariabel dataanalyse som redskab gjorde det muligt at identiÆcere de
generelle tendenser bag liquefaction. Der blev ikke fundet optimale proces indstill-
inger for alle typer af biomasse. Derimod blev der observeret, at udbyttet af vando-
pløselige organiske sto�er kunne forudsiges med nøjagtighed, hvorimod modellerne
for biocrude var en mere generel indikering af tendenser. Alger var omdannet
mest e�ektivt i liquefaction og resulterede i det højeste energiindhold i biocrude.
Koncentrationer af den homogene katalysator, opvarmningstiden, og opholdstiden
i reaktoren kontrollerede fordeling af produkterne mellem vandfasen og biocrude.
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Resumé

Med produktion af værdifulde kemikalier som et mål, er der et behov for bedre
karakterisering af sammensætningen af reaktionsprodukterne fra liquefaction. Ud-
fordringen i dag er, at bestanddelene i vandfasen er for polære og i biocrude ikke
Øygtige nok til at kunne identiÆceres og kvantiÆceres e�ektivt ved hjælp af standard
analytiske metoder. Anvendelse af avancerede værktøjer som solid-phase microex-
traction (SPME) og høj opløsning væskekromatograÆ-massespektrometri (LC-ESI-
MS/MS) forbedrede identiÆkationen af prøverne signiÆkant. Kombination af SPME
med gaskromatograÆ-massespektrometri (GC-MS) er en lavteknologisk metode der
giver en detaljeret karakterisering af organiske forbindelser fra liquefaciton af lig-
nocellulose i både vandfasen og biocrude. Anvendelse af LC-ESI-MS/MS var
afgørende for en nøjagtig kvantiÆcering af de producerede kemikalier.

Små batch reaktorer er de mest almindelige værktøjer til undersøgelser af liquefac-
tion. Optimering af processen i disse typer af systemer kræver en streng kontrol
over procesparametre, især densitet, opvarmningshastighed, og reaktionstid. Reak-
torsystemer med injektion af biomasse til et forvarmet reaktionsmedium sikrede
hurtig opvarmning af biomassen, hvorved man undgik den uønskede konvertering
af biomasse ved lave temperaturer. Der var desuden i disse systemer mulighed for
en nøjagtig styring af reaktionstiden, hvilket gør dem sammenlignelige med kontin-
uerlige anlæg.

Med hensyn til processens bæredygtighed, er det vigtigt at vælge det rigtige rå
materiale til liquefaction. A�ald konkurrerer ikke med fremstilling af madvarer,
kræver ingen land, vand, næringssto�er eller pesticider, og er tilgængeligt i rigelige
mængder. Hvert år dannes der store mængder af industrielt a�ald. Disse ressourcer
bliver normalt forbrændt for at genvinde energien. Dette er en form for genbrug,
men disse strømme vil kunne valoriseres yderligere ved at bruge dem til fremstilling
af mere værdifulde produkter vha. f.eks. liquefaction. Omdannelse af a�ald resul-
terede i produktion af mange potentielt nyttige kemikalier. Lignin omdannedes til
en blanding af aromatiske monomerer, dimere, og høj molekylevægt komponenter.
Liquefaction af lignocellulose resulterede i en blanding af lavmolekylære produk-
ter (LMW), cykliske komponenter (C), aromater (A), og høj molekylevægt produk-
ter (HMW). Med plastik som råvare, blev der dannet monomerer og sekundære
reaktionsprodukter, der kan genindvindes og genanvendes til at lukke cirklen på
materialets livscyklus. Procesparametre såsom temperatur og tilstedeværelse af co-
solventer var af afgørende betydning for produktionen af kemikalier. Ved om-
dannelse af biomasse, øgede co-solventer dannelsen af aromatiske forbindelser og
forhindrede repolymerisering af reaktive mellemprodukter. I tilfælde af plast, re-
sulterede acetone i en polaritet-basereret separation af monomerer (vandfasen) og
sekundære reaktionsprodukter (olien). Udover dette, var co-solventen også kilde til
vædrifulde kemikalier.
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Preface

This thesis is submitted to the International Doctoral School of Technology and
Science at Aalborg University in a partial fulÆllment of the requirements for the
degree of Doctor of Philosophy. The work was carried out in the period spanning
from March 2014 to February 2017 at the Department of Chemistry and Bioscience
at Aalborg University Esbjerg.

The thesis is concerned with optimization of hydrothermal liquefaction of wastes
for production of value-added products and is divided into three parts. In the Ærst
part, the framework of the thesis and its research objectives are presented. It in-
cludes an introduction to the challenges of replacing fossil resources with renewable
and sustainable solutions, places liquefaction in perspective to the other biomass
conversion technologies, and presents the state-of-the-art knowledge in the Æelds
of processing in near- and supercritical Øuids in general, and liquefaction in par-
ticular. This is followed, in Part II, by the presentation of the current results with
the focus on the core conclusions of the experimental work. Each chapter of this
part tackles an individual research goal, starting with a background, followed by the
main Ændings, and ending with an outline for future work. For the information on
the applied materials and methods and a more detailed description of the results, I
will refer the reader to the main body of the thesis, i.e. Part III. This part consists
of a number of papers, which have been published in or submitted to peer-reviewed
journals. The papers have been ordered according to the logical narrative of the
thesis and were incorporated into its native typography.

Katarzyna R. Arturi
Aalborg University, February 28, 2017
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The motivation behind the current thesis is the need for optimization of
thermochemical techniques for the production of sustainable value-added products
from biomass and other wastes. A short historical introduction to the problem is
followed by the presentation of biomass conversion techniques with the focus on
thermochemical conversion in near- and supercritical Øuids, water and organic
solvents. Potential strategies for obtaining bioenergy, biofuels, and biochemicals
are compared and evaluated in terms of the sustainable bioreÆnery concept. This
is followed by a presentation of the state-of-the-art in near- and supercritical

processing in general, and liquefaction in particular. The part is concluded with an
outline of the research goals and aims.

Part I

Framework
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Chapter 1

Introduction

1 Challenges of tomorrow

The humanity has reached a decisive juncture in its history. While the population
has surpassed 7.5 billion, the available natural resources, such as minerals, water,
and fossil fuels shrink at an alarming rate due to over-exploiting, pollution, and
their Ænite amounts. Even clean air have become a scarce commodity, with smog
covering most of the world’s metropolises. At the same time, the geographical
distribution of the fossil resources raises serious geopolitical concerns about our
dependency on foreign sources for energy and commodities. In addition to that,
the climate is going haywire exposing the consequences of the Homo sapiens’ ruth-
less exploitation of the environment over hundreds of years. The global climate
change caused by human activity can only be mitigated by stopping the Øow of
greenhouse gasses (GHG) into the atmosphere. GHG encompass a broad spectrum
of chemical species, including, beside the main o�ender, CO2, also water vapour,
methane (CH4), nitrous oxide (N2O), ozone (O3), and chloroØuorocarbons (CFCs).
CO2’s leading role, despite its rather low global warming potential (GWP) factor,
can be attributed to the sheer size of the emissions (35 669 000 kt in 2014 [1]).
The levels of carbon dioxide in the atmosphere have risen from 260 ppm at the
beginning of the industrial age, through 320 ppm at the end of the WWII, and
over 400 ppm today, a concentration considered by many a point of no return [2].
The consequences of climate change have so far included rising temperatures; the
collapse of natural ecosystems; melting of mountain glaciers, the Arctic ice, and
the Greenland ice sheet; a rising sea level, acidiÆcation of oceans; an increase in
frequency and intensity of severe weather, and disturbed bird migration patterns [3].
In recent years, various renewable technologies have been developed to mitigate the
human impact on the environment and avert a global disaster. Despite their fast de-
velopment and commercialization, these techniques, encompassing hydroelectricity,
solar energy, wind power, geothermal heat, and biofuels, were in 2013 responsible
for less than 20 % of the total world energy consumption (Figure 1.1).
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Fig. 1.1: Global energy consumption by source. The "Total liquid" group encompasses also liquid biofuels
(i.e. bioethanol and biodiesel). The group "Renewable" includes all remaining types of sustainable
sources, including combustion of biomass. Source: [4].

Mitigating climate change can be achieved in a number of ways, including by re-
ducing the consumption of energy, sequestering the discharges, and reducing the
emissions. The Ærst solution would be challenging to implement on a global scale
due to the development di�erences across the world. The energy consumption in
most of the developed Western countries and regions (e.g. EU and USA) has been
decreasing since 2008 due to a lower economic activity after the global economic
crisis. Meanwhile, the corresponding consumption in Asia has been increasing
steadily by 3 % a year [4], driven mainly by the fast development of China and India
(Figure 1.2).
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Fig. 1.2: Global consumption of energy by world’s regions in the years 2010-2015. Source: [4].
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2. Biomass conversion processes

CO2 sequestration, commonly referred to as carbon dioxide capture and storage
(CCS), is an interesting option, but it works best at large fossil and biomass energy
facilities and industries with major point emissions [5]. Since transportation is
responsible for a large part of the global energy consumption (Figure 1.3), a viable,
renewable, and CO2-neutral solution for this sector is imperative for achieving a
real and perceptible change in the atmospheric CO2 levels.

0 5 10 15 20 25 30 35 40 45
Percentage

               Road transportation

                          Industry

Residential/commercial/agriculture

                    Petrochemicals

            Electricity generation

                          Aviation

                    Marine bunkers

                    Waterways/rail

Global oil consumption

Fig. 1.3: Distribution of global energy consumption by sector in 2013. Source: [4].

The research in renewable forms of transportation is centered around two separate
strategies: harnessing and utilization of renewable electrical energy and production
of biomass-based fuels. A third, less established solution includes hydrogen pow-
ered cars. All of these strategies have been developed independently of each other
by di�erent actors. While both the electricity as well as hydrogen gather more and
more attention, biomass-based fuels are the cheapest short-term solution for getting
o� fossil fuels. Utilization of biomass has another positive side e�ect. It allows the
technologies to easily branch up into additional research areas, e.g. development of
value-added chemicals and materials.

2 Biomass conversion processes

Utilization of biomass for production of energy, fuels, polymers, and chemicals from
biomass is by no means a new phenomenon. Before the introduction of fossil fuels
during the Industrial Revolution of the 18th century, numerous large-scale processes
utilized raw materials of biological origin. An excellent example is the production
of furfural, a precursor to Nylon 6.6 and one of the most common polymers in
the textile industry, by distillation of hemicellulose-rich materials in the presence
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of acids [6]. The explosive expansion of the petroleum based products in the 20th
century has made the previously diverse group of biomass applications nearly ob-
solete. In recent years, the interest towards utilization of biomass as a raw material
has returned as shown by the boom in the development of various biomass conver-
sion methods. Some have been known and utilized for centuries, e.g. combustion.
Others, such as biogas, biodiesel, and bioethanol production, have been developed
and commercialized in the more recent past. Besides the outlined main biomass
conversion processes, a plethora of other techniques in varying stages of studies
or commercialization is available. An overview of the main biomass conversion
methods and the resulting products is given in Figure 1.4. The thermochemical,
biochemical, and physico-chemical conversion routes cover a broad spectrum of
miscellaneous methods from extraction, through utilization of bacteria, to applica-
tion of high temperatures and pressure values.

Fig. 1.4: Biomass conversion processes. The colors indicate di�erent families of conversions (yellow -
thermochemical, orange - biochemical, and gray - physico-chemical) and products (blue - energy carriers,
pink - chemicals).

2.1 Biofuel sustainability

Fuel energy carriers are the most common products from biomass conversion. The
drive behind the development of biofuels for transportation purposes is evident.
While heat and electricity can be provided by a number of renewable techniques
(geothermal energy, wind energy, solar energy), supplying the market with liquid
fuels is far more complicated and limited in options due to the presence of a rigid
infrastructure based on petroleum. Fermentation of sugary/starchy crops and trans-
esteriÆcation of oils (e.g. palm oil or soybean) result in the production of bioethanol
and biodiesel, respectively, the two primary liquid biofuels used in the transport in-
dustry on a commercial scale. While the former is mostly produced in the America,
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the latter is widespread in the European Union (Figure 1.5). Both can be blended
with their fossil equivalents (gasoline and diesel) and be used as liquid fuels in con-
ventional engines.

Large scale utilization of biomass for production of biofuels has been discussed
widely regarding the process sustainability, which, according to the International
Energy Agency, is deÆned as "a development that meets the needs of the present
without compromising the ability of future generations to meet their own needs"
[7]. The main sustainability concerns include redirecting resources from food and
into fuels and commodities, increasing global food prices, deforestation, and poor
GHG savings. All these are related to utilization of the Ærst generation biofuels,
which today represent the overwhelming majority of the commercial solutions [8].
Alternative technologies and solutions based on non-food feedstocks, typically of
lignocellulosic origin, are being currently developed. However, application of e.g.
forest products is also of concern. As recently pointed out by Cornwall et al.
[9]: ”the moves by governments to designate biomass as a carbon-neutral resource
have spurred a Æerce debate”. A letter penned in February 2016 by a group of 65
scientists from some of the largest universities across the U.S. warned that labeling
biomass as carbon-neutral would encourage deforestation. A month later, a letter
from over 100 other scientists expressed an opposite view to the U.S. Environmental
Protection Agency (EPA), stating that "the beneÆts of sustainable forest biomass
energy are well established" [9].
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Fig. 1.5: Global biofuel production by region. Source: [4].
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2.2 Liquefaction in near- and supercritical water

Thermochemical dry and wet biomass reforming processes represent an alterna-
tive source of energy carriers such as biochar, biocrude, and biogas, in addition to
value-added chemicals and materials. The focus of this thesis is on wet liquefaction
in near-critical water, demonstrated as early as in 1920’s by an Austrian scientist
Ernst Berl and co-workers [10–13]. The authors proposed and then proceeded to
demonstrate that liquid fuel similar to crude oil can be produced by conversion
of plants at high temperature and pressure values in water. When the process is
carried out in water, it is typically referred to as ”hydrothermal”. In the presence of
organic solvents, the description ”solvothermal” can also be used.

Liquefaction can be described in simple terms as pressure cooking at high tem-
perature and pressure values. From a technical point of view, the process involves
hydrothermal treatment of a pumpable biomass slurry followed by product cooling
and depressurization (Figure 1.6). From a chemical perspective, biomass is depoly-
merized into monomers which are then converted into intermediates and secondary
reaction products distributed upon cooling between the various reaction fractions:
biocrude oil, water soluble organics (WSO), gasses, and solids. While the Ærst two
are considered the main product and by-product, respectively, the latter two are
produced in limited amounts. The exact distribution of the products depends on
the reaction conditions and the applied feed.

The liquid biocrudes from liquefaction are fundamentally di�erent from bioethanol,
biodiesel, and biogas. The latter represent chemically pure substances or well-
deÆned classes of compounds, while the biocrudes are heterogeneous mixtures con-
taining hundreds of chemical species similar in composition and properties to the
crude oil. Biocrude can be used directly as a drop-in boiler fuel, heavy transport
fuel, it can be upgraded to lighter transportation products, or it could replace crude
oil as the source of chemicals and materials in a bioreÆnery context [14, 15]. The
presence of reactive functional groups containing oxygen in the biocrude prevents
its direct use as a conventional transportation fuel without upgrading [16]. The ma-
jority of biomass liquefaction research today focuses on breaching the gap between
the composition (oxygen, water, nitrogen) and properties (energy, density, viscos-
ity) of biocrude and crude oil (Figure 1.6), which would enable its direct use as a
drop-in biofuel with limited changes to the current infrastructure. In recent years,
intense research has resulted in a continuous reÆnement of the produced biocrudes
by means of process parameters, additives, and upgrading. The oxygen content,
viscosity, density, and water content have all been decreased while the energy con-
tent increased [17]. The aqueous phase fraction is sometimes recirculated in the
process [18], but is mostly considered to be a waste stream. This fraction contains a
large portion of the converted biomass and is a potential source of chemical feed-
stocks, in addition to the biocrude. The biochar from liquefaction could be used as
a fertilizer.
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2. Biomass conversion processes

Fig. 1.6: An overview of liquefaction procedure: selection of biomass, preparation of slurry, treatment,
and upgrading. In the right top corner of the Ægure, the properties of biocrude and crude oil are
compared. Credit: Iulia-Maria Sintamarean.

The advantages of liquefaction compared to other conversion processes are numer-
ous. Regarding the process products, pyrolysis is the dry equivalent of liquefaction.
It involves high temperatures (300 - 600 °C) atmospheric pressure conversion of
biomass into liquid biofuels in the absence of water and oxygen. Both liquefaction
and pyrolysis are Øexible regarding the raw feed used, but the biomass has to be
relatively dry in the latter case. In addition to the energy intensive drying, pyrolysis
biocrude has inferior quality (lower thermal stability, higher water content, lower
energy content). Liquefaction and biochemical processes do not share any process-
ing features, except that the former can be utilized as a pre-treatment before the
application of the latter. The largest advantage of liquefaction over biochemical
conversion lies in its raw feed versatility [19–21]. Any biomass type and content
are suitable, be it wood residues, algae, manure, municipal waste, or organic-rich
industrial wastewater. Waste is of particular interest, as it represents a huge under-
utilized resource [22] (Figure 1.7).

Liquefaction does not compete with the production of food, and its valorization
of waste results in high GHG reductions combined with decreasing competition of
biomass for land and water, thus taking care of an environmental burden instead of
creating an additional water demand. The water footprint is, in addition to biomass
price and transport costs, is considered to be a signiÆcant factor inØuencing the
economic viability of every biomass conversion technology. As was proposed for
pyrolysis [23], liquefaction could be performed in small-scale plants transported to
the biomass instead of the other way around. Skeptics of liquefaction point to the
process’ high capital cost investments and signiÆcant energy requirements as the
biggest challenges decreasing the sustainability and preventing commercialization.
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Fig. 1.7: Examples of residual biomass resources. Source [22, 24–27].

2.3 Biochemicals

More than 16 % of the oil produced each year (and more than 9 % of all fossil fu-
els) is used for the manufacture of chemicals and raw materials [28]. Another 5
% of the global energy consumption is spent in the manufacture processes [29]. A
signiÆcant part of this produce is channeled into the polymer industry, which in
2015 alone resulted in 322 million tons of plastic materials [30]. Di�erent recycling
strategies exist today to increase the sustainability of plastics as materials. One of
the most promising methods includes chemical monomer recycling, which o�ers a
potential of closing the loop on the polymer life cycle by perpetually reusing the raw
materials. Other signiÆcant applications for petrochemicals include agrochemicals,
cosmetics, dyes, Øavorings, pharmaceuticals, all of which must be manufactured.
The most basic platform chemicals used in petrochemical industry can be divided
into two groups: oleÆns (ethylene, propylene, C4 oleÆns: butadiene, 1-butene, 2-
butene, isobutene) and aromatics (benzene, toluene, and xylens, commonly referred
to as BTX chemicals). Production of the former involves Øuid catalytic cracking of
petroleum fractions. Production of the latter takes place through catalytic reforming
of naphtha. The subsequent processing includes the conversion of the hydrocarbons
and formation of small oxygenates with various functional groups. Figure 1.8 shows
a summary of the petroleum-based platform chemicals, intermediates, and com-
modity products.
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2. Biomass conversion processes

Taking into account the market worth of the petrochemical industry, it is easy to
understand why the idea of biomass as a renewable source of chemicals is so attrac-
tive. Strategies for development of biochemicals can be divided into two distinctive
groups: 1) Finding pathways for conversion of biomass into platform chemicals that
are produced today from the petroleum, i.e. a drop-in "business as usual" solution;
and 2) Finding new platform chemicals that can be easily manufactured from the
biomass and exploring their potential. The Ærst approach has been inherently more
popular, as the solutions are customized to the current infrastructure and needs.
The second approach, which was applied for the development of petrochemicals
back in time, is more uncertain and thus far less common. An excellent exam-
ple of this strategy is discovery and utilization of polyethylene furan dicarboxylate
(PEF) [31], which combines replacement of non-renewable materials and energy,
reductions in GHG emissions, with superior material properties.

Chemical and biochemical routes The most commonly utilized strategies for
production of platform chemicals from biomass can be divided into two groups:
chemical and biochemical. The chemical platform is dominated by acid assisted
hydrolysis of C5 and C6 sugars, with results in the formation of furfural and hy-
droxymethylfurfural, two important platform molecules for the production of both
fuels as well as chemicals [33, 34]. The biggest challenge of this technology lies
in preventing secondary reactions resulting in relatively low yields of the main
products. The biochemical production of chemicals is based on the processing of
water-soluble sugars and starch, which can be metabolized by bacteria to produce
certain chemical compounds, typically alcohols, diols, and acids. These products
are typically dehydrated into corresponding oleÆns linking the bioreÆnery with the
conventional petrochemical conversion routes [35]. Examples include production
of bioethylene from bioethanol [36], biopropylene from bioisopropanol [37], and
biobutene from bioisobutanol [38]. The biochemical routes for the manufacture
of chemicals are well developed and in numerous instances also commercialized.
Leading world producers of fermentative biochemicals include Braskem, DuPont,
BP, Butamax Advanced Technologies, Cobalt Technologies, Green Biologics, Gevo,
Global Bioenergies, Genencor, and Amyris [35]. In addition to the production of
hydrocarbons, certain oxygenates produced by fermentation of carbohydrates can
be the main goal of biotechnological processes. The most common examples in-
clude 1,3-propane diol, 1,3-butane diol, 2,3-butane diol, lactic acid, and acrylic
acid, all of which have a plethora of industrial applications including production of
various polyesters and other polymer materials [35]. While each of the discussed
pathways follows a di�erent procedure, all biochemical processes share similar chal-
lenges. They are based on sugary/starch biomass thus resulting in a competition
between the production of commodities and food. For utilization of lignocellulosic
biomass, although very limited in practice, extensive pre-treatment is required, ei-
ther enzymatic of thermochemical degradation of the present lignin. Furthermore,
the produced stream of products is heavily diluted in water, increasing the cost of
post-processing.
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Chapter 1. Introduction

Aqueous phase reforming Beside the biological and chemical pathways, carbo-
hydrates can also be converted into hydrocarbons by means of an aqueous phase re-
forming (APR), a hydrothermal conversion method at moderate temperatures (200 -
250 °C) and pressures (15 - 50 bar) in the presence of solid nickel- or platinum-based
catalyst [39]. The process results in the conversion of oxygenated hydrocarbons into
hydrogen and light alkanes and has been proposed to be a solution for maximizing
the sustainability of bioreÆnery by converting water soluble by-products and waste
streams from processes such as gasiÆcation, pyrolysis, and liquefaction into valuable
hydrocarbons that could be utilized as platform chemicals. APR proceeds by three
main transformations: water-gas shift reaction (CO + H2O! CO2 + H2), methana-
tion (CO + 3H2 ! CH4 + H2O, CO2 + 4H2 ! CH4 + 2H2O), and Fischer-Tropsch
((2n+1)H2 + nCO ! CnH2n+2 + nH2O) to produce short-chain (C1 - C6) gaseous
alkanes. Liquefaction of biomass results in the formation of WSO, a relatively small
and polar mixture of oxygen-rich aromatics, cyclics, aliphatic ketones, aldehyde,
alcohols, and acids. WSO typically constitute approx. 10 - 40 wt.% of the treated
biomass, representing an enormous unused resource and a potential source of sig-
niÆcant amounts of wastewater. This organics present in the aqueous phase would
be a perfect organic-rich feed to an APR application. The largest challenge of the
process lies in the stability and e�ectiveness of the solid catalysts, in addition to
relatively large amounts of by-products produced (alcohols, glycols, glyceraldehyde,
hydroxyacetone, ketones, and aldehydes).

Syngas based methods GasiÆcation of biomass is another conversion method
leading to chemicals. The process takes place in the presence of oxygen or air at
high temperatures (� 700 °C). The biomass is converted into a syngas mixture con-
sisting mainly of carbon monoxide and hydrogen (full composition: CO, H2, CO2,
and CH4). After cleaning, the syngas can be used directly as an energy source, as
a fuel, or as a chemical intermediate for the production of fuels (Fischer-Tropsch
diesel) and chemicals (methanol, ethanol, organic acids, ammonia). Methanol is an
important chemical feedstock for production of acetic acid, formaldehyde, methyl
methacrylate, and methyl tertiary-butyl ether (MTBE) [40]. The main disadvantages
of the dry gasiÆcation include: 1) Only relatively dry streams can be converted be-
cause of the high water enthalpy of evaporation; 2) High energy inputs are required;
3) Production of by-products, mostly solids; 4) Gas cleaning is required. Some of
the challenges were solved by application of wet gasiÆcation in supercritical water.

Direct production of oxygenates Production of chemicals from petroleum and
syngas is performed by reduction of complex feedstocks into relatively simple build-
ing blocks, which are then synthesized into larger compounds, typically by adding
oxygen to obtain certain chemical functionalities. The practice, which involves nu-
merous chemical rearrangements of the precursors into light oxygenates, has been
optimized over the decades, and yet it seems backward concerning the green chem-
istry principles, which recommend that the number of conversion steps in a process
should be minimized. A process, which results in a direct formation of light oxy-
genates similar to platform chemicals and chemical building blocks, would seem
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3. BioreÆnery concept

more energetically proÆtable. Hydrothermal liquefaction is an example of biomass
conversion technique leading to the formation of a broad spectrum of partially oxy-
genated compounds with various functional groups. While the complexity of the
liquefaction products can be a serious analytic challenge, it also represents a poten-
tial source of platform oxygenates for the chemical industry. It is a relatively new,
but promising, research angle [41–45]. The U.S. Department of Energy E�ciency and
Renewable Energy (EERE) conducted studies about possible venues for production
of chemicals by utilization of biomass conversion processes, including liquefaction
and similar technologies [32, 46]. According to the results, the primary platform
chemicals in this approach would involve phenols, organic acids, furfurals, and
levoglucosan. The challenges here include non-selective depolymerization routes
leading to the formation of hundreds of di�erent compounds instead of selected
few, the lack of analytical tools for detailed characterization of the products, and
the need for an extensive downstream separation and puriÆcation. An alternative
route could involve identiÆcation of new platform chemicals and building blocks
easily available from liquefaction of biomass. Figure 1.9 shows a summary over the
biomass-based platform chemicals, intermediates, and commodity products.

3 BioreÆnery concept

The bioreÆnery concept is one of the most central pillars of the biomass-based
economy of the future. BioreÆning is deÆned as "sustainable processing of biomass
into a spectrum of marketable products (food, feed, materials, chemicals) and en-
ergy (fuels, power, heat). A bioreÆnery can be a concept, a facility, a process, a
plant, or even a cluster of facilities" [4]. The idea behind bioreÆneries is to integrate
biomass conversion processes and maximize the output from each raw material
stream, analogously to the today’s petroleum reÆnery. BioreÆnery concepts and
guidelines have been established by IEA Bioenergy Task 42, an international plat-
form set up in order to assess the global potential of bioreÆneries as a cornerstone
of a new biomass-based economy and to create a program for their development.
The major aims of Task 42 included the development of classiÆcation systems, map-
ping, deÆning policies, and bringing together stakeholders, with the ultimate goal
to replace the modern day fossils reÆneries with bioreÆneries processing biomass.

The aim of bioreÆning is to separate the biomass into its building blocks and con-
vert them into a range of value-added commodities (food- and feedstu�s, bioenergy,
biofuels, biochemicals, and biomaterials) by using an integrated series of conver-
sion techniques. However, since the expansion of renewable transportation fuels
has been the central drive of the bioreÆnery development, the currently formulated
bioreÆnery systems are centered around the concept of fuel supported with bio-
based products providing additional economic and environmental beneÆts. As can
be seen in Figure 1.10, the bioreÆnery concept is not bound by a single conversion
technique or biomass type but is meant to be a mix of supplementing components,
utilizing and valorizing all material Øows and biomass components [47].
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Chapter 1. Introduction

Fig. 1.10: BioreÆnery classiÆcation systems according to IEA Bioenergy Task 42. Reproduced from
Ref. [4] with permission from the International Energy Agency.

The four main parts of bioreÆnery key characteristics can be classiÆed as following:

1. Platforms (core intermediates, e.g. C5, C6, lignin, syngas, biocrude)

2. Products (energy, fuels, chemicals, materials)

3. Feedstocks (biomass from forestry, agriculture, energy crops, etc.)

4. Processes (chemical, biochemical, thermochemical, mechanical)

A nearly inÆnite combination of the di�erent classifying features in bioreÆnery is
possible, and although some can claim to utilize bioreÆnery concepts (e.g. Borre-
gaard, Norway), no real-life examples of fully integrated bioreÆneries exist today.
Most biomass-based commercial solutions today are single-chain productions based
on one type of biomass. A bioreÆnery is not meant to be a large plant facility cor-
responding in size, and operational extend to the current reÆneries. A bioreÆnery
should represent a local production unit, unique in its setup and using local re-
sources. Liquefaction in near- and supercritical Øuids is versatile regarding raw
feed, and as such it represents an excellent potential addition to a bioreÆnery.
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Chapter 2

Near- and supercritical Øuids

1 Water as a reaction medium

1.1 Properties

Water is a benign and cheap solvent with a relatively low critical point (Tcr = 374
°C, pcr = 22.1 MPa). Due to its unique properties in the near- and the supercritical
region (near-critical water - NCW, and supercritical water - SCW), water is utilized
in a variety of biomass conversion processes [1]. With increasing temperature, the
hydrogen bonds in water are disrupted along with the tetrahedral coordination of
the single molecules [2]. The regular network is replaced with clusters of 5 - 20
hydrogen-bound H2O units [2]. Since the hydrogen bond is the most important
feature of water as a solvent, the alterations to the H-bonding leads to profound
modiÆcations in the properties.

Ionic product (Kw), which expresses the degree of water auto-dissociation and con-
trols the extent of ionic reactions, increases steadily from 10�14 to 10�11 in the
temperature range 25 - 280 °C, and then decreases up to the supercritical point
and beyond, a phenomenon explained by the decreasing stabilization power of the
ionic species [1]. Kw increases with pressure at constant temperature values [3] .
In addition to Kw, density (⇢) and viscosity (µ) are also severely altered at NCW
and SCW conditions. Both parameters inØuence transport properties, and their
decreasing values yield in increased mobilities of analytes and an enhancement in
mass transfer and di�usion-controlled chemical reactions. The low density and
viscosity values in NCW and SCW are typically referred to as a high Øuidity re-
gion [4]. Last, but not least, the values of dielectric constant (the relative dielectric
permittivity, ✏) decrease from approx. 80 at T = 25 °C to 10 - 25 in the near-critical
region. The modiÆcation in ✏, which controls dissociation of salts, entails that the
aqueous medium is still capable of dissolving and ionizing electrolytes, while it also
becomes miscible with non-polar solutes. The value of ✏ for water in the near-
critical region corresponds to the relative permittivity of dipolar organic solvents
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such as acetone and acetonitrile at ambient conditions. In the supercritical region,
the dielectric constant decreases further (✏ = 1 - 2), and the medium loses its ability
to dissolve salts, while it becomes miscible with increasingly non-polar compounds,
e.g. hexane [2, 5, 6]. Figure 2.1 shows the values of Kw, ⇢, and ✏ as a function of
temperature and density.

Fig. 2.1: Ionic constant Kw (left) and water density ⇢ (middle), and dielectric constant ✏ (right) as a
function of temperature and pressure. Reproduced from Ref. [4], Copyright (2005), with permission from
John Wiley and Sons.

As can be seen in Figure 2.2, the properties of water as a solvent and reaction
medium can be Æne-tuned with changes in pressure and temperature, typically
expressed collectively as density. With varying values of Kw, ⇢, µ, and ✏, the reac-
tions mechanisms dominating biomass conversion can be controlled and directed
towards speciÆc targets. In the near-critical region, the high Kw values enhance
ionic reactions, while radical reaction mechanisms govern the supercritical region.
In addition to being reaction medium, water molecules act as reactants, reacting
products, and catalyst. Furthermore, while both the reactants and the products
(biomass and degradation intermediates) are soluble during the reaction time, they
are, upon cooling, spontaneously separated and distributed between di�erent prod-
uct fractions according to their boiling points, molecular weight, and polarity.

Fig. 2.2: Water properties. Reproduced from Ref. [7], Copyright (2008), with permission from The Royal
Society of Chemistry.
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1. Water as a reaction medium

1.2 Role of water

Reactant The most common reactions of water molecules in the near-critical
region include hydrolysis and pyrolysis. Hydrolysis involves cleavage of a bond be-
tween a carbon and a heteroatom, e.g. oxygen or nitrogen, of a functional group,
i.e. compounds such as ester, ethers, and amines are most susceptible to this reac-
tion. Hydrolysis of ester leads to carboxylic acids, which are then decarboxylated or
otherwise thermally degraded by the present water. Alternatively, carboxylic acids
can act as an acid catalyst (autocatalysis) and help to hydrolyze other molecules [2].
Hydrolysis is competing with pyrolysis, and each dominates at di�erent conditions.
Hydrolysis has been shown to be promoted at high densities, while high temper-
atures (decreasing densities) seem to enhance pyrolysis pathways, i.e. dehydration
and decarboxylation [8].

Hydrogen donor Numerous authors have shown that water can act as a hydrogen
donor during liquefaction [9]. These e�ects are most pronounced at low-density
values, i.e. closer to the radically driven supercritical range [10]. Diverse pathways
have been proposed for the production of H2, including hydrolysis, conversion of
alcohols into ketones, water-gas shift reaction, and oxidation of carbon [2]. However,
the reactions resulting in hydrogen could be similar to the mechanisms responsible
for the formation of hydroxyl radicals, protons, and hydrogen gas in any advanced
oxidation process (Reactions 2.1 - 2.4). In addition to the presented reactions, a
similar pathway for formation of hydrogen could be set-up for H2O2, which is
produced during liquefaction from e.g. methanol. Generation of hydrogen in-situ is
expected to have signiÆcant consequences for the overall reaction pathways during
liquefaction and the Ænal product distribution. In addition to the role of H2, the
proposed pathway for formation of hydrogen also includes radicals, which can result
in fragmentation by oxidation and formation of gaseous products.

H2O!H•+HO• (2.1)

H2O+H•!H2 +HO• (2.2)

O2 +H•!O•+HO• (2.3)

O•+H2O! 2HO• (2.4)

Catalyst The high concentrations of H+ and OH– in the high-density regions
of liquefaction promote all types of ionic reactions, including acid/base catalyzed
hydrolysis, alcohol dehydration, addition of water, rearrangements, Friedel-Crafts
alkylation, aldol condensation, and Cannizzaro reaction [2]. This results in high
reaction rates at relatively low catalyst concentrations or even in its absence, with
water acting as a acid/base catalyst, in addition to its role as a conjugated acid
or base. Most of the mentioned reactions can be catalyzed by both acids as well
as bases. In the near-critical region and the absence of catalyst, the majority are
acid-catalyzed (hydrolysis, dehydration, addition of water, Friedel-Crafts, rearrange-
ments), while only a few are base-catalyzed (aldol condensation and Cannizzaro).
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2 Co-solvents addition

The use of organic co-solvents in hydrothermal liquefaction leads to the reduction
of char formation during conversion of biomass, an e�ect that was explained by
increased stabilization of biomass and its conversion products, as well as scavenging
of unstable fragments produced in the course of depolymerization [11–14]. Numerous
co-solvents have been applied for the purpose, including methanol [15], ethanol [16],
butanol [17], and propylene glycol [18]. Small alcohols work best for reduction of char
production [17], but also have the tendency to evaporate. The alcohols methanol and
ethanol and some other organics including 1,4-dioxane have also been studied as
the main reaction Øuid [19–21]. The studies of liquefaction of various materials have
shown, that by application of organic solvents as a reaction medium, liquefaction
could be performed in at signiÆcantly milder conditions, improving the economic
viability of the conversion [22].

2.1 Phenol

Phenol is one of the most common co-solvents applied for liquefaction of lignin and
its key reaction intermediates [23–27]. According to the Ændings, its presence results
in reduced char formation due to the compound’s role as a capping agent [11–13]
and solubilizer [13]. Studies on the valorization of Kraft lignin in the presence of
phenol showed that the compound plays a role in increasing the yields of aromatic
monomers from liquefaction of lignin [28–30]. The critical point of phenol lies
at Tc = 421 °C and pc = 60 bar. Depending on the ratio between the water and
co-solvent, the phase change parameters of the reaction mixture are shifted.

2.2 Acetone

Acetone has been studied both as the main reaction solvent [22] as well as a co-
solvent [16] in liquefaction. The results indicated that application of acetone en-
hances the yields and the quality of the produced biocrude. In general, polar
solvents are expected to be more e�cient liquefaction conversion media and co-
solvents than non-polar compounds [31]. The supercritical point of acetone lies at
Tc = 235 °C and pc = 48 bar. In addition to the conversion of biomass, acetone has
also been applied for liquefaction of the polymer resins in composites. The tech-
nology is used as a chemical recycling strategy for recovery of both the monomers
as well as the production of additional value-added chemicals [22, 32, 33]. Acetone
is considered a relatively harmless, non-toxic, and cheap solvent compared to e.g.
methanol.

2.3 Tetralin

Tetralin is a non-polar compound that has shown potential as the solvent for liq-
uefaction of both coal [34] as well as di�erent biomass types (lignin, cellulose,
waste) [35–37]. The presence of phenol results in increasing conversion yields and
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enahnced qualities of the products. A study by Duan et al. [31] revealed that, while
the processing in tetralin improves liquefaction to a certain extent, a generally bet-
ter outcome can be achieved with polar solvents. Other study concluded that the
non-polar compounds such as tetralin, 1-methyl naphthalene, and toluene, are most
e�ective when used as co-solvents in combination with water [38]. In addition to the
traditional role of co-solvents as solubilizers and scavaengers, tetralin and similar
compounds also act as a hydrogen source. In a very recent study by Koriakin et
al. [39], the e�ciency of di�erent hydrogen donor solvents (tetralin, decalin, and
m-xylene) has been compared and tetralin was concluded to be the most e�cient
regarding the overall conversion yields. The supercritical point of tetralin lies at Tc
= 174 °C and pc = 36 bar.
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Chapter 3

Hydrothermal liquefaction

1 Historical perspective

Liquefaction of biomass into valuable products was demonstrated for the Ærst time
nearly 100 years ago [1–4]. Since then, the process has been studied extensively
in both small batch reactors [5–7] as well as in continuous pilot plants [8–11]. The
Ærst industrial scale liquefaction plant was developed at the Pittsburgh Energy Re-
search Center (PERC, Oregon, USA) by Appell and co-workers [12, 13], and later
at the Lawrence Berkeley Laboratory (LBL, California, USA) [14]. The former pro-
cess, which was performed in the presence of CO and Na2CO3, converted 100 kg/h
wood powder at T = 350 °C, p = 20.8 MPa, and reaction time of 20 - 60 min.
The resulting product was a biocrude with 12 - 14 % oxygen content, 3 - 5 % water
content, and a melting point close to the room temperature [15]. The latter process
added a slurry pretreatment step involving a mild acid hydrolysis (T = 180 °C, ⌧ =
45 min) of the lignocellulosic biomass prior to the hydrothermal processing. The
pre-treatment tackled some of the technical processing challenges of the pioneering
work done at PERC, including decreasing biomass slurry viscosity and preventing
precipitation of solids.

In Europe, Shell Research Laboratories (Amsterdam, Netherlands) developed hy-
drothermal upgrading based on liquefaction (HTU®) [16]. Processing was based
on the PERC procedure, except for the addition of CO and Na2CO3, which re-
sulted in a biocrude with increased oxygen content (18 %) and a melting point
close to 80 °C [17]. The plant operated at 300 - 350 °C, p = 12 - 18 MPa, and
⌧ = 5 - 20 min. Other liquefaction-based continuous bench scale plants included
thermo-depolymerization process (TDP, Missouri, USA) [18] and CatLiq® conver-
sion (Copenhagen, Denmark) [19]. The former converted turkey o�al and fats (con-
ditions unknown) into renewable fuels. The latter operated at a 20 L/h capacity for
conversion of organic waste streams in near critical water (T = 280 °C, p = 22.5 -
25 MPa) and in the presence of catalysts (K2CO3 and ZrO2).
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Chapter 3. Hydrothermal liquefaction

The e�orts to develop liquefaction into an industrial conversion technique started
as a reaction to the oil crisis of 1973. All of the projects as mentioned above have
since been halted, due to technical challenges, low prices of petroleum, and lack
of competitiveness. The technical di�culties most common for high pressure and
temperature systems include issues with slurry pumping, precipitation of salts, and
corrosion. High dry matter contents are required to maximize the oil yields and
energy e�ciency, but such mixtures are not easy to pump. Furthermore, the forma-
tion of stable slurries requires small particles, which makes an extensive mechanical
pretreatment of the raw feed necessary [14]. With regard to the corrosion problems,
research has shown that only costly alloys of Ni (e.g. Inconel 625 and Hastelloy
C-276) and Ti are resistant to hydrothermal conditions, although the latter has
limited mechanical strength [20]. The e�ort of commercializing liquefaction today
are carried out by few companies including Steeper Energy (HydrofactionTM, Aal-
borg, Denmark) [21] and Licella Cat-HTR (Catalytic Hydrothermal Reactor, Sydney,
Australia) [22].

2 Conversion parameters

Numerous process parameters inØuence the output of liquefaction, including tem-
perature, pressure, the presence of additives (type and amounts of homogeneous
and heterogeneous catalysts and co-solvents), reaction time, biomass heating rates,
product cooling rates, type of biomass used, the morphology of the biomass, and
pre-treatment. An overview of inputs and outputs of a liquefaction process, in addi-
tion to the conditions applied and mechanisms behind the conversion, are outlined
in Figure 3.1. In the following text, the state-of-the-art in liquefaction is reported.
The role of co-solvents is left out, since it has been discussed in Section 2 of Chapter
2.

Biomass Laboratory liquefaction studies have been performed on numerous types
of feeds from key compounds such as glucose [24, 25], biopolymers (cellulose
[26–29], hemicellulose [30, 31], and lignin [32–34]), and complex biomass feeds
(lignocellulose [35, 36], algae [37–41], waste [39, 39, 42–45]). All biomass types can
be liqueÆed, but waste products have been of special interest due to their low cost
and high sustainability [46–49]. Since biomass type, along with processing costs and
transport, is one the most signiÆcant expenses essential to the economic viability of
a biomass conversion process, a cheap feedstock is a requirement. Biomass is not
only important in terms of economics, but also with regard to the obtained yields.
Studies have shown that biocrude from algae and other lipid-rich raw feedstocks
contains more fatty acid than the corresponding product from lignocellulose [50].
Biocrude from lignin, on the other hand, tends to result in relatively high yields
of biochar [51]. Liquefaction of lignocellulose has been studied in detail [14] and
was shown to yield a broad spectrum of species with the output depending heavily
on process conditions [14]. Conversion of protein rich biomass tends to result in
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2. Conversion parameters

I. Biomass particle degradation 
(surface dissolution and swelling)

II. Depolymerisation by hydrolysis 
and C-C cracking

III. Homogeneous substitution, 
addition, elimination, and 

rearrangements, e.g. aldol 
condensation, Cannizzaro reaction,  

C-C and C=O scissions, 
dehydration and decarboxylation, 

IV. Repolymerisation and formation 
of solids

Aromatics of limited polarity, 
alkanes, carboxylic acids

Low molecular weight 
compounds, polar cyclics and 

aromatics

Syngas
 CH4, CO2, CO, H2

Polyaromatic char

Feedstock Liquefaction Products

Biocrude

WSO

Gas

Soilds

Waste streams

Grasses

Algae

Forest residues

30 MPa > p > 10 MPa
400 °C > T > 200 °C
60 min > ! > 5 min

Catalysts: NaOH, K2CO3
Examples: wood residues, sewage, manure, agricultural waste, 

energy plants, hard wood, softwood, grass, lignin
 micro algae, macro algae, plastics.   

✓ Cellulose
✓ Hemicellulose
✓ Lignin
✓ Lipids
✓ Proteins

Fig. 3.1: An overview of the feedstocks, conditions, and outputs from hydrothermal processing of
biomass. Based on data from [23].

nitrogen-rich products [39, 39].

Temperature and pressure Temperature inØuences the properties of Øuids, and
therefore also the course of liquefaction, signiÆcantly. Increasing temperatures raise
Kw and result in an enhanced hydrolysis of biopolymers, as well as a number of
other ionically-driven acid/base catalyzed reactions (Section 1.2 of Chapter 2). The
conversion in NCW is further facilitated by the low viscosity and density conditions
which result in high mobility of the analytes and a lack of mass transfer barriers.
Furthermore, due to the low dielectric constant, the reactions are homogeneous,
and both reactants, catalysts, and the formed products are soluble in the reaction
medium. With the temperatures increasing above the supercritical temperature,
the properties are transformed further, enhancing radical reaction pathways and
formation of gaseous products. The inØuence of pressure is secondary compared
to the e�ect of temperature, but it a�ects the values of Kw, ⇢, ✏, µ to a certain
degree, especially in the supercritical region, where the reaction medium becomes
highly compressible. In NCW, this e�ect is smaller, although not without impor-
tance. Pressure is one of the variables that is typically overlooked when reporting
the liquefaction process parameters and a limited number of studies have dealt
with the direct inØuence of pressure on liquefaction of biomass. Kruse et al. [52] re-
ported augmentation of ionic reactions and suppression of radical reactions at high
pressures. The former was attributed to the increasing Kw values, while the latter
was explained by solvent cage e�ects. Temperature is the most widely examined
parameter of liquefaction, and the number of studies dealing with temperature is
large [14, 53]. The most commonly reported liquefaction temperature and pressure
values are in the range 300 - 400 °C and 20 - 30 MPa. Temperatures between
300 - 350 °C are considered the most optimal range for production of biocrude by
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liquefaction [14], but there is no consensus on the issue, and a broad spectrum of
results are available in the literature.

Catalysts Catalysts have been used in liquefaction from the very beginning, espe-
cially the homogeneous catalysts in the form of alkali salts, e.g. sodium and potas-
sium carbonates (Na2CO3 and K2CO3 [54]) and hydroxides (NaOH and KOH [55]).
As was demonstrated by the Shell results in the 1980’s, the absence of alkali cat-
alyst resulted in lower product yields and inferior product qualities [16]. Similar
conclusions were drawn from numerous batch studies on liquefaction performed
since [56–59]. The inØuence of alkali salts has not been entirely explained, but it
was proposed that increasing pH suppresses dehydration reactions and favours re-
moval of oxygen through decarboxylation [14]. Uncontrolled dehydration can lead to
formation of unsaturated intermediates prone to repolymerization. Another expla-
nations points to the promotion of water-gas shift reaction (CO + H2O! CO2 + H2)
in the presence of alkali salts [60]. However, this mechanism is most relevant in the
supercritical region of conversion. For liquefaction performed in the near-critical
region, the yields of gaseous products are low. According to Karagöz et al. [61] the
catalytic e�ciency of alkali salts and hydroxides decreases in the following order
K2CO3 � KOH � Na2CO3 � NaOH. In addition to the alkali salts, a number of
other catalysts have been tested (Ba(OH)2 [62], RbCO3 [63, 64], FeSO4 [65], FeS [65],
organic acids [66]). The subject of catalysts concentrations has not been studied in
detail. Anastasakis et al. [67] reported that increasing the amounts of KOH actually
decrease the yields of biocrude from liquefaction of algae. According to Nguyen et
al. [32], the concentration of the catalyst has no inØuence on hydrothermal conver-
sion of lignin into oil, but it results in increasing amounts of monomers.

Heterogeneous catalysts are commonly used in supercritical gasiÆcation where they
have been shown to enhance biomass conversion yields and rates and to reduce
required energy inputs [24, 68]. In liquefaction, heterogeneous catalysts have been
used combined with hydrogenation to produce transport grade fuels in a single step
[69]. Research has also been done on upgrading the biocrudes from liquefaction
in a separate treatment step [70]. The results have varied depending on the raw
material, and the type of catalyst applied [71]. Typical examples of heterogeneous
catalysts include an active metal on a support bed of an inert material: Pd/C, Pt/C,
Ru/C, Ni/SiO2-Al2O3, CoMo/�-Al2O3 [69, 71–75]. In recent years, application of
rare metals has been replaced with low-cost alternatives such as metal oxides, e.g.
ZrO2 [32, 33, 76].

Reaction time and heating rate Reaction time during liquefaction is relatively
short. It typically varies between 5 and 60 min [14], depending on the combina-
tion of the process parameters and the feed. Shorter reaction times are considered
su�cient for conversion of biomass into biocrudes at severe reaction condition, i.e.
with high reaction temperatures [67, 77, 78]. Lignin, which at high temperatures can
be carbonized even over short reaction times, is an exception from this rule [51].
Reaction time is typically deÆned as the steady state period between reaching the
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reaction temperature and stopping the inØux of heat. This deÆnition is not accu-
rate without the information about the accompanying rates of reactant heating and
product cooling, which can vary widely depending on the experimental setup. Typ-
ical heating rates during liquefaction are in the range 5 - 250 K/min. Slow heating
is typical for large (1 - 2 L) batch reactors using electrical jackets. Fast heating is
usually achieved in micro-reactors (1 - 2 mL) heated in sand beds, continuous sys-
tems with inductive heating or product recirculation, and in sequential-feed batch
reactors. The heating rate is considered a critical process parameter that severely
a�ects the liquefaction conversion chemistry [5, 79–82]. According to the litera-
ture, while slow heating results in increased amounts of solid products formed by
repolymerization and condensation reactions, fast heating ensures increased yields
of biocrude [81–83].

3 Conversion mechanisms

The idea of biomass liquefaction originates from and is meant to mimic the geolog-
ical formation of fossil fuels from algae and trees. While liquefaction takes place in
near- or supercritical water, the formation of fossil resources was achieved at mod-
erate temperatures (200 - 250 °C) and high pressure values (approx. 100 MPa) [84].
By increasing the temperature during liquefaction, the conversion time is short-
ened from millions of years to minutes. However, the reaction mechanisms behind
those two processes are quite di�erent. Formation of oil, gas, and coal took place at
anoxic conditions and resulted in the conversion of burried biomass into lignite and
kerogen (type I and II - oil and gas, type III - coal) [85]. The reactions responsible
for the transformation included condensation, deoxygenation, and aromatization
and the resulting product could be described as a high molecular weight network
of organic compounds. The kerogens were then decomposed through dehydration,
dehydrogenation, alkylation, and elimination reactions into fossil fuels. In liquefac-
tion, the opposite happens. The biomass is depolymerized into monomers, which
are converted into intermediates that continue to react and repolymerize into higher
molecular weight products.

The three steps of liquefaction include depolymerization of biopolymers, secondary
reactions of intermediates, and repolymerization of unstable compounds. Depoly-
merization processes are heterogeneous and take place inside and on the surface
of biomass particles. The Ærst step involves the release (through hydrolysis, C-C
scission, or water elimination) of monomers (glucose from cellulose, xylose, arabi-
nose, and mannose from hemicellulose, glycerol and fatty acids from lipids, and
amino acids from proteins). Lignin is not hydrolyzed into any repeating monomers,
but into a broad spectrum of aromatic units. Biomass is relatively easy to de-
polymerize at hydrothermal conditions (e.g. 180 °C for hemicellulose, 200 °C for
lignin, and 240 °C for cellulose) [86]. Some of the primary reaction products are
stable under hydrothermal conditions, while other will react further to form inter-
mediates [27, 87–90]. The chemistry behind the subsequent conversion pathways is
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complex due to the complicated makeup of the depolymerization products as well
as interactions between them. The major groups of secondary reactions pathways
include dehydration, dehydrogenation, rearrangements, retro-aldol condensation,
Cannizzaro reaction, and Friedel-Crafts alkylation. Dehydration, decarboxylation,
and decarbonylation are the major pathways for oxygen removal. Dehydration of
the intermediates leads to low molecular weight components. Decarboxylation and
decarbonylation are of minor signiÆcance in liquefaction, as indicated by low yields
of gaseous products from the process [91]. While it is impossible to explain liquefac-
tion with well deÆned and clear reaction pathways, the studies have shown that in
the near-critical region, the conversion is ionically driven. E.g. dehydration in the
near-critical water is a condensation reaction, and it can take place through many
ionic mechanisms, including elimination (E1, E2), substitution (SN2), and addition
(AdE1, AdE2) [92]. As the conditions approach the supercritical region, radical
reactions become more signiÆcant.

4 Characterization of products

The product from liquefaction is typically a two-phase mixture of biocrude and
process water with suspended char particles. Minor amounts of synthesis gas are
produced as well. The aqueous phase contains mainly polar compounds typically
referred to as the water soluble organics (WSO). WSO include alcohols, acids, and
ketones of both aliphatic and aromatic nature. In addition to that, various cyclic and
aromatic compounds (cresols, phenols, pyrans, and furans) are present as well [93].
Biocrude consists of aliphatic, cyclic, and aromatic units of limited polarity, but
minor amounts of the polar organics can be present as well.

Various analytical techniques can be applied for characterization of the liquefac-
tion products’ composition as well as their general structure and properties. The
latter group includes methods such as Fourier transform infra-red spectroscopy (FT-
IR) for determination of functional groups, nuclear magnetic resonance (NMR) for
assessment of the aromaticity and saturation, higher heating value (HHV) for mea-
surements of the energy content, and total organic carbon (TOC) for estimation of
the organic content. On the other hand, it is considered an analytical challenge
to accurately identify and quantify speciÆc constituents present in the aqueous and
biocrude fractions [94–96]. Similar di�culties have been reported with regard to
pyrolysis oil [50, 96–98].
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Research objectives

Liquefaction in near- or supercritical water is one of many biomass conversion tech-
niques for the production of renewable value-added products, energy carriers, fuels,
chemicals, and materials. The Æeld of biomass valorization has been dominated by
chemical and biochemical methods resulting in a landscape with nearly all com-
mercial roads leading to either bioethanol or biodiesel.

The sustainability of utilizing particular types of biomass as a raw material for the
production of biofuels and other commodities raise concerns. The skeptics point to
the "food vs. fuels" debate and overall poor GHG savings as the main arguments
against the Ærst generation biofuels. Utilization of second generation biomass types,
e.g. forest residues, is not considered a signiÆcantly more sustainable solution, due
to the fears of deforestation and soil erosion.

The sustainability of biomass-based products can be improved by utilizing conver-
sion processes, which can use waste streams. Millions of tons of organic wastes
are produced every year. The sustainability of the future bioeconomy will depend
on the valorization of these resources. Liquefaction is a process that is extremely
versatile regarding the used raw feed. It is a processing method for production
of drop-in biofuels and chemicals from all types of biomass, including water-rich,
complex wastes. As such, liquefaction would be an excellent addition handling
multiple streams on a bioreÆnery.

Liquefaction is versatile and extremely promising biomass conversion technique,
and yet, due to to the lack of investments, the method has not been commercial-
ized. In addition to the production of biofuels, the focus should be shifted to include
additional products, especially chemicals. The approach of supplementing the pro-
duction of transportation fuels with high-value products would help increase the
process sustainability and make the biocrudes proÆtable. Based on the presented
framework, several challenges and areas of concern in the Æeld of liquefaction were
identiÆed and laid out as the cornerstones of this work. The overall goal is:

To optimize hydrothermal processing of wastes into value-added products.
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Research objectives

To fulÆll this objective, the following speciÆc tasks are addressed:

1. SigniÆcant variations in liquefaction data reported in the literature have
resulted in a slow progress of liquefaction optimization.

Identify the general trends behind the hydrothermal conversion of biomass by using
multivariate data analysis on a large sample of liquefaction data. Find hidden
patterns and predict liquefaction outputs (yields and product quality) as a function
of process parameters.

2. Challenges in characterization of liquefaction products have limited our
knowledge about the process.

Develop analytical procedures for detailed characterization of the liquefaction prod-
ucts, both the biocrude and the aqueous phase. Use analytical tools that result in
improved identiÆcation and quantiÆcation of the complex liquefaction products.

3. Batch processing without control over all crucial parameters does not
provide an accurate basis for the development of large-scale continuous

processes.

Optimize liquefaction in batch to obtain full control over process parameters and
obtain reliable experimental results.

4. Waste is s vast resource, and there is a need for more studies about
valorization of particular types of waste streams.

Evaluate liquefaction of various wastes (lignin, lignocellulose, polymers) and assess
their potential as a source for value-added products by hydrothermal liquefaction in
near-critical water. Study reaction mechanisms and the role of di�erent co-solvents.
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In this part, the background for the studies performed as a part of the current
work, their main Ændings, and an outlook for further work are presented. The

Conclusion section sums up the obtained results in a larger perspective.

Part II

Results
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Chapter 4

Statistical modelling

This chapter covers applications of multivariate data analysis (MDA) for the de-
scription of liquefaction and its products. MDA is utilized to Ænd general trends in
the yields of products and their quality as reported in the literature. The aim was
to develop tools for prediction of outputs from liquefaction as a function of process
parameters. Furthermore, MDA was also applied to explore its potential application
in combination with chromatography. The novelty of this work lies in the applica-
tion of advanced statistical tools for modeling of liquefaction as a process. The
reader is referred to Papers A and E for more details.

1 Background

As mentioned in the introduction, due to the variations in hydrothermal process-
ing, the liquefaction results reported in the literature are very heterogeneous. The
yield of the produced biocrude is the most central quantitative response from liq-
uefaction, and an extensive amount of data is available. Figure 4.1 shows of a
compilation of biocrude yields obtained as a function of reaction temperatures for
di�erent biomass types. The observed di�erences can be attributed to the variations
in processing, both the controlled process parameters as well as those typically un-
reported, e.g. heating rates and reaction medium density. The spread is very wide,
and it’s clear that it would be di�cult to draw any generally valid conclusions from
these data. A similar conclusion can be made for other process outputs, or re-
sponses, including the yields of other products and their quality. The results tend
to be more consistent within the same type of biomass (Figure 4.2), but signiÆcant
di�erences still occur. The situation has contributed to a widespread confusion
in the Æeld and slow progress in process optimization. Utilization of univariate
and multivariate statistical tools on a large set of liquefaction data (more than 400
records) aimed at determination of overall trends and hidden patterns including the
interactions and correlations between the process conditions (biomass type, biomass
content, lignin content, catalyst amount, reaction temperature, heating rate, reac-
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tion time, energy content of the biomass, and C/H ratio of the biomass) and the
outputs (yields of the biocrude, yields of the water soluble organics, and energy
content in the biocrude). MDA is an multidisciplinary tool used widely in many
Æelds of science for analysis of large experimental data sets.
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Fig. 4.1: HTL yields as a function of temperature. Data source: Jena et al. [1], Qu et a. [2], Sun et al. [3],
Yin et al. [4], Zhang et al. [5], Zhou et al. [6], Zou et al. [7]. Reproduced from Ref. [8], Copyright (2012),
with permission from the American Chemical Society.
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Fig. 4.2: HTL yields for algae biomass as a function of temperature. Data source: Brown et al. [9], Zou
et al. [10], Jena et al. [1], Alba et al. [11]. Reprinted with permission from Ref. [12]. Copyright (2013), with
permission from Elsevier.

2 Modeling of literature data

The experimental data was collected from 34 peer-reviewed studies [2, 4, 8, 10, 13–
42] available in the literature. The data was assessed by principal component anal-
ysis - PCA, partial least squares - PLS, and traditional statistical methods (analysis
of variance - ANOVA, Tukey’s test, and Spearman’s correlation with bootstrap con-
Ædence intervals). The strategy was to assess the general patterns by PCA, examine
the found trends by ANOVA, Tukey’s, and Spearman’s tests, and Ænally to build a
regression model. Although the quality of the statistical models obtained in this
study varied depending on the response and analysis parameters, MDA was shown
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to be a promising tool for compiling and extracting useful information from the
heterogeneous pool of liquefaction results. It was shown that few trends are com-
mon for all biomass types. Algae showed the highest biocrude yields and enhanced
biocrude energy content, while lignocellulose resulted in most reliable models. The
Ændings conÆrmed certain axioms of liquefaction in addition to uncovering new
trends. High yields of WSO were obtained at conditions involving increasing con-
centrations of catalyst, fast heating, and longer reaction times. The opposite was
true for the biocrude. The energy content in the biocrude was ruled not by the
process parameters, but the properties of the biomass. The PCA and PLS-R results
for WSO for all biomass types are presented in Figure 4.3 and 4.4.
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3 PCA and chromatography

Chromatographic data was analyzed with PCA in the same way as the liquefaction
results obtained from the literature. Here, we reduced the number of dimensions
(chromatographic data points, i.e. the counts for each retention time value - RT to
the number of principal components - PCs) while exposing the information about
the variation patterns in the data. In this case, each data point in the scores
plot represents a chromatogram, while the loadings estimate how much each of
the old coordinates (peaks) contributes to each of the new coordinates (PCs). Due
to the high number of variables in this analysis, the loadings are presented as
a line plot instead of a scatter plot. Exploration of chromatographic data with
multivariate tools proved to be an excellent tool for Ænding hidden patterns in the
obtained GC-MS data. The results conÆrmed that the presence of tetralin resulted
in reaction pathways shift leading to increased amounts of aromatics and decreased
high molecular weight products (HMW). These Ændings were collaborated by yields
of reaction products (lower solid content and higher BC yields in the presence of
co-solvents, especially tetralin) and the semi-quantitative GC-MS results obtained
from analysis of chemical class distribution (increased yields of A and decreased
HMW).
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Fig. 4.5: PC1 vs. PC2 score plot (top) and PC1 line loading plot (bottom) colored according to the
presence of tetralin co-solvent. Reproduced from Paper D.

4 Outlook

MDA is an excellent tool for identifying hidden patterns in large data sets. The
obtained multivariate models were of varying statistical signiÆcance depending on
the type of response and biomass. For models of high statistical quality (low RMSE
and high R2), the calculated regression coe�cients can be used directly to make
predictions based on the input variables, as was the case for the WSO yields. With
reduced regression parameters, the models can only be applied for observation
of loose tendencies in the data. In addition to the di�erences in experimental
procedures, variations in the pre-analytical handling and separation of the reaction
products (separation schemes, organic solvents used, Æltration, evaporation, assisted
extraction, etc.) introduced a second set of unaccounted for variables and could
explain the poor quality of some of the models. The obtained MDA models could
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be improved further by collecting and analyzing a larger random sample, and by
the introduction of additional requirements to the data, e.g. closed mass and carbon
balances combined with a single separation scheme.
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Chapter 5

Product characterization

This chapter covers optimization of analysis of liquefaction products performed as
a part of the current work. The aim was to improve characterization of both the
aqueous phase as well as the biocrude fractions. The focus was split between an
enhanced transfer of analytes and their separation and identiÆcation. The novelty
of this work lies in the utilization of advanced state-of-the tools for characterization
of complex mixtures. The reader is referred to Papers B and E for more details.

1 Background

There is no doubt that the parameters of the analytical processing are of the utter-
most importance for the results. Application of di�erent separation schemes for the
products from liquefaction is very common [1–4], and it ends in variations based
not on the processing conditions, but on the analytical strategy. For extraction of
biocrude and dissolved solids, tetrahydrofuran and acetone are the most applied
solvents [5–8], but a signiÆcant number of other organics have been used. The
inØuence of the solvent on the yields of extracted products was studied by Valdez
et al. [9]. According to the results, extraction with hexadecane and decane pro-
vided the highest gravimetric yields of oil, while the highest amounts of organic
carbon were extracted with the polar solvents. Furthermore, the most e�cient gas
chromatography-mass spectrometry (GC-MS) identiÆcation of biocrudes was ob-
tained with chlorinated solvents, e.g. chloroform.

The composition of liquefaction products is complex, and an accurate assessment
of their content can be challenging. The two main analytical challenges regard a
successful transfer of the analytes from the samples to the instruments and their
following separation and identiÆcation. The most commonly applied technique for
identiÆcation of the biocrude and aqueous phase from liquefaction is GC-MS [8–20].
The major challenge of this technique is the pre-requisite for analyte volatility. Ac-
cording to a study on the composition of pyrolytic biocrude by Garcia et al. [12], the
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composition of the product could be described as following: 49 wt.% GC-detectable
compounds, 15 wt.% non-volatile HPLC detectable compounds, and 15 wt.% high
molar mass non-detectable compounds. The results obtained by Bridgwater et
al. [21] for pyrolytic oil speciÆed that the content could be divided into 5 - 10 wt.%
hydrocarbons, 10 - 25 wt.% oxygenated compounds including phenols, aldehydes,
ketones and moderately polar alcohols, and 30 - 45 wt.% highly polar compounds
with low, moderate and high molecular weights. According to a similar study by
Valdez et al. [9] on the composition of biocrude from liquefaction, only 10 - 35 wt. %
of the compounds can be identiÆed with GC-MS. Villadsen et al. [5] concluded that
the method is inadequate for determining highly polar compounds such as sugars
and fatty acids. Concluding, the constituents of the aqueous phase are too polar to
be e�ciently analyzed, while the biocrude components lack the necessary volatility.
However, due to the complexity of the liquefaction products, a typical biocrude
chromatogram contains more than 200 peaks, with approx. 30 of the peaks re-
sponsible for the principal part of the signal [5]. With such a large number of peaks,
the separation and identiÆcation of the compounds become involved. In order to
improve analyte transfer and separation, methods such as solid-phase microextrac-
tion (SPME) [22], thin layer chromatography (TLC) [23], acid-base extraction [24],
and derivatization [5, 25], have been applied.

2 Solid-phase microextraction

Solid phase microextraction (SPME) is a solvent-free alternative to liquid-liquid
extraction (LLE) for transfer of the analytes from the sample and into the instru-
ment. SPME is concerned with equilibrium between the sample and a Æber covered
with an adsorbent (or absorbent) material, and not with the exhaustive transfer of
compounds typical for LLE [26]. The technique has been used in a number of
applications [27–29], including liquefaction [22], although to a very limited extent.
SPME is based on the mass of conservation, according to which, in the equilib-
rium regime, the absorbed/adsorbed amount of an analyte is linearly proportional
to its concentration in the sample (Equation 5.1) [26]). The exact ratio between the
present and extracted amounts of analytes are expressed in terms of the partition
coe�cient Kf s (Equation 5.2). The value of Kf s is compound-speciÆc, dependent
on the present matrix, and the used Æber. Higher Kf s values entail longer equi-
librium times (Equation 5.3). The values of distribution coe�cients are similar for
similar compounds (in structure and properties). In general, very little data is avail-
able on the experimental values for distribution coe�cients of di�erent organics
and Æbers types [30]. For a three-phase system in a head-space (HS) extraction the
mathematical expression for SPME changes to (Equation 5.4). A simpliÆed version
of the equation can be written for large volume samples as Equation 5.5. The value
of Khs represents a head-space/Æber distribution coe�cient that can be calculated
from Henry’s constant and the retention times of the analytes (Khs = H/(RT )).
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C0 ·Vs = C1f ·Vf +C1s ·Vs (5.1)

Kf s =
C1f
C1s

(5.2)

n = C1f ·Vf = C0 ·
Kf s ·Vf ·Vs

Kf s ·Vf +Vs
(5.3)

n =
Kf s ·Vf ·Vs ·C0

Kf s ·Vf +Khs ·Vh +Vs
(5.4)

n = Kf s ·Vf ·C0 (5.5)

Where:
n Extracted mol
C0 Initial concentration of analyte
Vs Volume of the sample
Cs Concentration of the analyte in the sample
Cf Concentration of the analyte on the Æber
Kf s Distribution coe�cient Æber/sample
Khs Distribution coe�cient head-space/sample

In this study, SPME in combination with GC-MS were applied to improve the trans-
fer of analytes from the samples to the instrument. For the aqueous phase, descrip-
tion of the composition was accompanied by a systematic method development.
SPME can be inØuenced by a number of parameters, including extraction time and
temperature, stirring rates, changes in pH, and the addition of salt. In the pre-
equilibrium region, small variations in the process parameters lead to signiÆcant
changes in the results. To maximize the accuracy and reproducibility of the results,
the applied time of extraction should be su�cient for reaching equilibrium. The
inØuence of temperature is expressed through the changes to the partition (Equa-
tion 5.6) and di�usion coe�cients of the analytes. From the kinetic point of view,
di�usion rates grow with temperatures, increasing the mass transfer and reducing
the time necessary for obtaining an equilibrium. From the thermodynamic point
of view, the extraction is an exothermal process (when Kf s>1, as is the case for
most analytes, �H>0 in Equation 5.6), and the transferred amounts decrease with
increasing temperatures. An optimal temperature is a compromise between these
two opposing e�ects. The addition of salt reduces the solubility and raises the
volatility of the analytes, especially the polar ones, resulting in enhanced extrac-
tion rates. The theory behind the salting-out e�ects has been explained previously
(Setchenow’s theory, Equation 5.7) for LLE, and the general aspects are expected to
be similar for SPME. For changes in pH, since only neutral species can be extracted
by SPME, changes in [H+] and [OH�] inØuence the partition of dissociable species
according to Equation 5.8. As pH decreases, increasing amounts of neutral acids
can be adsorbed onto the coating, resulting in a better extraction sensitivity. The
transfer of bases is enhanced at the opposite conditions.
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In this study, the following method parameters were studied: type of Æber (7 and
100 µm PDMS - poly(dimethylsiloxane), 65 µm PDMS/DVB - poly(dimethylsiloxane)
divinylbenzene, and 85 µm PA - poly(acrylate), extraction method (HS - head space
and. DI - direct immersion), extraction temperature (Text = 25 °C and 50 °C),
extraction time (text = 10 min and 20 min), pH (pH below 2, ⇡6, and above 12),
and salting out e�ect (±1). Utilization of SPME as a sample preparation technique is
an excellent low-tech method resulting in an in-depth qualitative description of the
biocrude’s and the aqueous’ phase compositions, which were more complex than
previously reported in the literature (Figure 5.1).
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Fig. 5.1: Comparison between LLE results for the water phase (extraction with DEE and TMS) and the
current SPME results (HS, 65 µm PDMS/DVB, Text = 50 °C, no salt, pH⇡6, text = 10 min). Reproduced
from Paper B, Copyright (2016), with permission from Elsevier.

The four main classes of compounds identiÆed in the current samples included low
molecular weight compounds (LMW), cyclics (C), aromatics (A), and high molec-
ular weight (HMW) products. The polarity divergence between the compositions
of biocrude and the aqueous phase was easily observed. While the SPME extrac-
tion from the aqueous phase was adjustable with process parameters, the biocrude
yielded similar results independently of the modiÆcations to the extraction tempera-
ture, time, etc. Fiber type was the only factor a�ecting the transfer of the biocrude’s
constituents. The 65 µm PDMS/DVB Æber was the most e�cient coating for both
fractions. Optimal conditions for SPME extraction of WSO were achieved by HS at
neutral pH, Text = 50 °C, and text = 10 min.
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3 Liquid chromatography-mass spectrometry

Due to the limitations of the standard analytical methods such as GC-MS and
their requirements for analyte volatility and polarity, alternative analytical tools for
characterization of organics in complex mixtures have been developed, e.g. liquid
chromatography-mass spectrometry (LC-MS). Numerous instrument conÆgurations
of chromatographic columns, ion sources, ion analyzers, and detectors are avail-
able on the marked, and the right choice is a critical prerequisite for a successful
analysis. The most common sources include electron ionization (EI), chemical ion-
ization (CI), and Æeld ionization (FI). Although they serve their purpose, specialized
applications may require more sophisticated solutions, e.g. electrospray ionization
(ESI), a soft ionization technique preventing decomposition of fragile, large organ-
ics. Another emerging technique for characterization of liquefaction (and similar)
products include matrix-assisted laser desorption/ionization (MALDI) [31, 32]. Ion
analyzers are also found in numerous variations, the most common being ion traps
and quadrupole ion analyzers. For improved analysis of the liquefaction products,
analyzers such as time of Øight (TOF) [5] and FTICR [16, 33–38] were also shown to
be useful.

The assessment of the products from liquefaction presented in this part was per-
formed by application of liquid chromatography with electrospray ionization and a
hybrid orbitrap-quadrupole mass spectrometric detection (LC-ESI-MS/MS), which
includes a quadrupole precursor ion selection and an Orbitrap mass analyzer. The
instrument is a state-of-the-art equipment combining superb separation of analytes,
high resolution, mass accuracy, and sensitivity. The raw data were processed with
Compound DiscovererTM 2.0 software (Thermo Fisher ScientiÆc, Switzerland). The
applied workØow is shown in Figure 5.2. The analyzed samples were produced by
liquefaction of a resin from a glass Æber reinforced composite (GFRC). The obtained
results were of excellent quality, as was conÆrmed by closing the carbon balances in
the aqueous phase and explaining a signiÆcant part of the oil fraction. The com-
pounds identiÆed in both phases represented a broad range of chemical species of
varying volatility including acetone (highly volatile), isophorone (semi-volatile), and
non-volatile (phthalic acid). The obtained quantiÆcation data were of high-quality
thanks to the combination of the cutting-edge analytic methodology with veriÆed
quantiÆcation procedures. More details about the products follow in Chapter 9.
The described methods can be used to identify and quantify a broad spectrum of
chemical species with di�erent polarity and volatility typical for the products from
liquefaction of biomass.

4 Outlook

Analytics is a Æeld often considered to be a mere tool for an assessment of a
primary goal, be it characterization of the products from a conversion process,
reporting the reaction rates, or conversion yields. More often than not, the applied
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Fig. 5.2: Work Øow used to process the obtained data in Compound DiscovererTM 2.0 (Thermo Fisher
ScientiÆc Inc.). A standard method was applied except for the values of intensity threshold for precursors
(105 counts), maximum shift alignment (0.1 min), mass tolerance (2.5 ppm). Reproduced from Paper E.

analytical methods are standard, not optimized for the purpose, techniques. As
demonstrated here, optimizing analytical procedures and application of superior
analytical equipment should be at the core of any scientiÆc reporting. The Æeld
is severely underdeveloped, and yet, we can never actually exploit the results from
the studies if we do not optimize the analytical procedures by which they were
obtained. Lots of research is needed in order to accurately quantify the reaction
products from the conversion and to Ænally be able to give a true description of
the liquefaction process. Exploration of non-standard analytical tools is crucial for
the continuous improvement of the characterization of the complex liquefaction
products. The challenge of instrumental diversity lies in the lack of libraries and
databases for identiÆcation purposes. A great deal of resources are available on-line
in e.g. mzCloud [39] and ChemSpider [40]. However, those resources are limited
compared to the NIST GC-MS mass spectral library.
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Chapter 6

Reactor

This chapter covers reactor design and experimental procedure developed as a part
of the current work. The aim was to take full control over process parameters
during liquefaction in a small scale batch reactor. The novelty of this work lies
in the increased process control over heating rates, reaction times, and medium
density. The reader is referred to Papers C and D for more details.

1 Background

The majority of liquefaction experiments are performed in small batch reactors.
Such tests are straightforward and easy to implement, but they also su�er from
numerous limitations such as long heating times and lack of proper pressure con-
trol. This results in uncertainties in reaction conditions, such as reaction time and
medium density. Fast heating can be achieved in micro-reactors, which entails other
practical challenges, such as small amounts of products and high variations in cal-
culations of yields. The results from such studies often do not provide an accurate
basis for developing continuous processes [1]. A solution to this challenge was Ærst
proposed by Modell et al. [2] and involved fast heating of a biomass slurry by injec-
tion into a pre-heated reaction medium. Although similar systems were described
since by other authors since [3–5], the procedure has not gained signiÆcant popu-
larity due to the associated additional economic costs of such systems. However,
an accurate and reproducible assessment of liquefaction from batch experiments
is a crucial step for developing and commercialization of continuous large-scale
processes.

2 Cold-injection system

Figure 6.1 demonstrates the principle behind the cold injection reactor system de-
signed speciÆcally for hydrothermal liquefaction of biomass and build by SITEC-
Sieber Engineering AG (Maur, Switzerland). The reactor (R1, 99 ml, Inconel 625)

61



Chapter 6. Reactor
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Fig. 6.1: P& I diagram for the applied batch/semi-batch reactor system. R1: reactor, P1, P2: hand-driven
pumps; F1, F2: Ælters; V1-V5, V11-V12: closing valves; V13: three-way valve; PV1: pneumatic safety
valve; PI: pressure indicator; PIS: pressure indicator switch; TIC: temperature indicator and controller.
Reproduced from Paper C, Copyright (2017), with permission from Elsevier.

can operate up to 400 °C and 300 bar and is equipped with a heating shell wrapped
in a high-temperature insulation jacket, heating plate, pressure gauge, and magnetic
stirring. The innovative part of the system consists of two high-pressure syringe
pumps (P1 and P2, capacity: 100 ml, revolution: 2 ml) connected to the reactor and
used to inject the reaction medium (P1) and the biomass slurry (P2), and to control
the pressure in the reactor by injection/withdrawal of inÆnitesimal amounts of water.
In addition to that, the reactor is connected to two sampling ports, which are used
for quenching of products (Figure 6.2).

In a typical run, an amount of reaction medium was injected through P1 or placed
directly in the reactor through a top lid, purged with N2, and heated to a preheating
temperature (TPH) slightly above the reaction temperature (TR). The biomass slurry
was then injected through P2 into the pre-heated and pre-pressurized reactor con-
taining a two-phase vapour-liquid mixture of the reaction medium. The reaction
temperature was obtained quickly since injection of the cold biomass slurry resulted
in a temperature drop from TPH close to TR. The temperature drop was limited,
as the heating of the slurry was fuelled by the condensation of the vapour in the
reactor. Injection of biomass into a homogeneous mixture would have resulted in
much more severe temperature drops. Any remaining temperature di�erences were
equilibrated by the fast heating system. Pressure decreased in the Ærst stages of
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2. Cold-injection system

Fig. 6.2: Images of the applied batch/semi-batch reactor system.

the injection and then increased with rising content of liquid in the reactor. When
necessary, the pressure was adjusted through P2. The procedure could be modi-
Æed depending on the progress of each run, e.g. set points of temperature can be
adapted to achieve certain conditions. After the reaction time, the reactor content
was quenched in a cold-trap through the lower sampling port. The injection, resi-
dence, and product quenching times were approx. 3 - 5 min, 10 - 30 min, and 0.5 -
1 min, respectively.

Figure 6.3 shows the pressure and temperature proÆles during a typical run. The
used equipment and procedure allowed for Æne control of reaction time and density
of the reaction medium through the combination of fast heating of the biomass,
pressure control, and products withdrawal/quenching. The density is important for
controlling the reaction conditions, keeping the reaction medium in the liquid phase
region, and with regard to the enthalpy penalties associated with reaction medium
evaporation.
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Reproduced from Paper D.
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3 Outlook

Strict control of conditions is an absolute prerequisite for studying processes such
as liquefaction, which depend on a multitude of parameters. Improvements to the
described system could involve reduction of dead volume (approx. 5 ml) and fur-
ther advancements in the reaction procedure, e.g. shortening the injection time and
reduction of temperature Øuctuations. In a typical run, the variations in tempera-
ture and pressure during the reaction time were ± 5 °C and ± 10 bar, respectively.
However, the temperature and pressure values during the injection could vary be-
tween di�erent runs. In the example shown on Figure 6.3, the reaction temperature
was over-reached and then approached from the ”above”. Otherwise, the reaction
temperature could have been achieved from "below" or right "on spot" with the set
point.
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Chapter 7

Conversion of lignin

This chapter focuses on catalyzed (K2CO3) hydrothermal conversion of Kraft lignin
as a function of varying temperature (T = 280 - 350 °C) and phenol mass fraction
(wPh = 0 - 9.7 wt.% ) in the reaction mixture. The main aim of this work was to
assess the role of phenol on the hydrothermal conversion of lignin, especially with
regard to the production of value-added products, i.e. the biocrude and chemical
building blocks. The novelty of this work lies in the utilization of a cutting-edge
laboratory batch reactor encompassing fast biomass heating, pressure control, and
product quenching for studies on the inØuence of phenol amounts on liquefaction.
The reader is referred to Paper C for more details.

1 Background

1.1 Structure

Lignin in its natural form is a complex amorphous polymer of cross-linked phenyl
propane units with a composition varying from species to species. As a biopoly-
mer, lignin is unusual in its lack of deÆned or ordered structure, which can be
roughly described as cross-linked p-hydroxyphenyl, guaiacyl, and syringyl phenyl-
propanoids formed from the p-coumaryl, coniferyl, and sinapyl alcohol precursors.
The monolignol syringol is only found in hardwood. The role of lignin in plants is
to cross-link the plant polysaccharides, provide mechanical strength and chemical
resistivity to the cell walls and, by extension, to the plant as a whole. The most
common chemical bonds in lignin include C-O (�-O-4) and C-C linkages (�-1 and
�-�). Figure 7.1 shows the general structure of lignin [1].

Lignin is, next to cellulose and hemicellulose, the third bio-polymer making up
the lignocellulosic biomass. Lignin constitutes 30 wt.% of the biomass on the mass
basis and up to 40 wt.% on the energy basis [3]. Lignin is the second most abundant
organic polymer on Earth, exceeded only by cellulose. No future biomass-based
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Chapter 7. Conversion of lignin

Fig. 7.1: Lignin structure. Reprinted with permission from [2], Copyright (2010), American Chemical
Society.

bioreÆnery could ever claim sustainability without a reasonable lignin valorization.
The largest source of lignin waste stream today is the paper industry, where the
biopolymer is produced as a by-product of the pulping process. SigniÆcant amounts
of lignin waste are also contained in dried distillers grains with solubles (DDGS)
produced as a distillation by-product from brewers and ethanol plants. Most of the
lignin produced today is used as an energy source for the manufacturing process
from which it originates, e.g. burning of lignin provides the power for the pulping
process. While this strategy makes use of a by-product and recovers energy at the
same time, it does not realize the true potential of lignin. A limited amount of lignin
is extracted from the pulping liquors for alternative purposes, e.g. production of
chemicals (e.g. vanillin, dimethyl sulfoxide, xylitol), use as dispersants, textile dyes,
additives in the oil industry, and as a dust suppressor for the roads [4]. Taking
the aromatic structure of lignin into account, the compound could be a potential
large-scale source of precursors for aromatic monomers for the chemical industry.

1.2 Recovery

Lignin found in the biomass is called proto-lignin. Di�erent separations methods
have been applied for the separation of lignocellulose into its building blocks by re-
moval of the molecular glue, i.e. lignin. The tree most common processes are kraft,
sulÆte, and organosolv processes. The Ærst two techniques involve the formation of
a liquor product, which is a mixture of dissolved lignin residues, hemicellulose, and
the inorganic chemicals used in the treatment. In the case of the organosolv pro-
cess, lignin is dissolved in an organic solvent added NaOH. The typical approach
for each of the streams includes concentration by evaporation of solvents and re-
covery of cooking chemicals involved in the process followed by burning. The three
main commercial processes for separation of lignin from the black liquor include
LignoBoost (Sweden) [5–7], LignoForce (Canada) [8], and SLRP (U.S.A) [9], each
being chemically invasive procedure involving further modiÆcations to the lignin
structure. The lignin after the extraction, although still called lignin, technically
speaking has little in common to the macromolecular proto-lignin found in living
Øora [2].
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1.3 Conversion

Development of depolymerization procedures resulting in high yields of aromatic
monomers would maximize the output from lignin and thus signiÆcantly improve
bioreÆnery sustainability. Due to this enormous potential, lignin has been a long-
standing focus of scientiÆc studies in search of an e�cient method for production
of aromatics. While several bacteria and fungi have been observed to be able to
metabolize lignin, commercial application of this approach is considered expensive
and ine�ective [10, 11].

The thermochemical platform for lignin deconstruction has been studied exten-
sively during the latest 20 years, resulting in a broader understanding of lignin
decomposition under the inØuence of chemicals, changing temperature, and pres-
sure conditions. The main challenges facing the thermochemical routes involve
the structure of the lignin itself, or more precisely the presence of inter-units C-C
bonds in both the proto-lignin as well as the extracted lignin. Furthermore, the
non-selective and oxidative nature of the reactions results in an erratic depolymer-
ization into unstable intermediates that are dehydrated and condensed further into
solid products. The reaction pathway responsible for this unwanted e�ect has been
previously recognized as an attack of reactive benzylic side chain carbocations on
electron rich aromatic rings in lignin [11–13].

As shown recently by Shuai et al. [11], biomass pretreatment with formaldehyde sep-
arates lignin from the polysaccharides and neutralizes the active carbocation sites,
thus preventing the formation of C-C linkages and char production during ther-
mal treatment. The combination of the pretreatment with hydrogenolysis resulted
in monomeric yields in the range 47 - 78 %, which is a signiÆcant improvement
over the commonly achieved yields of 5 - 27 %. However, the method can only be
applied on lignin from biomass, and will not work for e.g. the waste Kraft lignin
from the pulping process, in which the reactive sites have already been stabilized by
increasing the density of C-C bonds. For those raw feeds, alternative valorization
routes must be applied.

Hydrothermal liquefaction in near- and supercritical water has been studied widely
for the purpose. According to the results, liquefaction of lignin occurs through
hydrolysis and alkylation yielding low molecular weight compounds that can by
cross-linked into high molecular weight products resulting in solids [14]. Most of the
lignin liquefaction studies use phenol as an additive or co-solvent, which is expected
to increase solubilization of lignin in addition to its role as a scavenger and capping
agent of unstable intermediates with reactive sites prone to repolymerization [15].
According to Nguyen et al. [5, 6] the primary products from the liquefaction include
alkylphenols, guaiacols, catechols, and methoxybenzenes, all of which could be used
as platform chemicals for the production of a broad spectrum of aromatics (Figure
7.2).
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Fig. 7.2: Lignin structure. Reprinted from Ref. [2], Copyright (2010), with permission from American
Chemical Society.

2 Production of monomers

The majority of the compounds identiÆed among the conversion products ob-
tained in the current work could be classiÆed into six main groups of compounds:
methoxybenzenes (M), guaiacols (G), catechols (C), alkylphenols (A), anisolic/phenolic
dimers (APD), and 2-ring non-condensed aromatics (2-NCAR). Compounds such as
guaiacols and catechols were derived directly from the lignin structure by hydrolysis
of ether bonds attached to phenolic benzene rings [14]. Alkylphenols and methoxy-
benzenes were produced by reactions of phenol with small molecular weight com-
pounds such as propanol as reported previously [16]. The formation of dimers
was previously attributed to the reactions of phenol and reaction intermediates
with formaldehyde and other reactive species [14]. The overall yields of monomers
ranged between 7 - 11 %, varying with temperature and the phenol mass fraction
(Figures 7.3).
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Fig. 7.3: Overall yields of the main chemical families as a function of phenol mass fraction (T = 300
°C). Reproduced from Paper C, Copyright (2017), with permission from Elsevier.
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3. Outlook

As can be seen in Figure 7.3, in the absence of phenol, the production of monomers
and dimers was largely non-existent and insolubles, which were formed due to
cross-linking of reactive intermediates, were the major part of the reaction products.
The addition of phenol up to 6.5 wt.% to the reacting system led to a substantial
increase in the obtained yields of chemicals. At even higher mass fractions of
phenol, the monomers yields remained virtually unchanged, but the amounts of
anisolic/phenolic dimers increased drastically, which indicates the predominance of
reactions of phenol and 1-ring aromatic monomers.

3 Outlook

In order to make a sustainable valorization of lignin a reality, speciÆc and selective
pathways must be developed to convert it into high-value products, i.e. platform
chemicals and building blocks. The conversion must be further optimized and
remodeled to maximize the yields of the monomeric aromatics and decrease the
formation of solids. This could be achieved by a combination of pretreatments of
the extracted lignin such as described by Shuai et al. [11] with liquefaction outlined
in this study. There is no doubt that this will be one of many researching focus
areas for the discovery of methods for production of aromatics from lignin.
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Chapter 8

Conversion of lignocellulose

This chapter focuses on catalyzed (K2CO3) hydrothermal conversion of Fallopia
japonica, an invasive plant species, in near-critical water as a function of varying
temperature (T = 280 - 320 °C) and in the presence of co-solvents of di�erent
polarity (acetone and tetralin). The aim was to elaborate on the shifts in reaction
mechanisms due to the presence of these additives and to understand their exact
function. The novelty of this work lies in the utilization of a new feed, comparing
two co-solvents of di�erent polarity, and the use of advanced statistical tools for
analysis of the results. The reader is referred to Paper D for more details.

1 Background

1.1 Structure

Despite its complexity, over 95 % of lignocellulosic biomass is build from 8 monomeric
building blocks that can be classiÆed as C5 sugars (glucose, mannose, and galac-
tose), C5 sugars (xylose and arabinose), and the primary lignin building blocks
(p-coumaryl, coniferyl, and sinapyl alcohols). The schematic structure of biomass is
depicted in Figure 8.1.

Cellulose is a linear biopolymer of glucose units bound by �-1,4-glycosidic bonds.
Due to its structure and crystallinity, cellulose is di�cult to depolymerize under
normal conditions and without a catalyst. Hemicellulose is much less crystalline
than cellulose and it consists of shorter chains of C5 sugars. Lignin, as described
in the previous chapter, is an amorphous structure of phenyl propane units bound
together by both C-O as well as C-C bonds. All the biopolymers in lignocellulose
represent 75 - 98 % of green plants. The content of each biopolymer, and even its
composition, varies widely among di�erent types of plants, e.g. syringol units are
normally only present in softwood; hardwood contains less lignin than softwood (23
% vs. 30 %); grasses contain the highest percentage of hemicellulose (37 % vs. 20 -
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26 % in other biomass types), the highest percentage of inorganics (6 % vs. 1 %), and
the lowest amounts of lignin (17 % vs. 23 - 30 %).

The composition of biomass is one of the most signiÆcant factors inØuencing the
output of liquefaction, and even within the Æeld of lignocellulose liquefaction, sig-
niÆcant di�erences may occur, due to small, but crucial, di�erences in the com-
positions of the utilized biomass. Due to the doubts about the sustainability of
utilization of certain types of biomass including trees, the focus has been shifted to-
wards residual lignocellulosic biomass, e.g. residual forest biomass. Plants such as
Fallopia japnica are non-indigenous and environmentally malign weeds, that could
be turned from an ecological burden into a useful material. Fallopia japonica is
native to East Asia, but is also emerging in Europe and North America.

Fig. 8.1: Lignocellulosic biomass structure. Reproduced from [1], Copyright (2015), with permission from
The Royal Society of Chemistry.
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1.2 Conversion

Numerous studies have focused on liquefaction of both lignocellulose [2, 3], the most
abundant raw material in agriculture and forestry sectors worldwide [4], as well as
its building blocks [5–10], most commonly glucose. Figure 8.2 summarizes the re-
action pathways of glucose during hydrothermal treament in near- and supercritical
water. The mechanisms are strongly dependent on the applied reaction conditions,
especially the temperature and the presence of a catalyst. The two most important
reaction pathways include retro-aldol condensation and dehydration, resulting in
low molecular weight compounds and furfurals, respectively. Furfurals can be then
dehydrated into phenols [11, 12].

Conversion of complex biomass types gives much more complex results. Carrier et
al. [13] studied the reaction products from a number of biopolymers (lignin, holocel-
lulose, and cellulose) and compared it with liquefaction of a real-life lignocellulosic
feed (fern). The main products included: aromatic derivatives such as benzene, gua-
iacol, and phenol from lignin; cyclopentanone and cyclopentenone derivatives from
hemicellulose; and furfurals from cellulose. It was interesting that conversion of the
lignocellulosic feed did not yield all the corresponding products but was dominated
by the cyclics (cyclopentanone and cyclopentenone) and aromatics (phenols and
guaiacols). Most notable was the absence of furfural indicating a chemical synergy
between hemicellulose and cellulose leading to shifts in reaction pathways.
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High T  

Base 
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anhydroglucoseGlycolaldehyde Glyceraldehyde
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Erythrose

Fig. 8.2: Pathways for conversion of glucose during hydrothermal treatment. Source: [14].

73



Chapter 8. Conversion of lignocellulose

2 InØuence of co-solvents

The general patterns in reaction pathways behind the liquefaction of Fallopia japnica
were in agreement with previously reported liquefaction results for lignocellulosic
biomass. Four major groups of compounds were identiÆed among the products: low
molecular weight aliphatics (LMW), cyclic carbonyl compounds (C), aromatics (A),
and high molecular weight (HMW) compounds. While LMW compounds comprised
the smallest part of the products (0.5 - 1.1 %), the aromatics constituted the largest
part (33 - 69 %). The cyclics (8 - 23 %) and the high molecular weight compounds
(7 - 26 %) accounted for the rest. LMW aldehydes, ketones, alcohols, and acids,
were produced through direct retro-aldol condensation of sugars. Under a variety
of reaction conditions, those compounds were, in addition to the depolymerization
of lignin, also the source of aromatics through aldol- or Michael condensations,
cyclization, dehydration, and dehydrogenation [15, 16]. Cyclics identiÆed in this
work originated from dehydration of hemicellulose to furfural followed by rear-
rangements. Condensation and cyclization of intermediates lead to the formation
of aromatic compounds. HMW were formed due to recombination of the reactive
intermediates and were precursors of char as a consequence of uncontrolled dehy-
dration. The reaction pathways behind liquefaction of lignocellulosic biomass are
summarized in Figure 8.3.

The reaction pathways behind liquefaction of Falopia could be adjusted by reg-
ulation of the reaction temperature as well as the presence of co-solvents. The
Ænal result of liquefaction is always a compromise between fragmentation and re-
combination reactions under certain process conditions. The aim of co-solvent
addition was to stabilize the reaction mixture and to enhance the production of
monomeric building blocks instead of high molecular weight products ultimately
leading to char. While similar tendencies were noted for both co-solvents, only
for tetralin could the trends be conÆrmed statistically. In general, the presence of
the non-polar co-solvent resulted in enhanced production of aromatics (enhanced
solubilization of lignin and aromatization of glucose) and LMW compounds (retro-
aldol condensation). In the absence of co-solvents, the formation of cyclics and
repolymerization of HMW leading to solids were of signiÆcance. Among the water
insoluble products (WIO), the primary constituents included alkanes and alkenes of
varying chain length, semi-polar aromatics, and polymerized structures.

3 Outlook

A signiÆcant part of the reaction products obtained from liquefaction of Fallopia
were the aromatics, which could also be used as a source of the chemical building
blocks, especially by liquefaction in the presence of co-solvents. Other groups
of chemical classes were either produced in small amounts (LMW) or should be
avoided as a precursor of biochar (HMW). The cyclics such as cyclopentanone are
emerging chemical raw materials used widely as organics solvents and building
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blocks for a variety of high-value products, e.g. drugs and fragrances [17, 18] as
well as fuel precursors [19]. Production of WIO was poor, so production of value-
added chemicals should be the focus of Fallopia conversion under the described
process conditions. In addition to that, longer reaction times should be explored
and studied toward the formation of biofuels, in addition of chemicals.
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Chapter 9

Conversion of polyester resin

This chapter covers production of value-added chemicals by catalyzed (KOH) solvo-
thermal (T = 275 - 350 °C) liquefaction of polyester-based resin material from glass
Æber reinforced composites (GFRC) in 50/50 vol.% water/acetone reaction mixtures.
The main aim of this work was to characterize the products from the conversion
and to assess the material’s and method’s potential for production of chemicals. The
novelty lies in the utilization of state-of-the-art analytical equipment for analysis of
the non-volatile and semi-volatile compounds from the conversion. The reader is
referred to Paper E for more details.

1 Background

Waste biomass is a promising resource for production of value-added products, and
so are all types of garbage materials. They are generated in large amounts, and their
utilization turns an environmental burden into value. Plastic is an excellent example
of such a resource. Only in 2015, 322 million tons of polymer materials were cre-
ated [1]. Since most of the plastic is packaging, which is likely to be discarded within
the year of its synthesis, it results in an enormous pollution. Diverse recycling meth-
ods have been developed to Æght this issue, and one of the most promising ones is
a liquefaction-based treatment in near- and supercritical Øuids (typically water and
alcohols) for recovery of the monomers. This has been applied successfully for a
number of plastics and was shown to be challenging for other types [2]. The latter
group includes composite materials consisting of an organic resin reinforced with
Æbers (e.g. Æberglass) and Ællers. In contrast to thermoplastics such as polyethy-
lene terephthalate (PET), thermoset resin matrix of GFRC do not consist of tidy
repeating polymer units, but of chains cross-linked into an amorphous structure.
GFRC are strong, lightweight materials used in numerous applications, especially in
transportation, construction, and oil & gas industries [3].
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2 Value-added chemicals

A recent study by Sokoli et al. [4] showed that GFRC materials can be chemically
recycled by the recovery of the Æbers combined with the production of a high heat-
ing value biocrude. However, to entirely close the loop on the polymer life cycle
and maximize the sustainability of the process, the products must be assessed as
a source to value-added chemicals [5]. The only di�erence between liquefaction of
biomass and plastics lies in the relative simplicity of the polymer feed. Utilization of
organic solvents instead of pure water enables a reduction in reaction temperature,
which, besides decreasing the energy required for conversion, also serves to protect
the Æbers. In addition to that, organic solvents are expected to increase the Øowabil-
ity of the reaction products. The resin used in this study was a styrene cross-linked
polymer of unsaturated polyester (UP) chains polymerized from two types of dibasic
acids (phthalic and maleic acids) and a polyhydric alcohol (propylene glycol). The
principle behind the curing is shown in Figure 9.1.

Fig. 9.1: Cross-linking of unsaturated polyester resin. Reproduced with permission from Ref. [6].
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2. Value-added chemicals

The conversion procedure was described in detail by Sokoli et al. [4]. In this study,
we focused on characterization and quantiÆcation of the liquid products from the
process to assess its potential as a source of value-added chemicals. In light of the
growing demand and mounting legislative pressure preventing land-Ælling, meth-
ods for characterization of the products from chemical recycling and recovery of
valuable chemicals from GFRC must be developed. According to the results of
this study, reaction products from the conversion of the polyester resin were ei-
ther the monomers from the polyester chain or secondary reaction products. Also,
those two groups were separated along their polarity in an aqueous and an oil frac-
tion. The identiÆed monomers included phthalic acid ([PHTHA]max = 39 g/L) and
dipropylene glycol ([DPG]max = 17 g/L)). The application of the analytic methodol-
ogy described in Chapter 5 with veriÆed quantiÆcation resulted in an explanation
of nearly 100 % of the organic carbon in the aqueous phase (Figure 9.2).
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Fig. 9.2: Carbon content present in the aqueous phase and the fractions of carbon explained by the
quantiÆcation of individual compounds. EOC - explained organic carbon. Groups 1 - 4 (250 - 325
°C) represent runs with GFRC, AC, and KOH. Run 325 °C, -KOH was performed with GFRC and AC
(without KOH). Run 325 °C, -GFRC was performed with AC and KOH (without GFRC). Reproduced
from Paper E.

In addition to the hydrolyzable building blocks, which could be reused directly
and were found exclusively in the aqueous phase, the second group of chemicals
was identiÆed as secondary reaction products including isophorone ([ISP]max = 300
g/L), dihydroisophorone ([DHISP]max = 90 g/L), and 3,3,6,8-tetramethyl-1-tetralone
([TMTL]max = 500 g/L). While minor amounts of these compounds were found in
the aqueous phase, they completely dominated the content of the oil fraction. Self-
condensation of acetone through the competitive paths of addition and dehydration
was identiÆed as the origin of these compounds (Figure 9.3). The yields of both
the monomers as well as the secondary reaction products decreased with reaction
temperature.
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3 Outlook

With increasing amounts of plastic waste in general and composite materials in
particular, methods such as the presented solvothermal liquefaction of polymers
gather more and more attention. The approach described in the current work
results in three separate value-added products streams: Æberglass, oil for heating
purposes as well as the source of valuable chemicals and monomers. The conver-
sion of acetone into ISP, DHISP, TMTL, and the subsequent loss of the co-solvent
is not disconcerting at all. It represents an additional value chain from the pro-
cess. Acetone self-condensation takes usually place high temperature and pressure,
and in the presence of both homogeneous as well as heterogeneous catalysts. The
reaction products is a mixture of diacetone alcohol, mesityl oxide, phorone, mesity-
lene, isophorone and 3,5-xylenol and still, numerous other products are possible.
Solvothermal liquefaction in the presence of KOH results in high yields of the Ænal
product TMTL. In the absence of the catalyst, the reaction takes place anyway to
a certain extent, but it leads to ISP. Dihydroisophorone has been identiÆed for the
Ærst time as a by-product of this pathway. Incorporation of liquefaction into the
modern bioreÆnery concept would make it possible to valorize GFRC along with
biomass waste streams.
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Conclusions

Hydrothermal liquefaction is a technique utilizing the unique properties of near-
and supercritical Øuids to produce value-added products, namely energy carriers,
transportation biofuels, and chemical feedstocks, from biomass. The process is ver-
satile in terms of feedstocks; it can handle both moisture-rich streams as well as
wastes unsuitable for pyrolysis and biochemical processing methods, respectively.
These advantages make liquefaction an excellent potential addition to the future
bioreÆnery.

Liquefaction is performed in a relatively compact equipment, which could be trans-
ported on site to the available biomass resources, just as it was proposed for py-
rolysis. Following the concepts of bioreÆning, the future bioeconomy will not be a
one-technology solution but will be based on a plethora of conversion applications.
In this study, numerous aspects of liquefaction processing and analysis were inves-
tigated and optimized. Based on the statistical analysis and experimental work, it
can be concluded that:

• Due to the heterogeneity of the liquefaction results reported in the literature,
optimization of the process has been slow. The situation originates from
the unaccounted for variations in processing (pressure, heating rates, cooling
rates), product separation (di�erent schemes and settings), and analysis (types
of methods and instruments). Development of standard approaches and mini-
mal requirements for liquefaction processing would promote the progress and
commercialization of this technique. Utilization of the approach of biomass
cold-injection into a pre-heated and pre-pressurized reaction medium max-
imizes the control over control parameters while minimizing the e�ort and
technical challenges typically associated with continuous processing. The
main advantages of this approach include fast heating of biomass, pressure
and reaction time control, and rapid quenching of the products. These fea-
tures made the obtained results directly comparable to results obtained with
continuous liquefaction units. Cold-injection batch reactors can, therefore, be
treated as a basis for the development of liquefaction from a lab-scale to pilot
plant and towards commercialization.
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• According to the statistical analysis, biomass type had the largest impact on
the yields and the quality of liquefaction the products, with algae producing
the best results. The analysis of the literature data showed that there were
few tendencies in the conversion trends common for all biomass types. This
indicated that the process should be optimized individually according to the
feed’s composition. While combining increasing concentrations of the ho-
mogeneous catalyst, fast heating rates, and longer reaction times resulted in
rising WSO yields, the exact opposite conditions were optimal for the produc-
tion of biocrude. The heating value of the produced biocrude was dependent
on the biomass properties, and not the reaction conditions.

• The results showed that the characterization of liquefaction products could be
improved signiÆcantly by application of advanced analytical tools for both an
enhanced transfer of the analytes (SPME), as well as their improved separa-
tion and identiÆcation (LC-ESI-MS/MS). SPME, which is a low-tech extraction
method that can be used with most of the standard GC-MS equipment, did
not require organic solvent and could be optimized for a broad spectrum
of analytes of varying molecular weight, polarity, and volatility. Application
of high-resolution LC-ESI-MS/MS expanded product characterization even
further beyond the samples’ volatile constituents. The combination of a care-
fully designed analytic methodology with veriÆed quantiÆcation procedures
was crucial for an accurate quantiÆcation of the samples’ composition.

• Hydrothermal liquefaction of Kraft lignin resulted in of a broad spectrum of
products. Production of monomers was maximized at phenol/lignin ratio of
approx. 1. With increasing phenol mass fractions (9.7 wt.%), the formation
of phenolic/anisolic dimers dominated the conversion mechanisms. In the
absence of the co-solvent, the production of chemicals was very poor. Similar
trends were noted at low reaction temperatures. With regard to the production
of monomers, the yields of guaiacols and alkylphenols were maximized at
phenol mass fraction of wPh = 6.5 %, whereas the amounts of catechols and
methoxybenzenes increased progressively. At wPh = 3.4 wt.%, the highest
yields of monomers were achieved at T = 320 °C.

• Hydrothermal conversion of lignocellulose resulted in water soluble and insol-
uble products consisting of low molecular weight (LMW) compounds, cyclics
(C), aromatics (A), and high molecular weight (HMW) products. The addi-
tion of co-solvents resulted in signiÆcant reaction shifts, including increased
production of A (enhanced solubilization of lignin and aromatization of glu-
cose) and LMW (retro-aldol condensation), while repressing the formation of
HMW, often considered precursors of biochar. Both aromatics, as well as
the cyclic compounds, could be utilized as platform chemicals and chemical
building blocks in the chemical industry.
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• Polymer materials were e�ectively depolymerized in water/acetone mixtures
at hydrothermal conditions. The products were divided into two fractions ac-
cording to the compounds polarity and included monomers from the polyester
chains (aqueous phase) and secondary reaction products (oil fraction). The
former group consisted of compounds such as phthalic acid and dipropy-
lene glycol. The latter group consisted of isophorone, dihydroisophorone,
and 3,3,6,8-tetramethyl-1-tetralone, all of which were formed due to self-
condensation of acetone. By liquefaction-based recycling of the monomeric
building blocks and production of valuable chemicals, it will be possible to
close the loop on the composites’ life-cycle.
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This part is the main body of the thesis. It consists of a number of papers which
have been published in or submitted to peer-reviewed journals. The papers have

been ordered according to the logical narrative of the thesis and were incorporated
into its native typography.
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Paper A

Performance of hydrothermal liquefaction (HTL) of biomass
by multivariate data analysis
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1. Introduction

Abstract

Hydrothermal liquefaction (HTL) is one of the most promising biomass reforming pro-
cesses for production of drop-in biofuels. The technique has been under development for
a number of years, and yet, due to its complexity, it has always been di�cult to gener-
alize information about the optimal conditions. The main issue regards to the limited
knowledge available from batch studies evaluating HTL by a Ænite number of process
conditions in certain combinations. In this study, multivariate statistical methods were
applied for investigation of HTL data available in the literature. The aim was to de-
termine a set of generally valid rules for prediction of the output from the process (yields
and the energy content) on the basis of relatively few process parameters. The results have
shown that multivariate data analysis can be used to make predictions about HTL and
increase our understanding of the process, despite the fact that the input data constituted
a very broad spectrum of values. In general, biomass type and properties were the most
signiÆcant parameters controlling both the obtained yields and the energy content in the
produced biocrude. Regression models calculated for all groups of biomass were relatively
poor, due to the lack of common trends. However, a number of statistically sound models
was obtained for selected combinations of biomass and responses. The drawn conclusions
supported the pre-understood axioms of HTL, but also indicated a number of new associ-
ations. It was shown that the overall conversion rates are governed by biomass properties
and the applied heating velocities, while the amount of homogeneous catalyst and the
reaction time control the distribution of the products between the water phase and the
biocrude. The energy content in the biocrude produced from lignocellulose was dependent
mostly on the biomass content and properties, and not the process conditions.

1 Introduction

Conversion of biomass into bio-fuels for transport purposes has a history span-
ning over 100 years and covering a great number of di�erent routes that can be
roughly divided into physicochemical, biochemical, and thermochemical processes.
For many years, biodiesel and bioethanol have been focal points of the bio-fuel
research, resulting in the development of many practical applications. However, all
of these applications are fundamentally Øawed because they use food resources as
feed, thereby decreasing the food security. While the second generation biomass
conversion technologies are under strong development, the bulk of the industrial
methods still focuses on the Ærst generation of biomass [1]. Over the last 25 years, a
number of thermochemical conversion methods, including hydrothermal liquefac-
tion (HTL), for production of drop-in fuels for transport purposes has come into
focus [2–6]. HTL is a promising technique utilizing the unique properties of near- or
supercritical water (Tcr = 374 °C, pcr = 22.1 MPa, and ⇢cr = 320 kg/m3), including
high reaction rates, increased solubility of organics, and the lack of mass transport
barriers [7–12]. Near critical water (hot compressed water, HCW) and supercritical
water (SCW) behave similarly to a number of organic solvents, i.e. they can dissolve
biomass and its degradation products [13]. HLT does not require strong bases or
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acids and can utilize any type of biomass (lignocellulose, algae, waste) for produc-
tion of a crude oil-like product [14–17]. Utilization of waste, which may be one of the
most lucrative resources in the future [18], increases the sustainability of the process.

The idea of HTL used for conversion of biomass into biocrude has been experi-
mented with as early as in the 1940s [19]. The Ærst large scale application of the
process was developed in the late 1970s at the Pittsburgh Energy Research Center
(PERC) [16]. Today, a number of similar large scale facilities is operating [20–23],
but the main bulk of the HTL research is still done on a lab-scale. A typical
batch study examines a Ænite number of process conditions in a pre-selected set
of combinations without using e.g. a full or fractional factorial design based on
all parameters [24–26]. Because HTL depends on numerous variables, including
both conversion conditions and the employed biomass type [27–29], the insight into
the process based on this standard procedure is limited. It is not easy to predict
the output, generalize the conclusions, or to understand the chemical transforma-
tions behind it [30–33]. While reaction mechanisms for HTL have been explained
in detail for one-component feeds, e.g. pure glucose [34], real life biomasses are
typically complex mixtures. The aim of this study was to compare HTL data avail-
able in the literature and to build generally valid statistical models for prediction
of the yields and the quality of the products from the process as a function of the
applied process parameters. To achieve this goal, both univariate and multivariate
data analysis (MDA) tools were employed. MDA is an interdisciplinary mixture of
statistics, applied mathematics, and computer science, used widely in chemistry,
medicine, biology, and chemical engineering for analysis of experimental data with
many parameters and factors [35–38]. Simple univariate models for determination
of biocrude yield for one type of feed have been previously computed as a function
of feed composition [39] or lignin content [40], but were shown to be of limited ap-
plicability. This is, as far as the authors were able to discover, the Ærst study about
multivariate modeling of HTL, and also one of the very few systematic statistical
appraisals of the process performance of such extend and complexity.

2 Theory

2.1 Reaction mechanisms

Conversion of biomass during HTL is a combination of an initial heterogeneous
degradation of the biomass particles, an ionic driven hydrolysis of the biopolymers,
and a number of secondary pathways involving the hydrolysis products [41–44]. In
addition to hydrolysis, depolymerization also takes place by radical C-C scission.
The secondary reactions depend on the process conditions and include dehydra-
tion, dehydrogenation, rearrangements, retro aldol condensation, Cannizzaro reac-
tion, cyclization, and polymerization [45, 46]. Lignocellulosic biomass is converted
into its monomers: glucose (from cellulose), xylose, arabinose, and mannose (from
hemicellulose). The amorphous lignin, which is not broken down into any repeating
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units, is typically decomposed into small phenylpropane entities soluble in super-
critical water. Similarly to carbohydrates, lipids and proteins are depolymerized
into monomers (glycerol, fatty acids, and amino acids). The fatty acids tend to
be stable at elevated temperatures, especially in HCW, but are thermally degraded
above the supercritical point [47]. Alternatively, long chain fatty acids can also
be reformed to long chain hydrocarbons [48]. Glycerol can be transformed to a
number of products including methanol, ethanol, formaldehyde, acetaldehyde, pro-
pionaldehyde, acrolein, and small gas molecules [49–51]. Two of the most common
routes for conversion of amino acids formed by hydrolysis of proteins are: I) de-
carboxylation into carbonic acid and amines, and II) deamination into ammonia
and organic acids [21, 52–56]. The products from hydrolysis of proteins and the
primary reactions of amino acids will typically undergo secondary reactions in-
cluding repolymerization and condensation. The converted compounds are upon
cooling redistributed between a two-phase product consisting of process water and
biocrude. Relatively small amounts of solid particles and gas products are also
formed. The organic content of the aqueous phase, which is referred to as the water
soluble organics (WSO), consists of relatively polar compounds: small molecular
weight (MW) aliphatics, short fatty acids, phenolics, cyclic compounds, and unre-
acted sugars [57]. Biocrude contains both the cyclic compounds and phenolics that
are commonly found in WSO and heavy MW compounds of lower polarity, includ-
ing short and long chained aliphatic alkanes and alkenes as well as polymerized
aromatic and cyclic units.

2.2 State of the art

The range of the reported pressure and temperature values for HTL is quite broad
(150 - 600 °C and 5 - 40 MPa), but most processes are executed under tempera-
tures 300 - 400 °C, with T = 350 °C being reported as the most optimal value [58].
With temperature increasing, dehydration reactions become thermodynamically fa-
vorable, and the water soluble biocrude precursors are converted into phenolics,
long chained carboxylic acids, esters and other hydrocarbons [57]. However, as
the temperature approaches the critical point, radical cracking and condensation
reactions begin to dominate, thus decreasing the yield of biocrude and increasing
the formation of gas and solid products [59–64]. The impact of pressure must be
considered in terms of its ability to inØuence the overall water density in the near-
and supercritical region.

It has been shown, that the velocity of heating is very important for conversion of
lignocellulosic biomass [25, 65], for which high heating rates support fragmenta-
tion reactions and prevent char formation. If the heating is slow, the secondary
reactions, i. e.repolymerization and condensation reactions dominate, thereby in-
creasing the amount of solid residues [66, 67]. Similar e�ect was demonstrated for
algae [68], but it has not been studied in detail for other feedstocks. The resi-
dence time in HTL varies normally between 5 and 120 min, depending on the feed,
presence of catalysts, pressure and temperature values. Generally, a short reaction
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time is expected to degrade all types of biomass more e�ectively at high temper-
atures [14, 69, 70], while lower temperatures require signiÆcantly longer residence
times [71]. This is not the case for lignin-based biomasses, which are converted
more easily into solid char with increasing temperatures and residence times [40].

Both homogeneous and heterogeneous catalysts have been used in HTL. The early
experiments on the pilot plant scale were performed with K2CO3 as homoge-
neous catalyst [72], and later, it was shown that hydrothermal processing without
the presence of alkali gives rise to a much higher content of char and oxygen in
the biocrude [73]. A great number of di�erent homogeneous catalysts has been
tried in HTL: (NaOH [24], Na2CO3 [20, 24], KOH [20], K2CO3 [24], Ba(OH)2 [74],
RbCO3 [75, 76], FeSO4 [77], FeS [77]). The most common heterogeneous catalysts in-
clude Pd/C, Pt/C, Ru/C, Ni/SiO2-Al2O3, CoMo/�-Al2O3 [39, 78–80], and ZrO2 [81].
In general, numerous advantages have been associated with the use of homogeneous
catalysts, including decreasing the amount of produced solids [82], increasing the
yield of biocrude [83], and improving the biocrude properties [84, 85]. Addition
of alkali salts increases pH, thus decreasing possibility for dehydration reactions,
which typically leads to increased amounts of unstable unsaturated compounds
prone to repolymerization. The heterogeneous catalysts inØuence the gasiÆcation
in low-temperature processes [86], while the reports of its e�ects on HTL have been
mixed [54]. Co-solvents act as scavengers of the unsaturated compounds, which
are formed by dehydration and also likely to repolymerize. Their presence reduces
the amount of undesired products (char and tar) and to direct the transformations
towards desired pathways. The most common examples of organic solvents are
phenol [75, 84], methanol [60], ethanol [87], acetone [87], butanol [88], propylene
glycol [89]. Small alcohols work best for reduction of char production [88], but have
also tendency to evaporate.

HTL can use di�erent feeds, but waste products, e. g.agricultural and industrial
waste, have always been of particular interest [62, 90–92]. A cheap feed is a require-
ment, if the biocrude shall be able to compete against both the petrochemical and
other bio-conversion processes. Studies on the liquefaction of cellulose [93–96], its
degradation product glucose [97] and hemicellulose [98, 99] focused on unlocking
the mysteries behind the conversion mechanisms. Conversion of pure compounds is
interesting from a theoretical point of view, but the applicability of HTL can only be
tested with complex biomass feeds such as lignocellulosic biomass, including agri-
cultural and industrial waste streams [100–103]. Lignin [104] and algae [15, 105–108]
have also been a popular selection for HTL in the recent years. The oil yields pro-
duced from HTL typically range between 20 and 40 wt.%. Lipid rich biomass tends
to produce higher yields. Biocrude produced from algae was reported to contain
more fatty acids and fatty acid methyl esters, ketones and aldehydes [109], than
biocrude produced from lignocellulose. The nature of the products, biocrude and
the produced water, has been shown to be highly dependent on the composition of
the feed.
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3 Materials and Methods

3.1 Data

The data for the analysis was collected from 34 peer-reviewed studies [14, 26, 53,
57, 70, 103, 110–137] to give more than 400 records. The articles were selected to
include a wide range of feeds and process conditions and to characterize the yields
of the biocrude (OY), yields of the water soluble organics (WSO), and energy con-
tent in the biocrude (higher heating value, HHV) most broadly. The statistics of the
continuous factors used in the analysis can be found in Table A.1.

Table A.1: The most important statistic parameters (minimum and maximum values, mean and median,
1st and 3rd quartiles) of the continuous factors used in the analysis. The acronyms correspond to the
names of the variables used in statistical analysis and the results.
Variable Biomass % Lignin Catalyst Temp. Heating t Reaction t HHV C/H ratio

(wt.%) (wt. %) (wt.%) (K) (min) (min) (MJ/kg) (-)
Acronym content lignin catalyst T t_h t_r HHV_F CH
Minimum 2.8 0.0 0.00 473 0.0 0 8.0 4.87
1st quuartile 8.9 0.0 0.00 573 10.0 15 14.8 7.25
Median 10.0 9.2 0.00 603 37.5 30 18.0 7.86
Mean 11.8 15.5 2.19 600 42.2 35 17.3 7.83
3rd quuartile 13.3 27.6 2.20 623 60.0 60 19.2 8.45
Maximum 66.7 100.0 13.45 823 120.4 120 39.5 17.00

The data was additionally characterized with a categorical factor ”biomass type“,
which identiÆed the chemical composition of the used feed as lignocellulose, lipid,
and/or protein. Algae were categorized as both a lipid and protein-rich feed. The
used HTL output parameters, also called the responses, are summarized in Table
A.2. Analysis of the data according to the ”study“, i.e. the di�erent papers used,
was performed and no tendencies or groupings were found. A number of process
conditions, including pressure, type of reactor, presence of co-solvent and hetero-
geneous catalyst, type of atmosphere, and extraction solvent was removed from the
analysis due to the their low abundance as parameters in the studies. The yields
were expressed as wt.% (on the dry biomass basis). The heating time was, when
not stated in the studies, approximated according to the literature data for reactors
with similar properties (type and volume). HHV values of the biocrude was either
taken directly from the studies or calculated from the measured CHO composition
(Dulong formula, Equation, A.1). HHV can be estimated by a number of mathe-
matical models based on the content of di�erent elements, among others carbon,
hydrogen, oxygen, nitrogen, sulphur, chlorine, and phosphorus [138, 139]. Formula
A.1 is considered a fair approximation for estimation of HHV for biocrudes, as their
main constituents are limited to C, H, and O [110, 121, 127, 140]. Alternatively, an
equation based on CHNSO and ash content of biocrudes could be used [141].

HHV= 0.3383 ·C+ 1.442 ·
✓
H� O

8

◆
(A.1)
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Table A.2: The most important statistic parameters (minimum and maximum values, mean and median,
1st and 3rd quartiles) of the responses. The acronyms correspond to the names of the responses used in
statistical analysis and the results. NaN describes the number of missing values for each response.

Response Biocrude yield HHV biocrude WSO
(wt.%) (MJ/kg) (wt.%)

Acronym OY HHV_O WSO

Minimum 0.0 3.1 2.0
1st quartile 16.4 28.8 12.8
Median 22.0 31.0 26.0
Mean 25.9 31.4 28.6
3rd quartile 34.0 35.2 40.0
Maximum 85.0 39.9 75.0
NaN 6 219 140

3.2 Modeling

Due to the relatively large number of missing values in the responses, each of them
was analyzed separately, thus reducing the number of removed NaN-containing
samples for each analysis. Outliers constituted no more than 3 % of all data points.
Prior to multivariate analysis the data columns were autoscaled by subtracting mean
and dividing to standard deviation calculated for the values of each column. The
applied methods encompassed: I) Principal Component Analysis (PCA), II) Tra-
ditional statistical methods including Analysis of Variance (ANOVA), Tukey’s test,
and Spearman’s correlation with bootstrap conÆdence intervals, and III) Partial
Least Squares Regression (PLS-R). The qualitative data was analyzed with ANOVA
combined with Tukey’s test, while Spearman’s correlation analysis was used for the
quantitative data. In PCA and PLS all the qualitative variables (factors) were con-
verted into "dummy" ("+1" and "-1") variables. PCA was used to look for the general
patterns, which thereafter were examined with ANOVA, Tukey’s, and Spearman’s
tests. Following that, a regression model was build and examined. Analysis was
performed both on all available records with biomass type as an additional factor,
as well as on sets of records categorized according to the three biomass groups ap-
pearing in the study: lignocellulose, algae, and protein waste. All calculations were
made in R (version 3.2.2), a free software environment for statistical computing and
graphics, supported by mdatools and boot packages.

PCA PCA is the simplest of the eigenvector-based multivariate methods for ex-
ploratory assessment of large data sets [142]. It projects the original data to a set
of orthogonal vectors (principal components, PC) oriented in the original variable
space along directions of maximum spread of the data points. Often, PCA allows to
Ænd hidden structures in the data-objects relationship, such as groups, trends, and
outliers. The results of PCA are evaluated with score plots and loading plots. Score
plots show the projection of data objects to the principal components while loading
plots show contribution of each variable to orientation of the components. Objects
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positioned close to each other on a score plot are considered similar according to
the variable (or a set of variables) which dominates the loading where the samples
had high scores. All PCA models in this study used six compounds (comp = 6) as
standard.

Classic statistical tools Analysis of Variance (ANOVA) is a statistical method
used for quantitative assessment of association between a response and a number
of factors [142]. ANOVA is also often used as an input for post hoc multiple com-
parison of means, also called Tukey’s test. The requirements for the use of ANOVA
include normal distribution of the data, homogeneity of variance and statistical in-
dependence of the samples. When the data used in this study did not fulÆll the
conditions for normality or variance homogeneity, the results were examined addi-
tionally using non-parametric Welch’s ANOVA with Games-Howell test for multiple
comparison. Spearman’s coe�cient is a non-parametric measure of statistical de-
pendence between two variables. The perfect monotone correlation between two
variables is expressed with correlation of ”-1“ or ”+1“. The conÆdence intervals for
the quantitative Spearman’s test were calculated with bootstrapping [143].

PLS-R PLS is a multivariate regression method similar to PCA that uses the
structure of Y (response) as a guide to decompose the X-matrix (predictors), thus
giving superior interpretation possibilities. The basic tools of PLS are common to
all regression algorithms. The quality of a PLS model is evaluated by a number of
parameters for both calibration (CAL) and cross-validation (CV). Root Mean Square
Error (RMSE) is used as an estimate of how close the values, predicted by a PLS
model, are to the actual values (Eq. A.2). Another parameter assessing the quality
of the model is the slope of least squared line points on predicted vs. measured
plot. Additionally, bias and ratio of performance to deviation (RPD) values can be
calculated and analyzed as a measure of the goodness of Æt. The evaluation of each
model in this study was performed based on RMSE, slope, and R2 values calculated
for predictions obtained using a random cross-validation with ten segments.

RMSE =

s
Pt=1

n (ŷt � y)2
n

(A.2)

The meaning of each PLS-R model calculated in this study was interpreted by an-
alyzing regression coe�cients and their conÆdence intervals, calculated using Jack-
Knife approach [144]. This allowed to estimate a direct inØuence of each variable
on the response. Generally, when a model has low RMSE and high R2 values, the
calculated regression coe�cients can be used directly to predict the response. With
poor regression parameters, the models can not be used for more than observation
of loose tendencies in the data.
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4 Results and Discussion

4.1 Oil yield

An initial PCA analysis of the factors combined with the oil yield (OY) has shown
that both were spread over a great range of values. The samples with the most
extreme values were removed as outliers in order to improve the quality of the
models. The Ænal composition of the data sets was a compromise between the
precision and the "real life" applicability of the calibrated statistical models. As
many as 9 PCs were required in order to explain 95 % of the variance in the data,
most of which could be attributed to the variations in the variables, and not the OY
itself. PC1 represented the variability caused by the presence of di�erent groups of
biomass (lignocellulose, algae, and protein waste), while PC2 outlined an interaction
between the time of reaction and the time of heating, i.e. there was a tendency in
the studies to use short reaction time, when the heating was slow. This can be
clearly seen from the two bottom scores plots in Figure A.1 where the points are
colored with a color gradient according to the values of these two parameters -
points with large values for heating time (orange and red colors on the right plot)
have short reaction time (blue and green points on the left plot) and vice versa.
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Fig. A.1: PC1 (29.99 %) vs. PC2 (16.68 %) scores plots (PCA model of factors and OY for all groups of
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Similarly, PC3 could be explained by the variations in reaction temperature and
biomass content (low temperature with large loadings and opposite). An interesting
detail was discovered during the analysis of PC4, in which OY had large negative
loading, as demonstrated by PC1 vs. PC4 score and loading plots in Figure A.2. OY
did not seem to be correlated to any of the other variables, i.e. the process condi-
tions, indicating a hidden structure governing the variability of OY. Similar results
were achieved with calculation of Spearman’s correlation with bootstrap conÆdence
intervals between OY and each variable. There may have been a tentative positive
correlation between OY, biomass content, and HHV of the feed.
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Fig. A.2: PC1 (29.99 %) vs. PC4 (8.76%) score and loading plots (PCA model of factors and OY for all
groups of biomass). The color gradient on the scores plot corresponds to the di�erent levels of oil yield
(blue-low, red-high). The loading plot shows a corresponding compilation of factors and OY.

This was, to a certain extent, conÆrmed by PLS regression, according to which the
highest OY values were achieved with lipid-rich biomass, i.e. algae, high biomass
content in the reactor, long heating time, and short reaction time. The regres-
sion coe�cients are displayed in Figure A.3. The relationship between the OY and
biomass type was veriÆed by Tukey’s test, in which the di�erences between the mean
values of OY for di�erent types of biomass were compared and presented in Figure
A.4. Additionally, while high HHV values of the biomass and low catalyst con-
centrations seemed to produce larger oil yields, the temperature did not have any
statistically signiÆcant inØuence. It must be noted that the model was quite poor
statistically speaking (RMSE = 10.60, R2 = 0.15, Slope = 0.17), most probably due to
the lack of trends common for all biomass groups. Other, less certain tendencies,
e.g. a possible positive correlation between lignin content and OY, were noted as
well. The large variation in the data was due to the disregarded process conditions
(pressure, heterogeneous catalysts, presence of co-solvents) and additional di�er-
ences in the pre-processing and chemical analysis of the biocrudes (application of
di�erent solvents and extraction methods).

99



Paper A.

2 4 6 8 10 12

−0
.6

−0
.2

0.
2

0.
6

Regression coefficients

Variables

C
oe
ffi
ci
en
ts

●

●

●

●

●

●

●
●

● ●

●

Lignocellulose

Protein

catalyst
t_r CH

Lipid

lignin
content

T
t_h

HHV_B

Fig. A.3: Regression coe�cients with 95 % conÆdence interval for OY values (calculated with PLS for all
biomass groups). The size, sign, and the conÆdence intervals are used to judge the importance of each
factor.

Statistical analysis of the data according to biomass group had improved the per-
formance of the regression models for the algae (RMSE = 10.31, R2 = 0.43, Slope =
0.47), but not for the lignocellulose, nor the protein waste feed. The PLS regression
model for the algae, which is summarized with the regression coe�cients in Figure
A.5, indicated that OY depends on the biomass properties, reaction temperature,
and the amount of homogeneous catalyst. While the inØuence of temperature was
expected, no studies have ever proposed a negative relationship between the yields
of biocrude and the amount of homogeneous catalyst.
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Fig. A.4: The di�erences in the average OY values for the di�erent biomass types. Bottom: OY(Protein)-
OY(Lipid). Middle: OY(Protein)-OY(Lignocellulose). Top: OY(Lipid)-OY(Lignocellulose). When the
conÆdence intervals cross 0, there is no signiÆcant di�erence between the groups.
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4.2 WSO

A PCA analysis of the factors combined with the WSO values was signiÆcantly eas-
ier to interpret than the corresponding analysis of OY. Several of the variables were
correlated to WSO along the directions of largest variation, as shown by PC1 vs.
PC2 score and loading plots in Figure A.6. The tendency on the score plot went
clearly from left bottom corner of the plots to the right top one, indicating that the
WSO can be explained by a linear combination of PC1 and PC2.

−2 0 2 4

−4
−2

0
2

4
6

Scores

Comp 1

Co
m

p 
2

●●●
●●

●
●
●
●
●

●
●●

●● ●●
● ●●● ●●● ●●● ●

●● ●●● ●●● ●●● ●●● ●

●

●

●

●

●

●

●
●●
●
●
●

●
●
●
●

●

●●
●●

●●●
●

●
●

●

●●
●●●
●

●

●●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●
●

●

●
●

●

●
●

●●●●

●
●

●●

●

●●
●

●
●

●●

●●●●
●

●●

●

●

●
●

●

●●

●

●
●●

●●●●●●●●

●●
●●●●

●●
●

●●●●

●
●
●

●

●
●●● ● ●

●

●
●
●

●●

●●

●

●●

●
●
●

●

●

●

●
●
●●

●
●

●
●

●

● ●

●● ●

●● ●
●

●

●●

●

●
●●
●

●
●●
●
●
●●
●

●
●●
●

●●●
●●●●
●●●●●
●●●

●●●
●●●●●
●●●●●
●●

●●●
●●●●●
●●●●●
●●

3 12 21 30 39 48 57 66 75.1

−0.4 −0.2 0.0 0.2 0.4

−0
.4

−0
.2

0.
0

0.
2

0.
4

0.
6

Loadings

Comp 1

Co
m

p 
2

●

●

●

●

●

●

●

●

●

●

●

●

Lignocellulose

Lipid

Protein

lignin

content

catalyst

T

t_h

t_r

CH

HHV_B

WSO

Fig. A.6: PC1 (34.94 %) vs. PC2 (15.57 %) score and loading plots (PCA model of factors and WSO for
all groups of biomass). The color gradient on the scores plot corresponds to di�erent yields of WSO
(blue-low, red-high). The loading plot shows which factors are related to WSO yields.
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The correlation between WSO and the variables positioned close to it on the load-
ing plot was additionally conÆrmed by calculation of Spearman’s correlations with
bootstrap conÆdence intervals. The following PLS regression model, summarized
with the regression coe�cient plot in Figure A.7, was better than the corresponding
model for OY (RMSE = 13.1, R2 = 0.44, Slope = 0.50). According to the results, the
production and accumulation of WSO in the water phase was favored for lipid-rich
feeds (algae), high lignin contents, high concentrations of catalyst, long reaction
times, fast heating rates, and low C/H ratios. This indicates, that algae biomass
with low C/H ratios is easier to convert into water soluble organics and oil in HTL
when combined with fast heating rates. On the other hand, the amount of homoge-
neous catalyst and the reaction time seem to control the distribution of the products
between the water and the biocrude phases. As described in Section 4.1, the OY
values are maximized at lower amounts of catalysts and short reaction times. The
dependence of WSO on the biomass type was conÆrmed by Tukey’s test, the results
of which are summarized in Figure A.8. There was no signiÆcant di�erence in the
average WSO yields produced from lignocellulose and protein-rich feeds, while uti-
lization of lipid-rich biomass (algae) as feed resulted in increased WSO yields. The
performance of the PLS regression model for WSO was improved signiÆcantly for
lignocellulosic biomass (RMSE = 6.43, R2 = 0.76, Slope = 0.78). According to this
model, in addition to the amounts of homogeneous catalyst, WSO is also governed
by the biomass composition and properties. The regression coe�cient plot shown
in Figure A.9 demonstrated that high HHV values, low C/H ratios, and high lignin
contents decrease WSO production when lignocellulose is applied as feed.
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Fig. A.7: Regression coe�cients with 95 % conÆdence interval for WSO values (calculated with PLS for
all biomass groups). The size, sign, and the conÆdence intervals are used to judge the importance of
each factor.
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When the conÆdence intervals cross 0, there is no signiÆcant di�erence between the groups.
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4.3 HHV

A PCA analysis of the factors combined with HHV values did not show any clear
connections between the biocrude energy content and the process parameters, as
demonstrated by the score and loading plots in Figure A.10. However, according
to the Spearman’s correlation values, there was a measurable correlation between
HHV, biomass content, reaction temperature, and reaction time. As indicated by
Tukey’s test results shown in Figure A.11, the biocrude from algae tended to be more
energy-rich than the biocrude from the other two types of biomass. The PLS re-
gression model for HHV and all groups of biomass was quite poor (RMSE = 6.54,
R2 = 0.24, Slope = 0.28). An improved regression model for lignocellulose only
(RMSE = 3.10, R2 = 0.74, Slope = 0.77) showed that the biocrude energy content
depends mostly on the biomass content and properties, and not the process condi-
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tions. However, as evidenced by the regression coe�cients displayed in Figure A.12,
heating time inØuences the HHV of the biocrude as well. OY and HHV can be con-
sidered together as a direct measure energy recovery from HTL. On the whole, most
energy is recovered from HTL with algae as feed, at high reaction temperatures, fast
heating rates, and relatively small homogeneous catalyst amounts.
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Fig. A.10: PC1 (37.96 %) vs. PC2 (17.65 %) score and loading plots (PCA model of factors and HHV for
all groups of biomass). The color gradient on the scores plot corresponds to di�erent values of HHV
(blue-low, red-high). The loading plot shows which factors are related to HHV.
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5 Conclusions

The multivariate approach used in this study was proven to be useful for analysis
and prediction of the output from HTL. Generally, the regression models combining
all groups of biomass were of poor statistical quality, most probably due to the lack
of trends common for lignocellulose, algae, and protein waste. This indicates that
each biomass requires a di�erent approach for an optimal biocrude production.
Several successful regression models, e.g. OY for algae, WSO for lignocellulose,
and HHV for lignocellulose, were obtained. The composition of the feed was the
most signiÆcant factor, with algae yielding the largest conversion rates, oil yields,
and energy contents. The conclusions supported known axioms of HTL, including
the inØuence of temperature, heating, and reaction times on the production of
biocrude and WSO. While the overall conversion rates seemed to be governed by
biomass properties and the applied heating rates, the amount of homogeneous
catalyst and reaction time controlled the distribution of the products between WSO
and biocrude. The yields of biocrude and WSO were maximized at the opposite
reaction conditions with regard to the homogeneous catalyst amount and the time
of reaction. The energy content in the biocrude from HTL of lignocellulose has
been shown to be dependent mostly on the biomass content and properties.
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1. Introduction

Abstract

Although hydrothermal liquefaction of biomass (HTL) is considered one of the most
promising techniques for production of drop-in biofuels, the challenges associated with
its development and expansion are still signiÆcant. One of the issues is concerned with
characterization of the liquid product (biocrude) and by-product (aqueous phase), which,
due to their complexity and polarity, are considered an analytical challenge. In this
study, solid-phase microextraction (SPME) combined with gas chromatography mass spec-
troscopy (GC-MS) were applied for a qualitative characterization of both the aqueous
phase and the biocrude from HTL. Furthermore, a method for an optimal application of
SPME on water soluble organics (WSO) was developed with regard to the Æber type and
a number of extraction parameters. For the biocrude, the optimization was limited to the
Æber type. Four di�erent SPME Æbers were used, namely 65 µm poly(dimethylsiloxane)
divinylbenzene (PDMS/DVB), 85 µm poly(acrylate) (PA), 7 µm poly(dimethylsiloxane)
(PDMS), and 100 µm poly(dimethylsiloxane) (PDMS), covering a wide range of potential
compounds. The results have shown that characterization of liquid products from HTL
is signiÆcantly improved by application of SPME. Four groups of compounds were identi-
Æed: I) Low molecular weight (MW) aliphatics; II) Cyclic compounds; III) Aromatics; and
IV) High MW compounds. The oil phase consisted ofdeoxygenated species of chemicals
present in the water phase, including complex polymerized cyclic structures and aromatic-
aliphatic assemblies. 65 µm PDMS/DVB Æber was the most e�cient one for adsorption
of compounds from both the biocrude and the aqueous phase. Keywords: solid-phase
microextraction, hydrothermal liquefaction, biomass conversion, liquid products, method
development.

1 Introduction

Hydrothermal liquefaction (HTL) is one of the most promising thermochemical
techniques [1–6], in which biopolymers are converted by the means of near- or su-
percritical water (Tcr = 647 K and Pcr = 22,1 MPa) into a crude oil-like product
called biocrude [7–13]. One of the greatest advantages of HTL compared to nearly
all other types of biomass conversion techniques is its ability to process any kind of
wet biomass, including complex mixtures of lignocellulose, protein, and fats [14–16].
This is signiÆcant, as Ærst generation biomass, e.g. starch, required for biochem-
ical production of ethanol or chemicals, are expected in the future to be needed
as food for the rapidly growing human population. Waste, on the other hand, is
going to be a nearly unlimited resource and thus an attractive choice in the future
bioreÆnery [17], increasing both the sustainability and the economy of the processes
such as HTL. Since the feed in HTL is complex, so is its Ænal product, typically
a two-phase mixture of biocrude and process water with suspended char particles.
Small amounts of synthesis gas are produced as well. The aqueous phase contains a
great number of polar water soluble organics (WSO), most commonly aliphatic and
aromatic alcohols, acids, and ketones. The derivatives of cresols, phenols, pyrans,
and furans are common as well, and so are sugars [18]. Compared to that, biocrude

115



Paper B.

from HTL contains non-polar short and long chain aliphatic, cyclic, and aromatic
units. Functional groups of limited polarity can occur as well. The aqueous phase
and biocrude have a common origin, i.e. the biomass and its derivatives dissolved
in near- and supercritical water, from which the biocrude is formed during the cool-
ing step.

The complex make-up of the liquid HTL products make them an analytical chal-
lenge [19–21]. While a number of techniques can be used for general description
of the product properties (e.g. heating value, acid number, viscosity), a more de-
tailed characterization is required for understanding the mechanisms behind HTL,
optimizing the process for oil production, and designing an appropriate upgrad-
ing route for the biocrude. Additionally, the knowledge about the composition of
the water phase is crucial for selection of an optimal waste treatment and disposal
procedure. A detailed description of composition can normally be obtained by a
combination of chromatography and spectroscopy, e.g. gas chromatography mass
spectroscopy (GC-MS), which may be the most common analytical tool for descrip-
tion of liquid HTL products [22–27]. Another popular approach includes the use of
liquid chromatography, e.g. high performance liquid chromatography time-of-Øight
mass spectroscopy (HPLC-TOF-MS) [20]. Both methods have a number of disad-
vantages including their prerequisite for the analytes to be volatile or soluble in a
certain solvent, which limits the number of potential compounds identiÆed. Accord-
ing to [28], not more that half of the compounds present in the biocrude from HTL
can be identiÆed with GC-MS. A typical chromatogram of biocrude contains 100-
200 peaks, with approx. 30 being the most signiÆcant ones [20]. The abundance of
peaks leads to bad separation and convolution, and ultimately to a poor identiÆca-
tion. A number of approaches has been tried to improve the analysis of biocrudes
from thermochemical conversion of biomass, mostly pyrolysis [29–33], and similar
conversion routes [34–38]. These studies focus on either an improved separation
or a better identiÆcation, e.g. thin layer chromatography (TLC) [39], ion-exchange
and size-exclusion chromatography [40], Fourier transform ion cyclotron resonance
mass spectroscopy (FTICR-MS) [19, 25, 26, 41–43], and pyrolysis coupled to gas
chromatography mass spectroscopy (Pyr-GC-MS) [44, 45]. However, a number of
simpler possibilities, including solid-phase microextraction (SPME), which has been
successful in a number of other applications [46–48], remains unexamined. SPME
is an innovative solvent-free extraction method concerned with the equilibrium be-
tween the sample and a Æber covered with adsorbent or absorbent material, rather
than the exhaustive transfer of compounds known from liquid-liquid extraction
(LLE) [49]. The unique mechanism behind SPME makes it interesting as a possible
application for analysis of complex and rather concentrated matrices, but so far, it
has been used very sparingly in connection with HTL [50]. In this study, the perfor-
mance of SPME as a tool for sampling of compounds from HTL products, both the
aqueous phase and biocrude, for GC-MS was examined qualitatively. Furthermore,
a method for an optimal application of SPME on the water phase was systematically
developed.

116



2. Materials and Methods

2 Materials and Methods

2.1 Samples and materials

The biocrude and aqueous phase samples used in this study were produced by con-
tinuous liquefaction of aspen wood and glycerol with a catalyst (K2CO3) in a bench
scale reactor (CBS1) at the Department of Energy Technology, Aalborg University.
Process conditions were 400 °C and 30 MPa. The properties of the biomass and
separation procedure are described previously [51]. Both the aqueous, as well as the
biocrude samples, were analyzed with SPME by withdrawing an aliquot with an au-
tomatic pipette and placing it in a vial. A number of GC-MS runs with liquid-liquid
extraction (ratio 1:1, extraction time 30 min, DEE (diethyl ether) as the solvent for
the aqueous phase, hexane for the oil) of the samples was performed for comparison
purposes. When indicated, trimethylsilyl triØuoromethanesulfonate (TMS) was used
as derivatization agent. For the water phase, TMS derivatization was proceeded
by I) drying, or II) DEE extraction. The TMS procedure was as follows: addition
of 0.002 cm3 TMS to 5 mg sample, heating to 75 °C for 1 hr, removal of the sol-
vent, GC-MS analysis in 5 cm3 hexane. The organic solvents were purchased from
Sigma Aldrich: hexane (ACS reagent, anhydrous, � 99.9 %), diethyl ether (DEE, ACS
reagent, anhydrous, � 99.9 %), trimethylsilyl triØuoromethanesulfonate (TMS, pu-
rum, � 98 %). The used salting-out agent was sodium chloride (NaCl, ACS reagent,
anhydrous, free-Øowing, � 99 %).

2.2 SPME Æbers

The SPME holder (manual sampling), and Æbers used in the study were purchased
from Supelco (Bellefonte, PA, USA). Four di�erent Æbers were tested: 7 and 100
µm poly(dimethylsiloxane) (PDMS), 65 µm poly(dimethylsiloxane) divinylbenzene
(PDMS/DVB), and 85 µm poly(acrylate) (PA). The needles were either 3 or 24 gauge.
Before the Ærst daily analysis, the Æbers were conditioned in the GC injector as rec-
ommended by the manufacturer (Table B.1). For the following injections, a cleaning
run was performed (30 min at T = 250 °C), followed by a blank run checking for a
possible carry-over. The Æbers were immersed either in the head-space (HS) or in
the liquid phase (direct immersion, DI) of the samples. A fresh sample (5 cm3 for HS
and 10 cm3 for DI) was placed in a 22 cm3 glass vial containing a magnetic stirrer
(when necessary with added salt, acid, or base), and sealed using a PTFE-coated
silicone rubber septum. The vial was placed in a thermostated water bath adjusted
to the experiment conditions tested (Text ) and tempered for 2 min. The depth of
immersion (reading 4.0 on the holder) was controlled by the screw and was constant
through all steps of the process. Once the extraction step was Ænished after text , the
Æber was retracted into the SPME syringe and any drop of water attached to the
needle was removed with a tissue. The syringe was then injected directly through
the GC septum and into the GC injection port at Tinj and desorbed for 5 seconds.
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Table B.1: Properties and conditioning temperatures for the Æbers.

Fiber Type Target compounds m/z Tcond (°C)
65 µm PDMS/DVB Adsorbent Volatiles, amines and amides 50-300 250
85 µm PA Absorbent Polar semi-volatiles 80-300 280
100 µm PDMS Absorbent Volatiles 60-275 250
7 µm PDMS Absorbent Non-polar high MW 125-600 320

2.3 Process parameters

A number of parameters, including the inØuence of extraction (adsorption or ab-
sorption) temperature (Text = 25 °C or 50 °C), extraction time (text = 10 min or 20
min), salt presence, pH (pH below 2, ⇡6, or above 12 determined by MColorpHastTM

pH Indicator Strips), type of Æber used (see Section 2.2), and extraction method (HS
and DI), were screened for their inØuence on SPME of WSO from the HTL aqueous
phase. The pH of the water samples was adjusted by addition of HCl (below pH
= 2) or NaOH (above pH = 12). Salinity was changed by addition of 1 g of NaCl.
Not all combinations of the factors were examined. An initial screening of the per-
formance of the Æbers under selected standard conditions was performed for both
HS (Text = 25 °C, text = 20 min, no salt, pH ⇡ 6) and DI (Text = 25 °C, text = 10
min, no salt, pH ⇡ 6). This was followed by an examination of the e�ects of pH
on HS extraction from the Æbers, and a study of the inØuence of salt on HS and
DI uptake from the 65 µm PDMS/DVB Æber. The e�ect of time and temperature
of extraction was determined for HS method and all the Æbers. The combinations
of factors chosen for analysis were selected and performed in triplicate. SPME of
organics from the biocrude was evaluated with regard to the Æber type, but not the
extraction conditions. Due to the properties of the biocrude and poor durability of
the Æbers, it was not possible to study the inØuence of pH, the presence of salt, or
the extraction method (HS or DI). The biocrude was extracted at Text = 25 °C for
10 min.

2.4 Apparatus

The samples were all analyzed with a Perkin Elmer Clarus GC 580 and MS SQ
8 S with EI ionization and quadrupole ion analyzer. The gas chromatograph was
equipped with a PerkinElmer Crossbond column (30 m X 0.25 mm ID) coated with
0.25 µm stationary phase (95 % dimethyl polysiloxane and 5 % diphenyl) and the
carrier gas used was helium (constant Øow 1 cm3/min). Detector temperature was
180 °C. Electron impact mass spectra were recorded at 70 eV ionization energy.
The injector was used in split mode (50:1). The applied SPME method involved
desorption at Tinj = 200 °C followed by a heating ramp of 10 °C/min from Tstart
= 40 °C (hold for 2 min) to 200 °C (hold for 2 min). A solvent delay time of 1
min was used, to avoid overloading the mass spectrometer with organic solvents.
The samples extracted with LLE were analyzed using the following method: Tinj =
300 °C, split 30:1, heating ramp of 20 °C/min from Tstart = 75 °C (hold 1.5 min) to
275 °C (hold for 10 min), solvent delay 2.5 min, scan m/z 75 - 600. A provisional
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identiÆcation of the compounds was performed with the NIST database.

3 Results and Discussion

3.1 Water phase characterization

In the water phase, more than 140 compounds of diverse polarity were found and
tentatively identiÆed with the NIST database. The identiÆcations were evaluated
with regard to the values of reverse match factor (RMF), which is considered a
particularly useful tool for samples with a complex matrix. In general, the iden-
tiÆcations were of high quality. Quantitatively speaking, the distribution of the
obtained RMF values was [786, 866, 895] for the 1st (Q1), 2nd (Q2), and 3rd (Q3)
quartiles of the identiÆed compounds, respectively. This means, that only 25% of
the identiÆcations had a RMF value below 786. The minimum value was 732. Most
of the compounds were identiÆed with a RMF of 866 (median), while 25 % of the
RMFs were above 895. The compounds could be divided into four distinct groups
of organics with nearly consecutive retention times:

1. Low molecular weight (MW) polar aliphatics (RT ⇡ 1 - 5 min)

2. Cyclic compounds - homo- and heterocyclic (RT ⇡ 5 - 10 min)

3. Phenol derivatives (RT ⇡ 10 - 14 min)

4. High MW compounds (RT ⇡ 14 - 20 min)

A systematic evaluation of the most signiÆcant peaks and the abundance of the
corresponding compounds found in the water phase is shown in Tables B.6 and B.7.
Only a limited number of high MW compounds is listed, as their overall impact
on the samples’ content was low. The group of polar aliphatics was represented by
small alcohols, ketones, and esters. The most common cyclic compounds included
methylated cyclopentanone and cyclopentenone derivatives, and a number of hete-
rocyclic compounds, e.g. furans and dioxins. The major constituents of the water
phase obtained with SPME were in accordance with previous results using standard
separation methods [52–56]. However, the results have also shown that a combined
SPME GC-MS method is much more e�cient at identiÆcation of the polar WSOs
compared to the standard extraction methods (Figure B.1), which tend to underesti-
mate the complexity of the aqueous phase. LLE can still be useful for determination
of certain compounds, e.g. methylated benzenediols (DEE), benzopyrans (DEE and
TMS), and glycerol (TMS). The most descriptive WSO analysis should therefore
combine the results from SPME, liquid-liquid extraction, and derivatization.
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Fig. B.1: Comparison between LLE results for the water phase (extraction with DEE and TMS) and the
current SPME results (HS, 65 µm PDMS/DVB, Text = 50 °C, no salt, pH⇡6, text = 10 min).

3.2 Biocrude characterization

The biocrude samples were analyzed with 65 µm PDMS/DVB, 85 µm PA, and 100
µm PDMS Æbers, covering a wide range of possible compounds including volatiles
and semi-volatiles, polar and non-polar compounds. Compared to the traditional
methods of biocrude analysis, SPME yielded a more detailed description of the oil
(Figure B.2), identifying, once again, more than 140 number of compounds over
a wide range of retention times (Table B.8). SPME on the biocrude was clearly
dependent on the type of Æber applied, with 65 µm PDMS/DVB being the most
e�cient one. On average, approx. 85% of the most signiÆcant peaks could be
explained (Table B.2). The distribution of the obtained RMF values was [778, 847,
896] for the 1st (Q1), 2nd (Q2), and 3rd (Q3) quartiles of the identiÆed compounds,
respectively. The biocrude contained a number of components found in the water
phase, which was not surprising, considering their common origin. Small acids,
alcohols, ketones, and aldehydes, that were seen in WSO, were, to a certain degree,
replaced by C4-C8 branched aliphatic alkanes and alkenes, while the amount of
cyclopentenone derivatives was reduced by their conversion to cycloalkanes. The
aromatic compounds were present as well, but as toluene and naphthalene, and not
phenol derivatives. A small amount of oxygenated compounds could still be found
in the biocrude, mostly in the form of ether links. At high RT values (RT � 9 min),
high MW molecules have begun to emerge.
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Fig. B.2: Comparison between LLE results for the biocrude (extraction with DEE and TMS) and the
current SPME results obtained with di�erent Æbers (HS, Text = 25 °C, text = 10 min) for characterization
of the biocrude from HTL.

Table B.2: The distribution of the compounds found in the biocrude with SPME GC-MS (HS, 65 µm
PDMS/DVB, Text = 25 °C, text = 10 min).

Compounds Peak A (%)

Aliphatic 3.41 %
Cyclic compounds 34.9 %
Aromatic 46.5 %
Explained 84.8 %

3.3 Reaction mechanisms

The lignocellulosic biomass is degraded by depolymerization of protolignin, and the
resulting biopolymers (lignin oligomers, cellulose, and hemicellulose) are further hy-
drolyzed into monomers and dimers of phenylpropane (e.g. anisoles, alkylphenols,
guaiacols and catechols), glucose, and C5-sugars. More stable conversion prod-
ucts may remain as oligomeric and dimeric units. At this point, the compounds
are dissolved in the water phase and can follow a number of pathways, depending
on the reaction conditions [57–60]. From the obtained products, it was clear that
the formed mono-sugars were converted into WSO both through the retro-aldol
condensation and the dehydration reaction.The former mechanism took place with
base as catalyst and resulted in formation of low MW compounds, e.g. butanone,
pentanol, hexanone. In the latter scheme, sugars were initially converted with acid
as catalyst into furan, and then into cyclopentanone and cyclopentenone derivatives
(2,4-dimethyl-cyclopentanone, 3,4-dimethyl-2-cyclopenten-1-one, and 4,4-dimethyl-
2-cyclopentene-1-one). These smaller units continued to be dehydrated and decar-
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boxylated into oxygen free alkanes and cycloalkanes (hexane, 1,2,3,4-tetramethyl-
cyclobutene), which were then polymerized into complex high MW structures like
4-isopropylidene-2-methyl-cyclopentan-1-al. It is well known, that the dehydration
reactions, if left unchecked, will result in formation of unstable structures that tend
to repolymerize into solid char. An alternative origin of the high MW compounds
could be assigned to the incomplete depolymerization of the biomass. The aro-
matic phenol derivatives could have originated both from the cleavage of the ether
links from the protolignin feed, but also from the conversion of cellulose through
condensation and cyclization of unstable glucose conversion intermediates [61]. The
former mechanism is more probable, as the reported intermediate WSO compounds
were rich in oxygen, which would Æt with the original structure of lignin. The phe-
nolic compounds were reduced further to toluene and its derivatives by removal of
oxygen through dehydration or decarboxylation. These compounds were not poly-
merized into polyaromatic structures, but tended to be joined with the aliphatic
alkanes of small MW forming long tails. Upon cooling the homogeneous reaction
mixture is separated into WSO and the biocrude fractions. The reaction pathways
for biomass conversion in HTL are summarized on Figure B.3.

3.4 Method development for aqueous phase

Fibers and methods (HS and DI) The e�ectivity of each SPME sampling proce-
dure was estimated with the total area of GC-MS peaks as indicator for the amounts
of transferred (adsorbed or absorbed) compounds. The extraction depended both
on the Æber type and the process conditions applied (column pH ⇡ 6 in Table B.3).
Among the investigated Æbers, the adsorbent 65 µm PDMS/DVB Æber has shown
the largest HS uptake at the selected standard conditions, while the transfer to the 7
µm PDMS Æber was more than 40 times smaller. The 65 µm PDMS/DVB Æber is an
adsorbent Æber, in which DVB particles are suspended in a PDMS liquid phase. The
mechanism of extraction for this Æber type involves physical entrapment of the ana-
lytes in micro- meso-, and macrophores of the coating. The small and middle-sized
compounds, so commonly found in the HTL aqueous phase, were easily trapped
internally, while high MW compounds were adsorbed on the surface and held there
by hydrogen bonding and Van der Walls interactions. Absorbent Æbers (85 µm PA,
7 µm PDMS, and 100 µm PDMS) are covered by one type of a liquid sponge-like
coating. In this case, extraction is based on partitioning of analytes retained by the
coatings’ thickness. As shown by the results, the absorbent Æbers were generally
less e�ective for extraction, either uptake or retention, of the WSO compounds.
The same compounds were extracted by the di�erent Æbers. The uptake by HS and
DI was approximately the same for all Æbers (twice as big for the double amount
of sample: 100 µm PDMS - 1.39·108, 85 PA - 1.56·108, and 7 µm PDMS - 1.76·107,
65 µm PDMS/DVB - 1.38·108). HS was the preferred method of extraction rather
than DI, which, in most cases, led to the introduction of water into the column and
convolution of the peaks.
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Fig. B.3: Reaction pathways showing the most common compounds identiÆed by SPME.

The variability in extraction e�ciency by SPME could be assessed in more detail
by application of quantitative analysis, e.g. internal standard method. The applied
semi-quantitative peak area method gives only a rough estimate of the amounts of
compounds in the samples.
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pH (HS) and NaCl (HS and DI for 65 µm PDMS/DVB) Since only neutral, non-
ionized species are transferred to the SPME Æbers, a strong dependence between
the extraction yield and the pH of a sample is expected for acidic and basic species
present. A low pH value would lead to a full conversion of the acidic analytes into
neutral forms and their enhanced extraction. At high pH values, the extraction
e�ciency of bases would increase. ModiÆcation of pH led to a signiÆcant decrease
of the HS uptake on the 65 µm PDMS/DVB Æber for acidic pH values, and a similar
moderate reduction in the basic environment (Table B.3 and Figure B.4).

Table B.3: SPME GC-MS results for the aqueous phase, di�erent Æbers, and pH values (HS, Text = 25
°C, no salt, text = 20 min). Fiber 85 µm PA was investigated at pH ⇡ 6 and pH  2. Fiber 7 µm PDMS
was investigated at pH ⇡ 6 and pH � 12.

pH⇡6 Acidic pH2 Basic pH�12
Fiber type Peak A RSD% Peak A RSD% Peak A RSD%

65 µm PDMS/DVB 2.10·108 19.4 1.38·108 32.9 1.86·108 8.12
100 µm PDMS 4.12·107 17.4 5.45·107 46.5 4.78·107 10.6
85 µm PA 9.32·107 22.0 1.45·108 65.7 - -
7 µm PDMS 5.85·106 23.1 - - 7.03·106 7.09
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Fig. B.4: Comparison between SPME of WSO from the water phase for di�erent pH values (HS, 65 µm
PDMS/DVB, Text = 25 °C, no salt, text = 20 min).

However, there was no statistically signiÆcant di�erence for HS extraction for the
absorbent Æbers obtained at di�erent pH values. DI sampling was not studied for
di�erent pH levels in order to avoid Æber damage due to the direct contact of the
coating with samples at very low or high pH values. As reported previously [62, 63],
addition of salt may result in a change of the partial pressure of analytes, solubility
and surface tension, increasing the yield of analyte uptake. The presence of NaCl
resulted in a slightly increase of the uptake on the 65 µm PDMS/DVB Æber with HS
(the peak area under the chromatograms with and without salt was 2.67·108 contra
2.10·108, respectively). The uptake on the 65 µm PDMS/DVB Æber by DI resulted
in an even more signiÆcant increase in extraction when salt was added (2.01·108
contra 1.38·108, respectively).
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Adsorption time (HS) Time of adsorption is the period when the the Æber is ex-
posed to the sample. Ideally, an interfacial equilibrium position should be reached
within this period, which is essential for obtaining the maximum e�ciency, pre-
cision, and low detection limits. For HS and 65 µm PDMS/DVB Æber, the time
of adsorption inØuenced the amount of organics deposited on the Æbers, generally
increasing the latter with the former. As shown in Table B.4, for the low MW acids,
ketones, aldehydes, and alcohols, the uptake increased initially (text = 10 min), and
then decreased again (text = 20 min), most probably due to the competition be-
tween the compounds for the adsorption sites and desorption of the more volatile
compounds. Increasing the time of adsorption had a slightly negative e�ect on the
overall HS uptake of compounds on the 100 µm PDMS Æber (total peak area was
1.45·108 for t = 10 min and 1.38·108 tor t = 20 min), but had no e�ect at the remain-
ing Æbers. It was noted, that the uptake of high MW compounds was rather poor at
Text = 25 °C independently of text (Figure B.5).

Table B.4: SPME GC-MS results for the aqueous phase and di�erent adsorption times (HS, 65 µm
PDMS/DVB, Text = 25 °C, no salt, pH ⇡ 6).

text 5 min 10 min 20 min

Peak A RSD (%) Peak A RSD (%) Peak A RSD (%)

Aliphatic low MW 1.29·107 5.96 1.69·107 17.1 1.32·107 7.45
Cyclic compounds 7.20·107 9.29 8.24 ·107 18.2 9.73·107 13.5
Aromatic 2.42·107 6.48 4.89·107 19.9 6.74 ·107 13.5
Total 1.09·108 1.48 ·108 1.78·108
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Fig. B.5: Comparison between SPME of WSO from the water phase for di�erent adsorption times (HS,
65 µm PDMS/DVB, Text = 25 °C, no salt, pH ⇡ 6).

Adsorption temperature (HS) An increased temperature of adsorption (Text ) is
expected to decrease the time required to reach the equilibrium zone and increase
the uptake of the compounds. This can be explained by the increased di�usion
and partial pressure of volatile species at elevated temperatures. However, too high
temperatures could lead to thermal desorption of the more volatile compounds. The
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positive correlation between the uptake and Text was proved for speciÆed groups of
compounds transferred to the 65 µm PDMS/DVB Æber by HS (Table B.5), for which
the uptake increased with temperature. The trend was strongest for the low MW
organics and the aromatics. The same results were achieved with HS for the 85 µm
PA Æber (for T = 25 °C the peak area was 2.14·108, while for T = 50 °C the peak area
was 5.71·108). However, increasing the temperature of adsorption had the reverse
e�ect on the HS uptake by the 100 µm PDMS (for T = 25 °C the peak area was
1.45·108, while for T = 50 °C the peak area was 4.12·107), and the 7 µm PDMS (for
T = 25 °C the peak area was 1.18·108, while for T = °C the peak area was 3.53·107)
Æbers, decreasing the adsorbed amounts with increasing temperature. It must also
be noted that at high Text , the relative standard deviation of the measurements
increased with increasing temperature. The best reproducibility was achieved at
low temperatures and extraction times. QuantiÆcation with SPME is challenging
due to the fact that results depend heavily on the equilibrium (or pre-equilibrium)
state in the vial, and are therefore sensitive to minuscule changes in extraction
conditions.

Table B.5: SPME GC-MS results for the water phase and di�erent adsorption temperatures (HS, 65 µm
PDMS/DVB, no salt, pH ⇡ 6, text = 10 min).

Text 25 °C 50 °C

Peak A RSD (%) Peak A RSD (%)

Aliphatic low MW 1.69·107 17.1 2.29·107 16.1
Cyclic compounds 8.24 ·107 18.2 9.06·107 15.5
Aromatics 4.89·107 19.9 9.60·107 22.2
Total 1.48·108 2.09·108

4 Conclusions

A combination of SPME and GC-MS was shown to be an excellent low-tech method
providing detailed characterization of the organics in the water phase and biocrude
from HTL. The method is fast, does not require organic solvents, and can be applied
in combination with standard GC-MS equipment. The results from the analysis
of the aqueous phase have shown that its composition is far more complex than
previously anticipated. Four signiÆcant groups of compounds were identiÆed in the
water phase and the biocrude: aliphatics, cyclic compounds, aromatics, and high
MW compounds. The di�erence between the composition of the water phase and
the biocrude was related to the compounds’ polarity and oxygen content. SPME
of organics from the biocrude depended on the Æber type. The adsorbent Æber
65 µm poly(dimethylsiloxane) divinylbenzene (PDMS/DVB), which was designed for
extraction of diverse volatiles, was the best choice for analysis of both the water
and the oil phases. Extraction from the water phase was strongly dependent on
both the Æber type and the process conditions, especially the adsorption time and
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temperature. Optimal SPME of WSO was achieved with HS, Text = 50 °C, text = 10
min, and pH ⇡ 6. Addition of salt resulted in a slight, but statistically insigniÆcant,
increase in the mass transfer.
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6 Supporting Information

Table B.6: Compounds identiÆed by SPME GC-MS analysis in the water phase (HS, 65 µm PDMS/DVB,
Text = 50 °C, no salt, pH⇡6, text = 10 min). Q represents the quartile of identiÆcation quality.

Nr. RT Compound Peak A (%) Q
1 1.81 Acetone 0.54 Q3
2 2.01 2-Propyl propionate 0.89 Q3
3 2.30 2-Butanone 1.07 Q3
4 2.56 Methyl propionate 0.79 Q3
5 2.88 2-Butanone, 3-methyl- 0.80 Q3
6 3.13 2-Butanol, 3-methyl- 0.61 Q1
7 3.21 2-Pentanone 1.06 Q2
8 3.88 1-Butanol, 2-methyl 0.43 Q3
9 4.68 3-Hexanone 0.69 Q3
10 4.78 Cyclopentanone 1.78 Q3
11 5.53 2-Cyclopenten-1-one 0.78 Q2
12 5.66 Cyclopentanone, 2-methyl- 3.01 Q3
13 5.77 Clopentanone, 3-methyl 0.77 Q3
14 6.34 3-Hepten-1-ol 1.22 Q1
15 6.41 Cyclopentanone, 2,5-dimethyl- 0.58 Q3
16 6.51 Cyclohexanone, 3-methyl- 0.73 Q2
17 6.55 Cyclopentanone, 2,4-dimethyl- 0.76 Q2
18 6.75 Cyclopentanol, 2,4-dimethyl- 2.18 Q1
19 7.40 2-Cyclopenten-1-one, 3,4-dimethyl- 4.56 Q2
20 7.52 Cyclopentene-4-methyl 0.71 Q2
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Table B.7: Compounds identiÆed by SPME GC-MS analysis in the water phase (HS, 65 µm PDMS/DVB,
Text = 50 °C, no salt, pH⇡6, text = 10 min). Q represents the quartile of identiÆcation quality.

Nr. RT Compound Peak A (%) Q
21 7.86 2-Cyclopenten-1-one, 3-methyl- 0.98 Q2
22 7.95 2-Cyclopenten-1-one, 3,4,4-trimethyl- 1.63 Q2
23 8.15 Phenol 0.82 Q2
24 8.34 2-Cyclopenten-1-one, 3,4-dimethyl- 1.54 Q2
25 8.44 2-Cyclopenten-1-one, 2,3-dimethyl- 1.84 Q2
26 8.84 4,4-Dimethyl-2-cyclopentene-1-one 0.95 Q3
27 9.01 1-Methyl-2-(4-methylpentyl)cyclopentane 1.41 Q2
28 9.13 2-Cyclopenten-1-one, 2,3-dimethyl- 3.80 Q2
29 9.37 Phenol, 2-methyl- 2.95 Q3
30 9.53 2-Cyclopenten-1-one, 2,3,4-trimethyl- 4.61 Q2
31 9.70 Phenol, 3-methyl- 1.63 Q2
32 9.97 2-Cyclopenten-1-one, 3,4,5-trimethyl- 3.16 Q3
33 10.12 Bicyclo(2,2,2)octane 0.72 Q2
34 10.17 1-Isopropylcyclohex-1-ene 0.96 Q2
35 10.24 Phenol, 2,3-dimethyl- 4.88 Q2
36 10.29 Benzofuran, 2-methyl- 2.24 Q1
37 10.44 2-Cyclopenten-1-one, 2,3,4,5-tetramethyl- 0.77 Q2
38 10.65 Cyclohexane, (1-methylethylidene)- 1.16 Q2
39 10.69 Phenol, 2-ethyl- 1.10 Q1
40 10.85 Phenol, 3,5-dimethyl- 4.04 Q2
41 11.05 1-Cyclohexene-1-carboxaldehyde, 2,6,6-trimethyl- 3.73 Q1
42 11.29 1,3-Hexadiene, 3-ethyl-2,5-dimethyl- 0.97 Q1
43 11.44 Phenol, 2-ethyl-4-methyl- 0.99 Q2
44 11.57 2-Cyclopenten-1-one, 2,3,4,5-tetramethyl- 2.81 Q1
45 11.66 1,4-Benzenediol, 2,3,5-trimethyl- 2.90 Q1
46 11.73 Phenol, 2,3,6-trimethyl- 4.39 Q1
47 11.94 p-Propargyloxytoluene 1.65 Q1
48 12.04 Phenol, 3-ethyl-5-methyl- 1.03 Q1
49 12.09 1,5,5-Trimethyl-6-methylene-cyclohexene 0.73 Q1
50 12.19 Phenol, 3-ethyl-5-methyl- 0.92 Q2
51 12.25 3-Cyclohexene-1-carboxaldehyde, 1,3,4-trimethyl- 1.42 Q1
52 12.66 Phenol, 3,4,5-trimethyl- 1.28 Q2
53 12.80 Phenol, 2-ethyl-4,5-dimethyl- 0.74 Q2
54 12.86 Thymoquinone 3.59 Q2
55 13.01 Phenol, 2-methyl-5-(1-methylethyl)- 0.48 Q1
56 13.28 Bicyclo[3.1.1]hept-3-ene-spiro-2,4’-(1’,3’-dioxane), 7,7-dimethyl- 1.70 Q1
57 13.52 Duroquinone 0.87 Q2
58 13.95 Phenol, 2,3,5,6-tetramethyl- 0.81 Q3
59 14.05 Phenol, 2-methoxy-4-propyl- 0.65 Q1
60 14.32 11-Oxatetracyclo[5.3.2.0(2,7).0(2,8)]dodecan-9-one 0.94 Q1

128



6. Supporting Information

Table B.8: Compounds identiÆed by SPME GC-MS analysis in the biocrude (HS, 65 µm PDMS/DVB,
Text = 25 °C, text = 10 min). Q represents the quartile of identiÆcation quality.

Nr. RT Name Peak A % Q

1 2.03 4,6-Dihydroxypyrimidine 1.97 Q2
2 2.40 3-Hexyne 1.97 Q2
3 2.75 Cyclopentene, 1-methyl- 1.93 Q2
4 3.29 n-Hexane 2.79 Q3
5 4.35 Toluene 3.85 Q3
6 4.83 1,4-Hexadiene, 2,3-dimethyl- 2.00 Q3
7 5.06 Cyclobutene, 1,2,3,4-tetramethyl- 1.62 Q2
8 5.62 Cyclopentanone, 2-methyl- 3.10 Q3
9 5.78 Cyclopentane, 2-ethylidene-1,1-dimethyl- 0.75 Q2
10 6.00 Ethylbenzene 1.15 Q3
11 6.14 p-Xylene 3.46 Q3
12 6.25 1,3-Hexadiene, 3-ethyl-2-methyl-, (Z)- 1.35 Q2
13 6.86 2-Cyclopenten-1-one, 2-methyl 2.86 Q2
14 7.38 2-Cyclopenten-1-one, 3,4-dimethyl- 5.09 Q2
15 7.65 3,6-Nonadien-1-ol, (E,Z)- 1.44 Q1
16 7.78 3-Cyclohexen-1-carboxaldehyde, 3,4-dimethyl- 2.00 Q1
17 8.10 Phenol 6.30 Q1
18 8.34 Benzene, 1,3,5-trimethyl- 3.09 Q2
19 8.85 Benzene, 1,4-diethyl- 2.01 Q2
20 9.07 3-Cyclohex-1-enyl-prop-2-enal 4.93 Q2
21 9.33 Phenol, 3-methyl- 7.25 Q2
22 9.50 2-Cyclopenten-1-one, 3,4,4-trimethyl- 3.18 Q3
23 9.65 2,4-Cycloheptadien-1-one, 2,6,6-trimethyl- 4.04 Q1
24 9.93 Indan, 1-methyl- 4.73 Q2
25 10.21 Phenol, 2,5-dimethyl- 3.37 Q3
26 10.57 Phenol, 2-ethyl- 0.91 Q2
27 10.74 3-Cyclohexen-1-ol, 5-methylene-6-(1-methylethenyl)-, acetate 2.50 Q3
28 10.92 2,4-Dimethylstyrene 1.85 Q2
29 11.48 Benzene, 1-methyl-3-(1-methyl-2-propenyl)- 1.54 Q1
30 11.79 Acetic acid, 7-hydroxy-1,3,4,5,6,7-hexahydro-2H-naphthalen-4a-ylmethyl ester 0.81 Q1
31 12.22 Cyclopentan-1-al, 4-isopropylidene-2-methyl- 1.03 Q1
32 12.74 Naphthalene, 1,2-dihydro-4-methyl- 0.77 Q1
33 13.26 Benzene, 1,4-bis(1-methylethenyl)- 2.08 Q1
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1. Introduction

Abstract

The hydrothermal conversion of Kraft lignin (6 wt.%) in the presence of K2CO3 (1.7 wt.%)
was studied as a function of temperature (T = 280 - 350 °C) and phenol mass fraction
(wPh = 0.0 - 9.7 wt.%). The process was carried out in a new batch reactor with injection
of lignin slurry enabling fast heating of the biomass, e�ective control of reaction pressure,
and withdrawal/quenching of the products. An aqueous phase and biocrude were ob-
tained, both containing a broad spectrum of aromatic monomers and dimers. The former
group consisted mostly of methoxybenzenes, guaiacols, catechols, and alkylphenols, while
the latter included anisolic/phenolic dimers. For a given wPh (3.4 wt.%), the total yield
of monomeric aromatics (YT ) was maximized at 320 °C. At T = 300 °C and without
phenol, YT was low, whereas it increased steeply up to wPh = 6.5 wt.%.

Keywords: Kraft lignin, hydrothermal conversion, aromatic monomers, biocrude, co-
solvent, injection.

1 Introduction

Lignin is the second most common terrestrial biopolymer on Earth, and the most
signiÆcant naturally occurring source of aromatics in nature. It accounts for 15 to 40
% of the biomass (on a dry mass basis) and approx. 40 % of its energy content [1–3].
The largest manufacturer of lignin is the pulp industry, with the kraft process being
the dominating technology. The amount of lignin extracted in the pulping process
in the western hemisphere is estimated to be in the order of 50 million tons per year.

Currently, more than 98 % of the extracted lignin is utilized at the pulp mills as a
low value fuel for production of steam and power [1, 2]. The remaining amount,
accounting for approx. 1 million tons per year, is made available for a number of
low-value commercial uses, such as dispersant in cement, binder for animal feed
pellets, additive for drilling Øuids in the oil industry, or dust suppressing agent for
roads [1]. Since the energy e�ciency of pulp mills has been increasing in recent
years, it is anticipated that growing amounts of lignin will be available for external
uses in the years to come [4].

In addition, lignin-rich residue streams are also obtained in the production of
bioethanol from lignocellulosic feedstock, with a number of industrial plants al-
ready operational, under construction, or at demonstration stage. Therefore, val-
orization of the excess lignin is deemed a major factor in maximizing sustainability
and proÆtability of lignocellulosic bioreÆnery units [3].

In recent years numerous chemical process routes for conversion of lignin into valu-
able products, e.g. drop-in biocrude and chemical feedstocks, have been studied
on laboratory scale [5–9]. One of the most promising technologies for converting
lignin is hydrothermal liquefaction (HTL) performed in near-critical water (T = 240

137



Paper C.

- 370 °C and p = 10 - 30 MPa), which has been reported in the literature in a
number of variants [10–16]. The properties of near-critical water (NCW) as a reac-
tion medium are appealing for a number of reasons: NCW exhibits an increased
solvent power towards low-polarity compounds, while still being a good solvent
for polar compounds and salts; the ionic product is higher than at lower tempera-
tures, which leads to catalytic e�ects towards many ionic reactions; the density of
the reaction medium is adjustable, with relatively small variations of temperature
and pressure [17–21]. Moreover, application of NCW as reaction medium renders
the energy intensive process step of drying the biomass obsolete. In addition, the
relatively mild temperatures of NCW allow the integrity of aromatic rings to be
retained, thus favoring process routes leading to aromatic monomeric compounds.

The addition of K2CO3 to the NCW reaction medium was shown to increase the
yields of liquid products and to decrease char formation during conversion of lig-
nocellulosic biomass, with higher yields of liquid products compared to additions
of other alkali salts (Na2CO3) and strong bases (KOH, NaOH) [22–24]. In the case
of hydrothermal conversion of lignin, the beneÆcial e�ect of K2CO3 was observed
to increase the yields of monomeric aromatic compounds [14, 25].

Moreover, the use of organic co-solvents in hydrothermal liquefaction led to a re-
duction in char formation during conversion of lignocellulosic biomass. This e�ect
was explained with the increase of biomass solubility in the reaction medium and
with the action of the co-solvent as capping agent or scavenger of the unstable frag-
ments produced in the depolymerization of biomass [26–29]. In the case of lignin
conversion, phenol was clearly associated with lower char formation due to its role
as capping agent [26–28].

The role of phenol as capping agent was described extensively in studies on hy-
drothermal conversion of a lignin model compound by Lin et al. [30–32]. In addi-
tion, Fang et al. [28] also observed that the use of phenol as co-solvent favor the
solubilization of lignin in the reaction medium. The combined use of K2CO3 and
phenol in the NCW reaction medium gave promising results in the conversion of
Kraft lignin to bio-oil and water-soluble aromatic chemicals [14, 15, 25]. While the
presence of phenol in NCW conversion of lignin showed favorable results, the e�ect
of its amount in the reacting system has not been investigated yet.

Laboratory experiments on NCW conversion of biomass are often performed in
batch mode on small scale reactors ( 100 mL). These systems have the advantage
of minimizing practical problems common for the continuous systems (e.g. clog-
ging of Øow control valves), and are therefore to be preferred in the initial screening
of an innovative process. However, typical laboratory batch equipment for NCW
conversion su�ers from a number of limitations, which makes the interpretation of
the results somewhat uncertain. More speciÆcally, laboratory batch systems often
require the biomass to be charged in the reactor before the heating and pressur-
ization and they lack the means for reaction products quenching, thus leading to
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uncertainties in the interpretation of the reaction time and temperature. Product
quenching is typically only possible in micro-reactors, which can be heated and
cooled in thermostatic baths. However, in these cases, the reactor volume is typ-
ically extremely small (few mL) and does not allow accurate yield calculations of
di�erent product fractions. In addition, batch laboratory reactors used for conver-
sion by NCW are often not equipped with means for controlling reaction pressure,
thus leading to non-negligible density variations of the reaction medium due to the
relatively high compressibility of NCW.

Among these factors, the slow heating time of hydrothermal batch reactors is one
of the major drawbacks when operating on lignocellulosic materials, leading to re-
sults very di�erent from those obtained in continuous stirred tank reactors (CSTR)
or plug Øow reactors (PFR) with product recycle, where a fast heating of the feed
is achieved. As a consequence, results obtained in laboratory scale batch reactors
often do not provide an accurate basis for developing continuous Øow processes.
For example, Kruse et al. [33] found “completely di�erent results” when comparing
hydrothermal gasiÆcation of lignocellulosic biomass in supercritical water in a batch
reactor and in a CSTR.

A possible way to overcome this drawback is to preliminary Æll the batch reactor
with water (or water + additives), heat and pressurize the reactor and then inject the
biomass. This solution, together with the relative technical details, was described by
Modell [34]. A batch system with biomass injection was also reported by Schmieder
et al. [35], even though without details on the operating procedure. A more detailed
description of the advantages that can be obtained with a batch reactor equipped
with an injection system was provided by Barbier et al. [36], who tested a new re-
actor on glucose decomposition in supercritical water. However, not many details
on the speciÆc issues that can be encountered when injecting a biomass slurry were
provided in a subsequent publication which comprised lignin conversion [37].

The aim of the present work is demonstration of a new laboratory batch reac-
tor encompassing fast biomass heating, pressure control, and product quenching.
Fast biomass heating is achieved through feed injection into the pre-heated and
pre-pressurized reactor. Pressure control during reaction is obtained by inject-
ing/withdrawing small and Ænely regulated amounts of water into/from the system.
Additionally, sampling ports for immediate withdrawal and quenching of the prod-
ucts make it possible to stop the hydrothermal conversion at the desired reaction
time. In this work, this new batch reactor was applied to the conversion of Kraft
lignin in NCW, in the presence of K2CO3 and phenol. The e�ect of reaction tem-
perature and phenol mass fraction in the feed was studied.
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2 Materials and Methods

2.1 Materials

The biomass used in this study was Kraft pine lignin Indulin® AT (Specialty Chem-
icals Division, MeadWestvaco Corporation South Carolina, USA). The biomass was
in the form of a free Øowing brown powder with no insolubles in warm aqueous
solution of 5 % NaOH. The moisture content of the lignin powder was 3.6 wt.%, the
ash content was 1.9 wt.%. The average molar mass was 8000 g/mol. The elemental
composition of dry lignin on an ash-free basis was as follows: 64.4 % carbon, 6.7 %
hydrogen, 1.8 % sulfur, and 27.1 % oxygen.

The organic solvents were purchased from Sigma-Aldrich: tetrahydrofuran (THF,
anhydrous, � 99.9 %, inhibitor-free), acetone (used for cleaning purposes, ACS
reagent, � 99.5 %), diethyl ether (DEE, Laboratory Reagent, � 99.5 %, GC). K2CO3
(anhydrous, free-Øowing, Redi-DriTM, ACS reagent, � 99 %) was used as catalyst.
Additional chemicals were used: liqueÆed phenol ( � 89 %, water approx. 10 %) as
co-solvent, N2 ( � 99.998 %) for purging the reactor of oxygen before heating up,
and syringol (2,6-dimethoxyphenol, 99 %) as internal standard (IS). Distilled water
was used in all experiments as the primary reaction solvent.

2.2 Experimental apparatus

The new experimental set-up presented in this work (Figure C.1), built by SITEC-
Sieber Engineering AG, was speciÆcally conceived and designed for biomass hy-
drothermal conversion studies. The core part of the set-up is the reactor (R1, 99
ml, wetted parts in Inconel 625), which can operate up to 400 °C and 300 bar.

The reactor is heated with four electrical heating cartridges immersed in the reactor
shell (500 W each). The inner temperature is measured with a thermocouple type
K (class 1, accuracy ± 0.5 %) and it is controlled by a mixed cascade/slave PID
controller. The reactor pressure is measured at a top connection by a pressure
gauge with an accuracy of ± 1 %. The reactor is equipped with a magnetic stirring
system, coupled with a heating plate providing supplementary heat to the reactor.
Heat dispersion is limited by a high-temperature insulation jacket wrapped around
the reactor. The reactor is connected with two high-pressure precision hand pumps
(P1 and P2; stroke capacity: 100 ml; capacity per revolution: 2 ml; maximum
operating pressure: 300 bar). The pump P1 can be used for injecting/withdrawing
water in/from the system for the purpose of precise pressure control. P1 is protected
by a Ælter (F1) to avoid contact with slurry particles. P2 was speciÆcally designed
with a protecting sealing part for enabling it to pump slurry in and out of the
system. The pressure at the discharge of the hand pumps is measured by two
pressure gauges. The set-up is also equipped with a dedicated Øushing line for
recovering slurry residuals not fed into the reactor. The maximum pressure that
can be reached in the system is limited by a pneumatic valve and a rupture disc set

140



2. Materials and Methods

Magnetic stirrer

TIC

PIPI

PISPI

R1

P2P1

V1 V11

F1

V2

V3
V4

V5

V13

V14V12

Slurry 
remains

Cold trap

Water injection Slurry injection

Bursting disc line Vent line

F2

PV1
No

400 bar

350 bar

350 bar350 bar

Slurry inWater in

Upper sampling port

Lower sampling port

Fig. C.1: P& I diagram for the applied batch/semi-batch reactor system. R1: reactor, P1, P2: hand-driven
pumps; F1, F2: Ælters; V1-V5, V11-V12: closing valves; V13: three-way valve; PV1: pneumatic safety valve;
PI: pressure indicator; PIS: pressure indicator switch; TIC: temperature indicator and controller.

to break at 350 bar. The reactor is equipped with two sampling ports, a lower and
an upper one, through which the reaction products can be withdrawn and conveyed
to a cold trap for quenching.

2.3 Procedure

The reactor charge was split into two parts. The Ærst portion consisted of a solu-
tion of water, phenol, and K2CO3, which was charged into R1 before heating of the
system; the second portion was a slurry composed of water, lignin and K2CO3 (the
lignin slurry), which was injected into the preheated and pressurized reactor. The
lignin slurry was prepared in advance by dispersing the Kraft lignin in a solution of
water and K2CO3. The dispersion was carried out using an IKA Ultra Turrax (30
min, 20000 rpm). Before the injection, the slurry was stirred again for 15 min.

At the beginning of each experimental run, the top lid of the reactor was removed
and the reactor was charged with the Ærst portion of the feed. The reactor was
then sealed by screwing the upper cap securely into place and then Øushed with N2
for 30 min. The mixture in R1 was heated at constant volume, and therefore pres-
surized until a pre-heating temperature (TPH ) slightly above the selected reaction
temperature (TR) was reached [34]. The amount of the Ærst portion was selected in
order to be in the proper range leading to a two-phase (vapor-liquid) mixture until
TPH was reached. The second portion of the feed (i.e. the lignin slurry) was injected
into the reactor through the pump P2 (cold injection). Importantly, the presence of
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a vapor-liquid mixture inside the reactor in the Ærst step of the slurry injection led
to condensation of the vapor, thus preventing the drastic temperature drop that
would have happened with a cold injection into a homogeneous system. This step
of the injection process proceeded until the reaction mixture was completely con-
densed and was characterized by small pressure and temperature variations. The
subsequent step (i.e. cold injection into a condensed system) was relatively short,
being characterized by a steep pressure increase until the reaction pressure and
temperature were reached.

A number of preliminary experimental runs were dedicated to locating optimal
values for the amount of the Ærst portion of the feed, depending on the desired
reaction conditions. Larger quantities of the Ærst portion require small injections of
more concentrated slurry (i.e. the second portion), thus leading to shorter injection
times and smaller temperature Øuctuations, but also to possible practical problems
in pumping the slurry. On the other hand, smaller amounts of the Ærst portion
lead to easier pumping of the slurry but also to higher injection times and larger
temperature Øuctuations. A smooth operating procedure, characterized by no tube
blocking, reasonable injection times and small temperature Øuctuations, was found
charging a Ærst portion of 45.0 g and injecting a slurry of lignin of approximately
12 wt.% as the second portion. The preliminary investigation included nine injec-
tions of lignin slurry (12 wt.%) carried out at ambient conditions, with the aim of
determining the actual composition of the slurry after the injection into the reactor.
The injected mass was collected, dried in an oven for 24 hours at 90 °C and subse-
quently weighed. For all the nine injections, the dry matter content was on average
11.67 wt.% with a standard deviation of 0.27 wt.%. Detailed data are provided as
supplementary content (Table C.6).

Typical injection times were in the range 3 - 5 minutes. Temperature Øuctuations
during the injection were in the range TR ± 15 °C, with the values stabilizing in
the range TR ± 2 °C after less than 2 minutes from the end of the injection. After
the completion of the injection, the pressure in the reactor was kept within ± 5 bar
during the whole reaction time. The pressure control was obtained with water injec-
tion/withdrawal lower than 0.05 mL, as measured from the hand pump revolution.
This value led to a negligible e�ect on the overall composition of the reacting phase.

After the desired reaction time (15 min), the reaction mixture was depressurized by
fast discharge (approx. 30 s) of the reactor content through the lower sampling valve
(V5). At the level of lignin concentration used in this work, clogging of the valve V5
happened only sporadically and could be solved opening the upper sampling valve
(V4) and closing and opening again the valve V5. The mixture was quenched in a
cold trap containing 100 mL of water (measured at ambient temperature) and im-
mersed in an ice bath with salt. Some preliminary runs with depressurization and
quenching of pure water from near-critical states to ambient conditions allowed
optimization of the design of the cold trap in order to achieve negligible losses of
water vapor, together with maximum product temperatures not exceeding 60 °C. At
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Fig. C.2: Separation and analysis of the products from HTL of lignin.

these conditions, the loss of water-soluble aromatic compounds for evaporation can
be considered negligible. The reaction products collected in the trap consisted of
two distinct liquid phases, an aqueous phase and oil. Solid particles were also vis-
ible. The content of the trap was weighed, and then the products were centrifuged
at 5000 rpm for 180 minutes (Figure C.2).

The centrifugation gave an aqueous phase at the top and oil phase at the bottom
(heavy lignin oil). The bottom fraction was recovered using THF; the reactor and
tubing were also washed with THF. The two obtained THF mixtures were mixed and
Æltrated under vacuum through a Pyrex glass Ælter (porosity 2) yielding THF soluble
biocrude (Æltrate, S1) and solids particles (retentate, S2). The solids recovered on the
Ælter papers were dried overnight in oven at 105 °C before weighing. The solvent was
removed from S1 by evaporation at room temperature for 24 hours, thus obtaining
the biocrude. The aqueous phase obtained after the centrifugation was acidiÆed
down to pH 2 and left at rest for 3 hours. The resulting mixture was Æltrated under
vacuum through a pre-weighed Whatman No. 5 Ælter paper, giving an aqueous
phase (Æltrate, S3) containing water soluble organics (WSO) and solids (retentate,
S4). The total solid product obtained as a sum of S2 and S4 is designated in this
work as insolubles. The aqueous phase was stored at room temperature, protected
from light, for subsequent analysis. It appeared to be stable for weeks, with respect
to visual appearance (i.e. no color change). Nevertheless, it was typically analyzed
not more than a couple of days after the reaction.
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2.4 Experimental conditions

In the current study, the inØuence of phenol mass fraction (wPh values between 0
wt.% and 9.7 wt.%, runs a-b-c-d) and temperature (T values between 282 °C and
355 °C, runs e-f-g-h) on the hydrothermal conversion of Kraft lignin was studied
(see Table C.1). Full data of the two portions charged in the reactor are provided
as supplementary content (Table C.6). The value of pressure (p) was adjusted with
the temperature in order to limit, as much as possible, the density variation of the
primary solvent (water). In all experimental runs, this density value was between
605 kg/m3 and 765 kg/m3. The actual overall density measured according to the
loaded mass varied from 791 kg/m3 to 879 kg/m3. The latter values are higher
because the actual reacting system is not pure water and contains higher density
substances, and because of the Øuid in the dead-space of the equipment, which
is at ambient temperature. The mass fraction of lignin and homogeneous catalyst
(K2CO3) were Æxed at approx. 6.0 wt.% and 1.7 wt.%, respectively. In the runs where
temperature was varied, the mass fraction of phenol was held at approx. 3.4 wt.%.
The reaction temperature and pressure reported in Table C.1 are average values
measured during the reaction time. As noted above, Øuctuations were however
small. No runs without lignin were performed, as previous studies have shown that
phenol is stable at the applied hydrothermal conditions [14].

Table C.1: Process conditions in the experimental runs.

Run a b c d e f g h
T = 300 °C with phenol at: Phenol = 3.4 wt.% with T at:

0 wt.% 3.4 wt.% 6.5 wt.% 9.7 wt.% 280 °C 300 °C 320 °C 350 °C
Lignin (dry, wt.%) 6.0 6.0 6.0 6.2 6.0 6.0 5.9 5.7
K2CO3 (wt.%) 1.6 1.7 1.9 1.7 1.7 1.7 1.7 1.7
Pressure (bar) 195 201 197 198 181 201 215 240

Temperature (°C) 298 300 299 299 282 300 321 355

2.5 Analysis

The aqueous samples were added a known amount of internal standard (IS: sy-
ringol), extracted with DEE in a separating funnel (10 mL:10 mL, 1 hr, stirring),
Æltrated through 0.45 µm sterile Ælter, and injected for analysis in GC-MS. The oil
samples were extracted with DEE by mixing approx. 1 g of oil with 20 mL of the
solvent, followed by Æltration through 0.45 µm sterile Ælter, and addition of IS. Sy-
ringol is similar in both structure and the properties to the compounds present, yet
is typically not present in softwood lignin and not formed in the conversion of lignin
in NCW, therefore giving similar response factors (RF) without interfering with the
reaction products [14]. Before adding the IS to a sample, an injection without IS was
carried out to verify the absence of peaks at the retention time of the IS. The GC-
MS analyses were carried out in triplicate. The Relative Standard Deviation (RSD)
of the peak area was checked on a number of representative components, resulting
to be below 5 %. The samples were analyzed and identiÆed with a PerkinElmer
Clarus GC 580 and MS SQ 8 S with electron impact (EI) ionization and quadrupole
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ion analyzer. The gas chromatograph was equipped with a PerkinElmer Crossbond
column (30 m X 0.25 mm ID) coated with 0.25 µm stationary phase (95 % dimethyl
polysiloxane and 5 % diphenyl) and the carrier gas used was helium (constant Øow
1 mL/min). Detector temperature was 180 °C. Electron impact mass spectra were
recorded at 70 eV ionization energy. The GC settings were as follows: injection
temperature 300 °C, split ratio 50/1, heating starts at 70 °C (hold 4.0 min), ramp
to 300 °C (5 K/min, hold for 10 min), solvent delay 3.0 min, and scan m/z 40-400.
Spectral interpretation was performed with NIST 2011 database.

Elemental analysis of the lignin and the biocrude was conducted in triplicate on
a PerkinElmer 2400 Series II CHNS/O elemental analyzer. Approx. 5 mg of the
sample were used in each analysis. In between each 5th run, the apparatus was
checked with a standard compound. Oxygen was calculated by subtraction on a
ash-free dry basis. The higher heating value (HHV) of the produced biocrude was
determined by IKA C 2000 basic oxygen (p = 30 bar) bomb calorimeter (triplicate
measurements). The total carbon content (TC) and the total inorganic carbon con-
tent (TIC) of the aqueous phase were measured in triplicate with an AI-Analyzer
Multi N/C 2100S, and the total organic carbon content (TOC) was calculated by
di�erence. Injection volume was 500 µl. The applied gas was oxygen with pO2
approx. 5 bar, gas ow 160 mL/min, and oven temperature 800 °C. The average
RSD on triplicate TOC measurements was 1.2 %. The water content in the biocrude
was determined in triplicate by a volumetric Karl Fischer unit. Approx. 0.5 g of
sample was dissolved in 5 g THF and then Æltrated. The water content in THF
was measured and then subtracted. The water content in lignin was determined
thermogravimetrically (TGA, N2 Øow 30 cc/min, heating 10 K/min from 25 °C to
115 °C). The average SD was 0.3 %.

3 Results and Discussion

The conversion of Kraft lignin in near-critical water, followed by quenching in the
water trap and centrifugation of the reaction products, resulted in an aqueous phase
and a black oil, heavier than the aqueous phase and containing suspended solids.
TOC of the aqueous phase after centrifugation was measured and the expected
TOC values at the reactor exit (i.e. before quenching) were recalculated taking into
account the dilution in the trap. These values resulted to be between 31 g/L and 35
g/L for runs e-f-g-h, whereas they increased from 21 g/L to 70 g/L for runs a-b-c-d,
as wPh in the feed increased. The aqueous phase after acidiÆcation and removal of
the insolubles was characterized by GC-MS identiÆcation and quantitation of the
water soluble organics (WSO). With regard to the oil, its THF-soluble fraction was
indicated as biocrude and characterized by means of overall parameters (elemental
analysis, HHV, water content). In addition, the lighter fraction of the biocrude,
deÆned as the fraction soluble in DEE, was characterized by means of GC-MS
identiÆcation and quantitation.
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3.1 Aqueous phase characterization

A typical chromatogram obtained from the GC-MS analysis of the aqueous phase,
as well as the chemical structures of the most abundant compounds, are presented
in Figure C.3. The majority of the identiÆed conversion products could be clas-
siÆed into Æve main groups of compounds: methoxybenzenes (M), guaiacols (G),
catechols (C), alkylphenols (A), and phenolic dimers (APD). Alkyl side chains of the
monomeric compounds were of methyl and ethyl type only. The mass fractions of
the identiÆed compounds at the reactor exit were calculated from the GC-MS quan-
titation, also taking into account the dilution in the cold water trap. Results are
shown in Table C.2. As can be seen, the total mass fraction of WSO on a phenol-
free basis increased with both wPh (at constant temperature) and temperature (at
constant wPh), until maximum values were reached for wPh of 6.5 wt.% and tem-
perature of 320 °C. In the run without phenol in the feed, a very small amount of
WSO was found in the produced aqueous phase, indicating an ine�cient conversion
process. With regard to the mass fractions of single classes of compounds, some
major trends could be identiÆed. As temperature increased, the aqueous phase was
enriched in catechols (up to 320 °C) and alkylphenols, whereas the content of guaia-
cols reduced. In addition, the mass fraction of guaiacols, alkylphenols, and dimers
showed a maximum at wPh of 6.5 wt.%, whereas catechols mass fractions increased
in the whole range of wPh values. The content of methoxybenzenes in the aqueous
phase was very small, but they were found in remarkable amount in the oil (see
Section 3.2).
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Fig. C.3: Typical chromatogram obtained for the aqueous phase (example from run g). 1: phenol, 2:
o-cresol, 3: m/p-cresol, 4: guaiacol, 5: 2-ethylphenol, 6: veratrol, 7: 4-ethylphenol, 8: methylguaiacol, 9:
catechol, 10: 4-methylcatechol, 11: syringol (internal standard), 12: hydrocoumarin, 13: acetovanillone, 14:
phenolic dimers. Peaks 12-14 are not visible due to the scale of the plot.
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Guaiacols are the main primary products of softwood lignin decomposition, ob-
tained via hydrolysis and cleavage of ether and C-C bonds. Catechols and alkylphe-
nols are also reported as primary products of lignin decomposition through the
same reaction mechanisms, but they can also be formed by secondary reactions
such as demethoxylation of guaiacols and alkylation of hydroxylated benzenes [7].
Phenolic dimers can also be formed by secondary re-polymerization reactions from
phenol and 1-ring aromatic reaction intermediates [26, 30]. Methoxybenzenes (e.g.
anisole) were reported as one of the products of hydrothermal conversion of lignin
in the presence of phenol [14, 15, 27]. A similar reacting mixture was reported by
Nguyen et al. [15], who converted Kraft Lignoboost softwood lignin (average molec-
ular weight 3900 g/mol) in near-critical water, in the presence of phenol (4.1 wt.%)
and K2CO3 (1.6 wt.%), on a continuous Øow unit (1 kg/h of feed slurry) equipped
with a PFR Ælled with ZrO2 particles, and operated with recycle (10:1) in order to
achieve fast heating of the feed slurry.

Table C.2: Full quantiÆcation of WSO. All values are expressed as mass fractions.
Run a b c d e f g h

T = 300 °C with phenol at: Phenol = 3.4 wt.% with T at:
RT (min) IdentiÆcation 0 wt.% 3.4 wt.% 6.5 wt.% 9.7 wt.% 280 °C 300 °C 320 °C 350 °C
5.1 Anisole 0.0000 0.0127 0.0000 0.0000 0.0000 0.0127 0.0000 0.0000
6.7 Phenol 0.0392 1.72 3.23 4.23 1.37 1.72 1.61 1.63
8.8 o-Cresol 0.0001 0.0139 0.0224 0.0095 0.0020 0.0139 0.0478 0.0669
9.4 m/p-Cresol 0.0003 0.0314 0.0511 0.0201 0.0054 0.0314 0.0915 0.1214
9.9 Guaiacol 0.0090 0.160 0.160 0.119 0.183 0.160 0.0766 0.0159
11.3 2-Ethylphenol 0.0000 0.0026 0.0033 0.0013 0.0008 0.0026 0.0041 0.0066
11.5 Veratrol 0.0000 0.0057 0.0021 0.0004 0.0024 0.0057 0.0043 0.0038
12.1 4-Ethylphenol 0.0001 0.0100 0.0145 0.0063 0.0030 0.0100 0.0168 0.0231
13.0 Methylguaiacol 0.0003 0.0047 0.0023 0.0005 0.0019 0.0047 0.0039 0.0014
13.2 Catechol 0.0050 0.0478 0.0611 0.102 0.0066 0.0478 0.103 0.0723
14.1 2-Coumaranone 0.0000 0.0017 0.0051 0.0040 0.0009 0.0017 0.0000 0.0007
15.8 4-Methylcatechol 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0029 0.0065
18.4 Hydrocoumarine 0.0000 0.0016 0.0034 0.0027 0.0006 0.0016 0.0012 0.0009
18.8 Vanillin 0.0090 0.0000 0.0000 0.0000 0.0047 0.0000 0.0000 0.0000
20.9 Acetovanillone 0.0010 0.0017 0.0029 0.0006 0.0030 0.0017 0.0000 0.0000
31.5 Phenolic dimer I 0.0000 0.0019 0.0049 0.0028 0.0012 0.0019 0.0001 0.0000
32.0 Phenolic dimer II 0.0000 0.0021 0.0085 0.0072 0.0025 0.0021 0.0001 0.0000

Total 0.0558 2.02 3.57 4.51 1.59 2.02 1.96 1.95
Phenol 0.0392 1.72 3.23 4.23 1.37 1.72 1.61 1.63
Phenol-free total 0.0166 0.298 0.342 0.277 0.218 0.298 0.352 0.321
Methoxybenzenes 0.0000 0.0183 0.0021 0.0004 0.0024 0.0183 0.0043 0.0038
Guaiacols 0.0093 0.165 0.162 0.119 0.185 0.165 0.0804 0.0172
Catechols 0.0049 0.0477 0.0610 0.1022 0.0066 0.0477 0.1058 0.0788
Alkylphenols 0.0003 0.0578 0.0912 0.0372 0.0111 0.0578 0.160 0.219
APD 0.0000 0.0039 0.0133 0.0100 0.0036 0.0039 0.0002 0.0000

With the exception of small components (C1 - C3) not identiÆed in this work, 14
peaks corresponding to aromatic components match in the aqueous phases pro-
duced in the two works, representing from 92 % to 95 % of the total phenol-free
components identiÆed by Nguyen et al. [15] when operating the reactor in the range
290 – 350 °C. From a quantitative standpoint, the data of this work related to phe-
nol mass fraction in the range 3.2 wt.% - 3.6 wt.% (see Table C.2) show that the total
phenol-free mass fraction of aromatic components increased from 0.22 wt.% to 0.35
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wt.%, as temperature increases from 280 to 320 °C, which is in line with the values
observed by Nguyen et al. [15] (0.27 wt.% to 0.45 wt.% as temperature increased from
290 °C – 330 °C). On the other hand, the further increase at 350 °C is not observed
in this work. The qualitative trends of the di�erent classes of compounds also
match, with strong increases of mass fractions of catechols and alkylphenols and
strong decreases of mass fractions of guaiacol, vanillin, acetovanillone and phenolic
dimers, as temperature increases.

3.2 Biocrude characterization

As can be seen from Table C.3, the elemental composition of the obtained biocrudes
showed an increase in carbon combined with a decrease in sulfur and oxygen with
respect to the lignin feed, which is a signiÆcant improvement from a drop-in fuel
standpoint.

Table C.3: Properties and composition of the biocrude from di�erent runs. Elemental composition
and HHV are reported on a water-free basis. The initial HHV of lignin was 26.75 MJ/kg. The initial
composition of lignin was: 64.4 % carbon, 6.7 % hydrogen, 1.8 % sulfur, and 27.1 % oxygen.

Run a b c d e f g h
T = 300 °C with phenol at: Phenol = 3.4 wt.% with T at:

0 wt.% 3.4 wt.% 6.5 wt.% 9.7 wt.% 280 °C 300 °C 320 °C 350 °C
Water (wt. %) 2.73 4.54 1.61 1.23 1.23 4.54 1.71 5.19

C (%) 69.9 67.3 72.0 72.3 68.9 67.3 72.4 72.1
H (%) 5.7 6.1 6.4 6.2 6.5 6.1 5.8 5.5
N (%) 0.21 0.00 0.00 0.40 0.00 0.00 0.04 0.01
S (%) 0.61 0.68 0.65 0.59 0.72 0.68 0.41 0.41
O (%) 23.6 25.9 21.0 20.5 23.9 25.9 21.4 22.0

HHV (MJ/kg) 29.8 30.4 31.1 31.2 30.4 30.4 30.7 32.1

As can be calculated, this qualitative result is also valid for the elemental compo-
sition of biocrudes on a phenol-free basis. This is signiÆcant in the context of a
process where the unconverted phenol is recovered from the biocrude prior to its
recirculation to the reactor. Consistently with the elemental composition results,
the HHV of the biocrudes showed a signiÆcant increase compared to the heating
value of the feed. The trends in CHNS/O composition and HHV were most no-
ticeable for high wPh values and high reaction temperatures. The water content of
the biocrudes, after centrifugation and solvent evaporation, was relatively low (1 - 5
wt.%). The results obtained in this work for a given mass fraction of phenol in the
feed are very much in line with the results obtained by Nguyen et al. [15] in similar
conditions (see Section 3.1): in this work the average carbon and sulfur mass fraction
variations, and HHV variations (i.e. dry biocrude values – dry lignin values) were
+9 %, -69 %, +15 %, respectively; in the work of Nguyen et al. [15], considering the
runs in the range 290 °C – 350 °C, the analogous average values were + 11 %, -75 %,
+13 %, respectively. On the other hand, the water content of the biocrude produced
in this work was remarkably lower (1 – 5 wt.% vs. 11 – 19 wt.%). The higher speed
of the centrifugation applied in this work (5000 rpm, instead of 4700 rpm [15]) can
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explain, at least in part, the lower water content due to an improved separation of
dispersed water.

A typical chromatogram obtained from the GC-MS analysis of the DEE-soluble
fraction of the biocrudes, also referred to as the light oil fraction, as well as the
chemical structures of the most common compounds are presented in Figure C.4.
In general, the compounds identiÆed in the aqueous phase were also detected in
the light oil, with their distribution between the phases depending on their polarity.
In line with this trend, the light oil was richer in methoxybenzenes, guaiacols, and
alkylphenols, whereas it showed only small amounts of catechols.
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Fig. C.4: Typical chromatogram obtained for the DEE-souble part of the biocrude (example from run g).
1: anisole, 2: phenol, 3: 2-methylanisole, 4: 4-methylanisole, 5: o-cresol, 6: m/p-cresol, 7: guaiacol, 8: 4-
ethylanisole, 9: 2-ethylphenol, 10: veratrol, 11: 4-ethylphenol, 12: methylguaiacol, 13: methylguaiacol, 14:
p-cumenol, 15: methylveratrol,16: 4-propylphenol, 17: 4-ethylguaiacol, 18: 4-ethylveratrole, 19: syringol
(internal standard), 20: butylated hydroxytoluene (BHT), 21: ethanone, 1-[1,1’-biphenyl]-x-yl , 22: 9H-
xanthene, 23: 1,1’-biphenyl-2,2’-dicarboxaldehyde, 24: xanthone, 25-30: APD.

Alkyl side chains to aromatic rings were mostly of methyl and ethyl type, even
though propyl groups were also found. This pattern is also very much in line
with that found by Nguyen et al. [15]. More speciÆcally, 13 of the identiÆed peaks
corresponding to 1-ring aromatic components match with the experimental results
reported by Nguyen et al. [15], together with two phenolic dimer types (C6-C1-C6
and C6-C2-C6) identiÆed in both works. The matching components represent from
88 % to 95 % of the whole oil reported by Nguyen et al. [15]. The major di�erence of
the oil produced in the present work is represented by the relatively high amount of
butylated hydroxytoluene (BHT), with mass fractions increasing with temperature
from 1.0 wt.% to 3.2 wt.% and between 1.0 wt.% and 1.9 wt.% in the runs with varying
phenol in the feed. Interestingly, this component was not found by Nguyen et
al. [14, 15]. However, BHT was sporadically reported in experimental works of
lignin depolymerization and conversion, in relation to a number of process variants.
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For example, it was reported as one of the major products of near-critical water
conversion of lignin in a batch reactor (280 °C, no catalyst, 15 min of reaction time)
by Karagöz et al. [38]; it was obtained from conversion of lignin in water/methanol
mixtures (250 °C, acid catalysts, 30 min of reaction time) [39]; it was reported as
one of the products of fast pyrolysis of lignin [40]. The mechanisms of its formation
in lignin conversion processes are not clear [38, 39]. Minor di�erences with respect
to the oil reported by Nguyen et al. [15] are given by a higher relative amount
of 2-ring non-condensed aromatics (2-NCAR), e.g. 9H-xanthene and xanthone,
and a number of dimers of anisolic nature which were found in this work and
that were not observed by Nguyen et al. [14, 15]. Phenol content in the light oil
varied in the range 0.19 wt.% to 15.1 wt.%, depending naturally on the initial mass
fraction of the co-solvent in the feed (Table C.4). On a phenol-free basis, the mass
fraction of the components detected in the light oil ranged from 1.8 wt.% to 14.7
wt.%, with higher values obtained at high co-solvent contents in the feed. The
major trends in the light oil composition proÆle were that the mass fractions of
methoxybenzenes, guaiacols, 2-NCAR, and dimers increased with wPh, with the
increase being particularly remarkable for the dimers. The alkylphenols increased
up to wPh 6.5 wt.%. With regard to the e�ect of temperature, values rising up to 320
°C resulted in strong increases in mass fractions of alkylphenols, methoxybenzenes,
dimers and 2-NCAR. This is also in line with the trend reported in the literature [15].
However, with the exception of 2-NCAR and alkylphenols, the further increase in
the mass fractions of these compounds at 350 °C [15] was not observed here.

Table C.4: QuantiÆcation of the classes of compounds in the DEE-soluble fraction of the biocrude from
di�erent runs. All values are expressed as mass fractions.

Run a b c d e f g h
T = 300 °C with phenol at: Phenol = 3.4 wt.% with T at:

0 wt.% 3.4 wt.% 6.5 wt.% 9.7 wt.% 280 °C 300 °C 320 °C 350 °C
Total 4.49 15.4 18.4 32.9 12.2 15.4 18.2 17.9
Phenol 0.19 4. 18 6.99 15.13 3.33 4.18 4.31= 3.70
Phenol-free total 1.84 4.80 8.05 14.74 3.14 4.80 10.14 9.03
Methoxybenzenes 0.221 0.929 2.30 3.02 0.484 0.929 1.55 1.17
Guaiacols 0.496 0.925 1.19 1.40 0.861 0.925 1.10 0.330
Catechols 0.0000 0.0000 0.0000 0.0671 0.0000 0.0000 0.0000 0.0000
Alkylphenols 1.06 1.83 2.91 2.20 1.06 1.83 5.36 5.57
2-NCAR 0.0133 0.112 0.113 0.407 0.0637 0.112 0.299 0.733
APD 0.0261 0.940 1.42 7.55 0.641 0.940 1.63 0.840

3.3 Yields of products fractions and C-balances

In addition to the characterization of the products, the results from each run were
assessed with respect to two di�erent parameters: carbon balances and yields of
well-deÆned product fractions. The C-balances were determined from the carbon
input into the reactor feed and the carbon output, which was calculated taking into
account the TOC measurements of the aqueous phase obtained by centrifugation
and the elemental analysis of both the insolubles (S2, S4) and the biocrude. In all
runs, the C-recovery in the product fractions was between 82.8 % and 102.3 % (Table
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C.5), thus showing a good control over the carbon Øow in the process. With regard
to yields, they were calculated for three products fractions: biocrude, WSO, and
insolubles. The biocrude is considered on a water-free and phenol-free basis; WSO
are considered on a phenol-free basis. All yields are referred to the dry lignin fed to
the system. The choice of expressing biocrude and WSO yields on a phenol-free ba-
sis is justiÆed by the fact that an industrial application of this process would require
a downstream recovery step of unconverted phenol to be recirculated to the reac-
tor unit and therefore it is not appropriate to consider phenol as one of the products.

Table C.5: Summary of the yields of products and C-balances.

Run a b c d e f g h
T = 300 °C with phenol at: Phenol = 3.4 wt.% with T at:

0 wt.% 3.4 wt.% 6.5 wt.% 9.7 wt.% 280 °C 300 °C 320 °C 350 °C
Biocrude (wt. %) 33.9 77.3 87.6 102.3 50.6 77.3 50.4 48.3
WSO (wt. %) 0.2 4.4 4.9 3.5 3.4 4.4 5.0 5.2

Insolubles (wt. %) 54.4 11.3 7.12 1.4 22.4 11.3 12.6 15.9
C-recovery (%) 86.2 102.3 82.8 95.5 89.4 102.3 84.9 84.3

However, since phenol takes part in the reaction as capping agent, phenol-free
yields higher than 100 % are possible according to this deÆnition. As can be seen
from Table 5, in the absence of phenol in the feed, the process was not e�cient, with
low yields of biocrude and WSO and high yield of insolubles (54.4 %). The insol-
ubles decreased remarkably with increasing wPh, as a consequence of an increased
production of monomeric aromatic compounds (see Section 3.4) and favored sol-
ubilization in the biocrude. In line with this explanation, the yields of biocrude
increased notably with rising wPh. Bearing in mind that the yield of biocrude is
deÆned on a phenol-free basis, this result clearly indicates an increased production
of liquid products (or products forming liquid phases when mixed with phenol). On
the other hand, the trend of the yield of WSO is more complex, showing a steep
increase at lower wPh values, while exhibiting a maximum for wPh of 6.5 wt.%.
The decrease of WSO at the highest phenol level is likely to be determined by the
increased production of methoxybenzenes and phenolic dimers (see Section 3.4,
which are less soluble in water. Other factors may also play a role, such as shifts
in phase equilibrium distribution of monomeric phenolic components when more
phenol is dissolved in the biocrude. With regard to the reaction temperature, the
process did not work e�ciently at 280 °C, in spite of the presence of phenol in the
feed. The yield of WSO showed a monotonic increase with temperature, up to 5.2
% at the highest temperature. The yields of biocrude exhibited a maximum at 300
°C, whereas the yields of insolubles followed an opposite trend, with a minimum
showed at 300 °C. The presence of a minimum yield of the insolubles inside the
temperature range can be explained with the competition between hydrolysis and
cleavage of ether and C-C bonds, leading to lignin depolymerization, and conden-
sation reactions, which are enhanced at higher temperatures and eventually yield
secondary products of higher molecular weight [7].
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3.4 Yields of chemical classes of compounds

The yields of single classes of chemicals were calculated combining the components
identiÆed and quantitated both in the acidiÆed aqueous phase (i.e. the WSO) and in
the light oil (i.e. the DEE-soluble fraction of the biocrude) using GC-MS. The yield
of each chemical class (n) was deÆned according to Equation C.1 [25].

Yn =
mn,WSO +mn,BC

ml(1�wl)
(C.1)

where mn,WSO and mn,BC are the masses of the nth-class of compounds in the
acidiÆed aqueous phase and biocrude, respectively. The results are represented in
Figure C.5 and C.6, which show the dependence of the yields on phenol mass frac-
tion and temperature, respectively. As can be seen, in the absence of phenol the
production of water-soluble and/or DEE-soluble monomeric and dimeric aromatic
compounds was practically absent, with a total yield of monomeric compounds (YT
= YM + YA + YG + YC + unclassiÆed monomeric aromatics) equal to 0.8 %, along
with 0.01 % of 2-ring aromatics (Y2�NCAR and YAPD ). The addition of phenol up
to 6.5 wt.% to the reacting system led to a substantial increase in both the total
yield (from 0.8 % to 12.5 %), as well as the yield of monomeric compounds (from
0.8 % to 10.8 %). As can be seen from the trends of the single classes, increasing
further the phenol mass fraction (from 6.5 % to 9.7 %) produced a further, although
limited, increase in the yield of monomeric compounds (from 10.8 % to 11.5 %), to-
gether with a remarkable increase of the yield of dimers (from 1.6 % to 9.7 %). More
speciÆcally, looking at the trends for the single chemical classes of monomers, YG
and YA showed a maximum for phenol mass fraction at 6.5 %, whereas YC and YM
increased progressively. At constant wPh (approx. 3.4 wt.%), the total yield of the
classiÆed compounds, as well as the total yield of the monomers, showed a max-
imum at 320 °C, with the values being 8.7 % and 9.3 %, respectively. YG and YA
were very sensitive to temperature, with guaiacols decreasing with it, whereas the
opposite trend was found for alkylphenols. The decrease of guaiacols and increase
of alkylphenols with temperature is a typical pattern of lignin depolymerization
and conversion processes, due to the enhancement of demethoxylation and alkyla-
tion reactions at higher temperatures [7]. Since demethoxylation reactions produce
phenols and catechols from guaiacols, higher amounts of phenol as co-solvent are
expected to favor the formation of catechols, which is in line with the results shown
in Fig. C.5. The marked increase of the yield of alkylphenols as phenol concen-
tration increases up to 6.5 wt.% (see Fig. C.5) is in line with the function of phenol
as capping agent [26–28], which is realized reacting with unstable fragments and
thus competing with condensation reactions [7, 30, 32]. However, phenol can also
react with 1-ring aromatic reaction intermediates to form relatively stable dimeric
aromatic compounds [31] This pathway seems to prevail at the highest phenol mass
fraction used in this work, thus explaining the marked increase in phenolic dimers
with a corresponding small further increase in the yield of monomeric aromatic
components. Comparing results referring to similar operating conditions with the
work of Nguyen et al. [15] on a continuous Øow unit developed at Chalmers Uni-
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versity of Technology, the yields of monomeric compounds in this work was found
to be somewhat lower, between 7 % and 11 %, instead of 10 % to 20 %. However,
the two processes present a number of di�erences which probably explain the ob-
served data: the feed Kraft lignin used in this work has a higher average molar
mass (8000 vs 3900); the reactor of the continuous Øow unit was operated as a PFR
with recycle, which means that the feed stream is not only rapidly heated but also
pre-mixed with reaction products, which is not the case in a batch operation; the
PFR was Ælled with solid material (ZrO2); the operating pressure in this work was
in the range 20 - 24 MPa, instead of 25 MPa.
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Fig. C.6: Overall yields of the main chemical families: methoxybenzenes (M), guaiacols (G), catechols
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153



Paper C.

4 Conclusions

The results obtained in this work show that the new equipment, comprising a batch
reactor with biomass injection system, is an e�ective tool for studying the hydrother-
mal conversion of biomass slurries in near-critical water medium. The equipment
allowed Æne control of reaction time and density of the reaction medium through
combination of fast heating of the biomass, pressure control, and products with-
drawal/quenching. In particular, the fast heating of the injected slurry is a key
aspect allowing better match of laboratory scale batch results with results on con-
tinuous Øow pilot units, thus reducing uncertainties associated with the process
scale up. The lignin conversion products obtained in this work showed a very
good match with the products obtained on a continuous Øow small scale pilot unit
running a similar, albeit not same, process [15]. The yields of 1-ring aromatic com-
ponents in similar conditions were somewhat lower (7 % - 11 % instead of 10 % - 20
%), which could however be explained by the di�erences between the two systems.
Besides the reaction temperature, this work focused on the e�ect of phenol mass
fraction in the feed of the reacting system. In the absence of phenol, the process is
not e�cient. Increasing phenol mass fraction, the insolubles reduce and the phenol-
free yield of lignin-derived 1-ring aromatic components increases. This is due both
to physical factors, i.e. improved solubilization of the reaction products in phenol-
containing phases, and to chemical factors, i.e. the role of phenol as capping agent
favoring the formation of 1-ring aromatics with respect to re-polymerization reac-
tions. Interestingly, the results of this work show that the yield of 1-ring aromatic
components sharply increases with small addition of phenol in the reacting system
(e.g. from 0.8 wt.% to 7.3 wt.% as the phenol/lignin ratio increases from 0 to 0.56),
whereas at higher phenol levels this yield shows a plateau (e.g. from 10.8 wt.% to
11.8 wt.% as the phenol/lignin ratio increases from 1.1 to 1.6). In particular, at the
higher phenol/lignin ratios, the yield of alkylphenols shows a maximum and starts
to decrease, whereas the yields of phenolic dimers sharply increases. This suggests
that the secondary re-polymerization reactions of phenol and 1-ring aromatic in-
termediates become predominant with respect to reactions of phenol and smaller
reactive fragments. Therefore, an optimal phenol/lignin ratio is envisaged in a pro-
cess aimed at producing 1-ring aromatics, without increasing too much the yield of
phenolic dimers.
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6 Supporting Information

Table C.6: Studies with injection of slurries.

# Mass of injected slurry (g) Dry mass of injected slurry (g) Dry mass content (wt.%)
1 8.43 1.03 12.18
2 10.94 1.31 11.99
3 10.90 1.28 11.70
4 10.59 1.24 11.74
5 10.72 1.25 11.63
6 9.17 1.05 11.48
7 10.52 1.20 11.37
8 7.84 0.89 11.36
9 4.88 0.56 11.58

Table C.7: Process conditions in the experimental runs.

Run a b c d e f g h
T = 300 °C with phenol at: Phenol = 3.4 wt.% with T at:

0 wt.% 3.4 wt.% 6.5 wt.% 9.7 wt.% 280 °C 300 °C 320 °C 350 °C
Portion 1 (g) 45.0 45.0 45.0 45.0 45.0 45.0 45.0 45.0
Lignin (g) 0 0 0 0 0 0 0 0
Phenol (g) 0.00 3.01 5.71 8.92 2.94 3.01 2.00 2.99
K2CO3 (g) 0.73 0.76 0.84 0.76 0.75 0.76 0.77 0.77
Portion 2 (g) 47.2 44.6 43.2 47.1 45.9 44.6 42.0 38.1
Lignin (g) 5.55 5.41 5.34 5.75 5.45 5.41 5.10 4.69
Phenol (g) 0 0 0 0 0 0 0 0
K2CO3 (g) 0.77 0.75 0.80 0.79 0.76 0.75 0.71 0.65
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1. Introduction

Abstract

Reaction routes behind liquefaction of Fallopia japonica in near-critical water were stud-
ied as a function of temperature (T = 280 - 320 °C) and the polarity of co-solvents (acetone
and tetralin). The experiments were performed in a state-of-the-art cold-injection batch
reactor combining fast heating, pressure control, and products quenching. Using this ap-
proach, well-deÆned reaction conditions (temperature, pressure, and residence time) are
achieved and the inØuence of heating rates on the chemistry of conversion is avoided. The
presence of co-solvents stabilized low molecular weight products, leading to lower quanti-
ties of high molecular weight compounds and their derivatives. The addition of tetralin
resulted in enhanced production of aromatics through improved solubilization of lignin
and aromatization of furans. Additionally, it also promoted retro-aldol condensation of
sugars into low molecular weight compounds and repressed hydrogenation of furans into
cyclics.

Hydrothermal liquefaction; Cold-injection; Tetralin; Acetone; Lignocellulose; Biomass
conversion; Near-critical eater, PCA

1 Introduction

Liquefaction is a thermochemical technique for conversion of mixed and complex
biomass feedstocks into drop-in biofuels and chemical feedstock using near- or su-
percritical water (Tcr = 374 °C, pcr = 22.1 MPa) [1–3]. The process takes place
in a benign and environmentally friendly solvent, the properties of which can be
adjusted depending on pressure and temperature. The fact that hydrothermal liq-
uefaction (HTL) is carried out in water entails that the moisture content of the
biomass not only is not an obstacle associated with massive energy penalties, but is
considered an advantage. With changes in temperature and pressure, the hydrogen
bonds between water molecules are disrupted and the regular network of molecules
is replaced with clusters of 5 - 20 H2O units [4]. Ionic product (IP), which expresses
the degree of water auto-dissociation, increases from 10�14 to 10�11 between the
ambient conditions and approx. T = 280 °C, and then decreases up to the super-
critical point and beyond, a phenomenon explained by the decreasing stabilization
power of the ionic species [5, 6]. In addition to IP, the properties inØuencing the
Øuidity of the reaction medium and the mass transfer of the solutes, i.e. density
(⇢) and viscosity (µ), decrease with increasing temperature. Last, but not least, the
values of dielectric constant (the relative dielectric permittivity, ✏) decrease from
approx. 80 at ambient conditions to 10 - 25 in the near-critical region, and further
to 1 - 2 above the supercritical temperature, changing the dissociation of salts from
excellent, to moderate, to non-existent [4]. At the same time, the reaction medium
becomes increasingly miscible with non-polar organics.
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Liquefaction of biomass in a water medium involves depolymerization of biopoly-
mers followed by secondary transformations of monomers into intermediates and
products distributed between biocrude, aqueous, gaseous, and solid fractions. Reac-
tion mechanisms for liquefaction induced depolymerization include base-catalyzed
hydrolysis, dehydration, addition of water, rearrangements, Friedel-Crafts alkyla-
tion, aldol condensation, and Cannizzaro reaction [7], with the Ænal outcome of
mixture auto-stabilization being a competition between depolymerization and re-
polymerization pathways. While the former process leads to high yields of light
molecular weight monomers and intermediates of varying polarity, the latter results
in the formation of biochar. The reaction pathways of a liquefaction process can
be inØuenced by variation of process parameters, e.g. temperature, solvent den-
sity, presence of catalyst, addition of co-solvents, and reaction time. The role of
co-solvents is to solubilize the biomass and its conversion products, in addition to
acting as scavengers of unstable radical intermediates [8, 9], thus resulting in en-
hancing both the yields of lower molecular weight compounds, as well as the quality
of the liquefaction products [10]. While various polar solvents, e.g. phenol, alcohols,
glycols, and acetone, have shown promise as solvents and co-solvents [11–13], non-
polar organics have only been considered to a lesser extent for the purpose [14–17].
In particular, proton donating solvents such as tetralin, which is an excellent addi-
tive for facilitating liquefaction of coal [18], could be potentially interesting for HTL.

In recent years, liquefaction studies have focused on utilization of sustainable,
cheap, and abundant feeds [19, 20] such as lignocellulose, which is the most com-
mon raw material in both agriculture, as well as forestry sectors worldwide [21].
Moreover, the sustainability of the liquefaction could be increased further by appli-
cation of currently underutilized resources [22] including invasive plant species, e.g.
Fallopia japonica. As recently pointed out by [23], the use of non-indigenous and
environmentally malign plants for the production of energy would turn an ecologi-
cal burden into a useful resource. Fallopia japonica is a large, herbaceous perennial
knotweed native to East Asia, Japan, China, and Korea, but also emerging in North
America and Europe. It has tolerance to a wide range of soil types, pH values,
salinity, and temperature regions (above -35 °C). It grows fast and requires rela-
tively small water input [24]. Di�erent processes [25, 26] have been considered for
exploiting the potential of Fallopia, including pyrolysis [27]. However, so far the
application of HTL on this raw material has not been studied.

While accounts of hydrothermal liquefaction in continuous units of varying sizes
have been reported in the literature [2], the majority of the liquefaction studies for
screening new processes are performed in a batch mode, where the relative ease of
processing is nearly always accompanied by a limited process control. In a typical
batch experiment, biomass is loaded into a cold, constant-volume reactor, heated
for a period with the pressure rising autogenously, left for a short reaction time (⌧),
and then cooled by natural di�usion of heat. While the value of ⌧ in liquefaction
normally varies in the range 10 - 30 min, heating and cooling intervals add up to
several hours. As was shown numerous times in the literature, the applied heating
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rates have an impact on the reaction pathways behind liquefaction [28, 29]. Addi-
tionally, the lack of pressure control, an important reaction variable inØuencing the
Øuid density and thus its properties, introduces an additional level of uncertainty
into the liquefaction batch results. Long heating and cooling times, with conse-
quent unreliable deÆnition of reaction time at a given temperature, together with
unsteady pressure, make most laboratory batch reactors not accurate for studying
liquefaction conversion processes. The limitations pertaining to heating time can be
overcome by slurry cold-injection batch reactors, where the biomass feed dispersed
in water is injected into the pre-heated pre-pressurised reaction medium [30–33]. A
precise, accurate, and reproducible assessment of the output from liquefaction on
a batch scale is a crucial pre-request for optimizing the continuous scale processes
and the subsequent commercialization of the technology.

In this study, a cold-injection batch reactor equipped with means for pressure con-
trol and products quenching was used [34]. Applying this approach, well-deÆned
reaction times at a well-deÆned reaction temperature and pressure are achieved.
In particular, the long heating times and random temperature gradients a�ecting
the chemistry of conversion are avoided, providing a reliable source of knowledge
about reactions taking place during HTL. We have carried out the hydrothermal
conversion of Fallopia japonica in order to study the liquefaction mechanisms of
lignocellulosic biomass in the presence of co-solvents of di�erent polarity (acetone
and tetralin). Biomass as a basis for a bioreÆnery-based future is more likely to
succeed if it is based on locally available and ample raw materials, such as Fallopia.
Therefore, it is important to assess the potential of these raw materials as a source
of value-added products.

2 Materials and Methods

2.1 Materials

The biomass used in this study was a freshly harvested Fallopia Japonica, both
leaves and branches. The plants were cut into smaller pieces, dried in an oven at
105 °C for 24 h, ground down to a particle size of 100 µm, dried again at the same
conditions, and milled further into particles of roughly 10 µm in diameter. The
average moisture content of the biomass was approx. 2 wt.%. The ash content of
the biomass was approx. 5 wt.% (dry basis). The elemental composition of the Ænal
feed was 49 wt.% carbon, 7 wt.% hydrogen, 43 wt.% oxygen, 0.9 wt.% nitrogen, and 0.1
wt.% sulfur. The values were determined by a Perkin Elmer 2400 Series II CHNS/O
analyzer (oxygen calculated by di�erence) and re-calculated on a dry, ash-free basis.
All used chemicals were obtained from Sigma Aldrich. Following organic solvents
and co-solvents were used: acetone (co-A, ACS reagent, � 99.5 %), diethyl ether
(DEE, � 99.5 %, GC), and tetralin (co-T, � 99.5 %). Bromobenzene was used as an
internal standard (IS, � 99.5). K2CO3 (anhydrous, free-Øowing, Redi-DriTM, � 99
%) was used as a catalyst. Sodium carboxymethyl cellulose (CMC, MW approx. 250
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000 g/mol) was employed as a dispersant to prevent biomass sedimentation and to
increase the stability of the slurry. Distilled water was the primary reaction solvent.
N2 (99.9 % pure) was applied for purging the reactor system.

2.2 Equipment and procedure

Liquefaction experiments were performed in a batch reactor (99 mL), equipped with
magnetic stirrer and temperature control system, connected with two hand-pumps,
which allow injection of biomass slurry feed in the pre-heated and pre-pressurised
reactor, as well as Æne control of the reaction pressure by means of extremely small
injections/withdrawals of Øuid. The reactor was also equipped with multiple ports
and a system of valves allowing withdrawal of the reaction products, from the re-
actor at high-temperature and pressure and quenching of the products. On the
whole, this laboratory set-up allowed to study biomass conversion processes with
an accurate control on reaction time, temperature and pressure (Figure D.7 of the
Supporting Information). Details on the equipment are provided elsewhere [34].

The study was based on a full factorial experimental design (Table D.1) consisting
of 12 runs with variations of temperature (280, 300, 320 °C) and co-solvents (co-A:
0 - 1 wt.% & co-T: 0 - 1 wt.%). The experimental procedure was as follows: a 45 g
mixture of water, K2CO3, and co-solvent was injected into the reactor with one of
the two hand-pumps; the reactor was then purged with N2 and then heated up to a
temperature 30 °C above the desired reaction temperature and pressurised. A feed
slurry containing biomass, water, K2CO3, and CMC was mixed using an IKA Ultra
Turrax (30 min, 20000 rpm) and then injected through the second pump until the
selected pressure values were reached (190, 220, and 250 bar for 280, 300, 320 °C,
respectively). The compositions of the reaction mixtures are summarized in Table
D.1.

Table D.1: Composition of the reaction mixture in each run.

T (°C) co-A (wt.%) co-T (wt.%) Biomass (wt. %) K2CO3 (wt.%) CMC (wt.%)
280 0.0 0.0 2.49 1.07 0.12
300 0.0 0.0 2.33 1.09 0.11
320 0.0 0.0 2.19 1.11 0.10
280 1.00 0.0 2.20 1.07 0.09
300 0.91 0.0 2.31 1.11 0.11
320 1.11 0.0 2.29 1.09 0.11
280 0.0 1.00 2.49 1.10 0.11
300 0.0 0.93 2.31 1.13 0.11
320 0.0 1.07 1.97 1.09 0.09
280 1.01 1.02 2.46 1.09 0.11
300 1.02 1.02 2.33 1.08 0.12
320 1.01 1.07 2.12 1.12 0.10
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The injection of biomass resulted in a relatively small pressure and temperature
drop followed by their increase up to the target operating values of the reaction.
The whole injection process lasted from about 3 - 5 min. The heating and pressure
proÆles for the system are presented in Figure D.8 (Supporting Information). After
the reaction time (⌧ = 10 min), the products were rapidly depressurized and cooled
down in a cold trap. The gas products were not collected.

2.3 Analysis strategy

Once the reaction mixture was cooled down to room temperature, the products were
separated by centrifugation (6000 rpm, 4 hr) into aqueous (top) and non-aqueous
(bottom) fractions. The aqueous fraction was Æltered under vacuum (Whatman No.
5) and separated into a solid (#S1) and a liquid fraction (#F1). The organic content
of the #F1 was designated water soluble organics (WSO). The non-aqueous phase
was redissolved in acetone, Æltered (vacuum, Whatman No. 5), and separated into
a retentate (#S2) and Æltrate (#F2). The two solid fractions #S1 and #S2 were com-
bined (#S) and dried in an oven at 105 °C overnight. The separation procedure is
summarized in Figure D.9 (Supporting Information). The organic content of #F2
after removal of the solvent (vacuum evaporation at T = 35 °C and p ⇡ 500 mbar)
was designated biocrude (BC). Water insoluble organics (WIO) fraction was deÆned
as a combination of solids and biocrude.

The moisture content in the biomass, solid, and the biocrude samples was de-
termined thermogravimetrically (TGA, N2 Øow 35 cc/min, heating 10 K/min from
25 °C to 110 °C). The yields of WIO, #S, and BC (YWIO ,YS, and YBC, respec-
tively) were calculated on a co-solvent free and dry biomass basis. The yields of
WSO (YWSO) were determined measuring the total organic carbon of #F1 (TOC,
AI-Analyzer Multi N/C 2100S (pO2 = 5 bar, Øow O2 = 160 ml/min, Toven = 800 °C)
and the carbon content of #F1 solid residue obtained after evaporation at 105 °C for
3 hr. The composition of the WSO and WIO fractions, including their content of
co-solvents, was determined with gas chromatography-mass spectrometry (GC-MS).
Additionally, the WIO fraction was characterized with Fourier transform infrared
spectroscopy (FT-IR, Thermo-Nicolet Avatar 370 with ATR module, scan range:
400 - 4000 cm�1, resolution: 1 cm�1, scans no.: 64).

2.4 Sampling and GC-MS

The sampling method before GC-MS was optimized for each fraction: solid-phase
microextraction (SPME) for WSO [35] and liquid-liquid extraction (LLE) for WIO.
The SPME equipment used in this study (manual sampling holder with needles
23 gauge and 65 µm poly(dimethylsiloxane) divinylbenzene PDMS/DVB adsorbent
Æber) were purchased from Supelco (Bellefonte, PA, USA). The Æbers were condi-
tioned daily in the GC injector according to the recommendations of the manufac-
turer (30 min at T = 250 °C) before use. In between the runs, the Æber was cleaned
(10 min at 225 °C), and a possible carry over was assessed by a blank run. A set
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of 15 initial extractions was used to develop an optimal SPME extraction procedure
(extraction temperature, time of extraction, presence of salt, pH changes). The aim
was to increase the partition coe�cients and decrease the time required for obtain-
ing equilibrium. Based on the results, the variation of pH (below 2 and above 10)
was the only factor with no tangible inØuence on the extraction results. The Ænal
optimized method maximized the concentration of the volatile components in the
head-space. A sample (5 ml of the water phase) was placed in a 22 ml glass vial
containing a magnetic stirrer, added 50 mg of internal standard solution (IS), 1 g
of NaCl, and sealed using a PTFE coated silicone rubber septum. The vial was
placed in a thermostated bath adjusted to T = 50 °C. The Æber was exposed to
the head-space (HS) of the sample for 10 min. After the sampling, the SPME Æber
was retracted into the syringe, injected through septum into the GC, and desorbed
for 1 min. The apparatus used for gas chromatography mass spectrometry was a
Perkin Elmer Clarus GC 580 and MS SQ 8 S with an EI quadrupole ion analyzer.
A Perkin Elmer Crossbond column (30 m X 0.25 mm ID, 0.25 µm 95 % dimethyl
polysiloxane and 5 % biphenyl) with helium as a carrier carrier gas (1 ml/min) was
used to separate the analytes. For SPME, the analytes were desorbed at T = 200 °C
in a split mode (50:1) with 1 min solvent delay. The GC-MS program was optimized
for the applied SPME Æber (T = 40 °C hold for 2 min followed by a heating ramp
of 10 K/min to T = 200 °C hold for 2 min). WIO samples were extracted with DEE
(1:1), injected at T = 300 °C in split mode (30:1) with solvent delay of 2.5 min, and
heated (T = 75 °C held for 1.5 min followed by a heating ramp of 10 K/min to T =
275 °C held for 10 min). MS spectra were recorded at 70 eV ionization energy and
scanned for m/z 75 - 600. The main components were identiÆed on the basis of the
NIST database.

2.5 Data analysis

All analytical measurements were performed in triplicate. The results were exam-
ined with analysis of variance (ANOVA) and multivariate data analysis (MDA), both
of which have shown to be useful in the describing of liquefaction results [36]. Prin-
cipal component analysis (PCA) was applied for the detection of hidden patterns in
the GC-MS data of WSO compounds. In this method, the chromatographic data
was projected to a set of orthogonal vectors (principal components, PC) oriented
in the original variable space along directions of maximum variation, allowing to
Ænd hidden structures (groups or trends). The analyzed data set was constructed
of the process variables (temperature and the presence of co-solvents as dummy ±1
variables). The results of PCA were evaluated by score plots (projection of the sam-
ples to the principal components) and loading plots (contribution of each variable)
for pairs of principal components (PCs). More details about PCA can be found
elsewhere [37]. ANOVA was applied for detection of statistically signiÆcant e�ects
of temperature and co-solvents on both the mass yields, as well as the yields of
chemical classes of compounds. All calculations were made in R (version 3.2.2), a
free software environment for statistical computing, supported by mdatools package
(DOI: 10.5281/zenodo.59547). All Ægures were prepared in Matlab R2016a.

166



3. Results and Discussion

3 Results and Discussion

3.1 Yields of products

The yields of WSO (YWSO) formed by liquefaction of Fallopia japonica increased
with reaction temperature, with and without co-solvents (Figure D.1). Although
there is no consensus on the matter, the temperatures between 300 and 330 °C are
often considered the most optimal conditions for a successful HTL conversion of
lignocellulosic biomass into biocrude oil [38]. Processing with co-solvents raised
YWSO additionally, especially at the highest operating temperature (T = 320 °C).
For the yields of WIO (YWIO), the trends were generally opposite with regard to the
reaction temperature. Since the WIO fraction is expected to be a mixture of unre-
acted biomass, heavy biocrude compounds, and repolymerized solid char, the value
of YWIO combined three di�erent phenomena: conversion of biomass, formation of
biocrude, and condensation routes leading to solid biochar. At low temperatures, a
major contribution to the high YWIO was expected to be attributed to an ine�ective
biomass conversion. With increasing reaction temperature and in the presence of
co-solvents, a decrease in the yields of WIO was accompanied by changes in its
composition: the amount of solids (biomass and char) in WIO generally decreased,
while the biocrude fraction increased (Figure D.10 of the Supporting Information).
The WIO’s content of BC was, in most cases, maximized at T = 300 °C. With
tetralin as a co-solvent and at T = 300 °C, as much as 98 % of the WIO fraction
was biocrude. The following decrease in the BC amounts at T = 320 °C indicated
that the process entered into the domain of dehydration reactions resulting in char
formation. Similar trends were noticed in the absence of co-solvents.
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Fig. D.1: Mass yields of WSO and WIO obtained at di�erent conversion conditions.

3.2 WSO

The SPME extract of the aqueous fraction was analyzed with GC-MS, and the
identiÆed peaks were divided into four chemical classes: low molecular weight
aliphatics (LMW), cyclic carbonyl compounds (C), aromatics (A), and high molec-
ular weight (HMW) compounds. The last-mentioned group represented a broad
spectrum of chemical species of generally high molecular weight and structure in-
dicating secondary reactions pathways following depolymerization. Aromatics were

167



Paper D.

formed due to depolymerization of lignin or aromatization of sugars [39]. The lat-
ter process involved dehydration of glucose to anhydrosugars (e.g. levoglucosan and
levoglucosenone), and further to furans (e.g. furfurals). The last step combined
dehydration and rearrangement of the formed oxygenates to aromatic compounds.
Alternatively, the furans could have been hydrogenated into the cyclic derivatives of
e.g. cyclopentanone. The LMW compounds were mainly the result of retro-aldol
condensation reactions, but could also have originated as products from other con-
version pathways. The HMW compounds, which can be considered precursors of
the solid char, were formed by repolymerization of the secondary reaction products
including aliphatic, cyclic, and aromatic units. The reaction pathways involved in
hydrothermal conversion of lignocellulosic biomass are summarized in Figure D.2.
The list of the most common WSO found in the samples is compiled in Table D.2.
The full list of the WSO used in the subsequent analysis is speciÆed in Table D.4 of
the Supporting Information.
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Table D.2: Examples of WSO representing di�erent classes of compounds (extracted with SPME and
identiÆed by GC-MS). Both acetone as well as tetralin were identiÆed in the aqueous samples.

RT (min) Compound Class Formula MW
2.27 2-Butanone LMW C4H8O 72
2.79 Butanal, 3-methyl- LMW C5H10O 86
3.18 2-Pentanone LMW C5H10O 86
3.83 Pentyl formate LMW C6H12O2 116
3.89 2-Methylbutan-1-ol LMW C5H12O 88
5.63 Cyclopentanone, 2-methyl- C C6H10O 98
9.26 2-Cyclopenten-1-one, 3-(1-methylethyl)- C C8H12O 124
9.32 2-Cyclohexen-1-one, 3,4-dimethyl- C C8H12O 124
9.50 2-Cyclopenten-1-one, 2,3,4-trimethyl- C C8H12O 124
9.70 p-Cresol A C7H8O 108
10.85 Phenol, 3,5-dimethyl- A C8H10O 122
11.56 Creosol A C8H10O2 138
11.12 Phenol, 3-ethyl- A C8H10O 122
12.84 Phenol, 4-ethyl-2-methoxy- A C9H12O2 152
13.59 6-Methyl-1,2,3,5,8,8a-hexahydronaphthalene HMW C11H16 148
15.08 Bicyclo[4.3.0]non-3-ene, 3,4-dimethyl-7-exo-methylene- HMW C12H18 162

The distribution of the chemical classes in WSO was determined on the basis of the
relative peak areas (with respect to the total peak area). Peak areas of components
belonging to the same class were lumped together. The area used in the assessment
accounted for approx. 75 % of the total chromatographic area. The results are
compiled in Figure D.3. The LMW compounds comprised the smallest part of the
products (0.5 - 1.1 %), while the aromatics constituted the largest part (33 - 69 %).
The cyclic compounds (8 - 23 %) and the high molecular weight compounds (7 - 26
%) accounted for the rest. Several interesting tendencies were noted in the obtained
results, e.g. an increased abundance of cyclic and HMW compounds in the absence
of co-solvents, especially at the lowest reaction temperature (T = 280 °C). Forma-
tion of cyclics indicated the dominance of dehydration/rearrangement routes over
the retro-aldol condensation leading to LMW. The addition of co-solvents shifted
the conversion pathways towards the formation of aromatics, most noticeable at T =
300 °C. The formation of both C as well as the HMW was repressed in the presence
of co-solvents, which acted as scavengers of the reactive and unstable secondary
reaction products.

Combination of chromatography and multivariate PCA proved to be a valuable tool
for identiÆcation of hidden trends in the large data sets obtained from the GC-MS
analyses. The results were evaluated by reviewing the score plots for di�erent sets
of principal components with the data points (i.e. the samples) colored according
to the varying parameters of the experimental runs, i.e. the presence of acetone,
tetralin, and temperature. For score plots with hidden patterns, the signiÆcant
variables (i.e. the peaks) responsible for the groupings were retrieved from the
corresponding loading plots.
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3. Results and Discussion

The results have shown a clear pattern along the principal component responsible
for the greatest variation in the data (PC1, 68.94 %) according to the presence
of tetralin in the runs (Figure D.4). The points associated with negative scores
represent the runs without the co-solvent and are explained by the negative loadings
in the Ægure. The opposite applied for the runs with tetralin, i.e. the data points
with positive scores corresponded to the positive loading values. While tetralin was
the most signiÆcant peak in the second group (RT = 11.22 min), a number of other
peaks responsible for the shift in reaction routes were identiÆed as well. The PCA
loadings conÆrmed the change in the abundance of aromatics and HMW gleaned
from the semi-quantitative analysis of class distribution, showing an increase in the
Ærst group and a decrease in the second. Statistical analysis was employed to Ænd
out how temperature and the presence of co-solvents inØuence the distribution of
chemical classes in WSO.
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The signiÆcant e�ects were identiÆed using ANOVA and Tukeys’s test for multiple
comparisons. The graphical representation of the e�ects is shown in Figure D.5.
The two top Ægures show the e�ect of tetralin on the yields of low molecular weight
compounds (LMW = f(co-T)) and aromatics (A = f(co-T)), respectively. The bottom
Ægure shows the e�ect of temperature on the overall yields (Total = f(T)). While the
overall yields of WSO compounds increased with temperature, addition of tetralin
seemed to increase the yields of A and LMW compounds.
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3.3 WIO

The central part of the identiÆed WIO consisted of alkanes and alkenes of varying
chain length, semi-polar aromatics, and polymerized structures (Table D.3). In addi-
tion to that, a limited number of nitrogen-containing heterocyclic compounds were
identiÆed as well. The saturated and unsaturated hydrocarbons were by-products
of retro-aldol conversion of the sugars (glucose and fructose) followed by deoxy-
genation. The heterogeneous nitrogen compounds were formed through a reaction
between the cyclic compounds and amino acids from the hydrolysis of proteins. Due
to the similarities in composition and structure, it is likely that HMW from WSO
are the precursors of the WIO, the biocrude, as well the solid char, with process
conditions deciding the position of the equilibrium between those three phases. The
aromatic element in WIO was of limited polarity compared to the corresponding
WSO aromatic fraction. It is also evident, that the co-solvents acted as precursors
to some of the identiÆed WIO, e.g. naphthalene and 3,3,6,8-tetramethyl-1-tetralone
were formed from tetralin and acetone, respectively.

Table D.3: The most common compounds identiÆed by GC-MS in the DEE soluble fraction of WIO.
Tetralin was identiÆed, but not reported among the results.

RT (min) Compound Formula MW
4.92 4,4-Dimethyl-2-pentene C7H14 98
5.65 4-Methyl-3-heptanol C8H18O 130
6.95 2-Methylhepta-2,4-dien-6-one C8H12O 124
7.79 Benzaldehyde C7H6O 106
8.13 Phenol C6H6O 94
9.95 2-Methoxyphenol C7H8O2 124
10.12 2-Nonen-1-ol C9H18O 142
11.50 Naphthalene C10H8 128
11.67 Decanal C10H20O 156
12.81 4-Ethyl-2-methoxyphenol C9H12O2 152
13.81 2,6-Dimentoxyphenol C8H10O3 154
15.88 Butylated hydroxytoluene C15H24O 220
17.04 3,3,6,8-Tetramethyl-1-tetralone C14H18O 202
19.52 3,7,11,15-Tetramethyl-2-hexadecene C20H40 280

The FT-IR resulted in an additional description of the WIO fraction composition
(Figure D.6). The broad band at 3350 cm�1 was a combination of vibrations of
hydroxy groups (-OH from the chemisorbed water and reaction products), aromatic
C-H, and N-H from amines and amides. The presence of ether bonds was demon-
strated through the bands in the range 2850 - 2925 cm�1 (symmetric vibration of
-CH) and 1030 cm�1 (stretch C-O vibration). The bands in the range 1400 - 1600
cm�1 and 600 - 1000 cm�1 represented the aromatic double C=C and out-of-plane
vibrations of alkyl constituents attached to the aromatic rings, respectively. The
presence of similar alkene derived C=C was evidenced by the 800 - 900 cm�1

bands representing the =C-H bonds. There was no evidence of either carbonyl
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functional groups nor the presence of cyclics. An increasing reaction temperature
resulted in decreasing bands at 2925 cm�1 accompanied by a higher absorbance at
3350 cm�1 (up to 300 °C), 1400 - 1600 cm�1, and 600 - 1000 cm�1. This tendency
can be interpreted as enhanced degradation of ether bonds and aromatization of
WIO with rising T values. In the presence of co-solvents, the bands responsible for
the aromatic structures were enlarged further.
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Fig. D.6: FT-IR analysis of the WIO fraction: the inØuence of temperature and co-solvents.

4 Conclusions

While the yields of WSO increased with reaction temperature, the opposite occurred
for WIO. BC was maximized in most cases at T = 300 °C. Formation of biochar
was repressed until T = 320 °C. The addition of co-solvents enhanced the con-
version of biomass and entailed signiÆcant reaction route shifts. Tetralin resulted
in an increased production of aromatics (solubilization of lignin and aromatiza-
tion of furans) and LMW (retro-aldol condensation), while the formation of cyclics
(dehydration ) and repolymerization of HMW were repressed. In the absence of
co-solvents, dehydration/rearrangement routes leading to the formation of HMW
and biochar were of signiÆcance.
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Fig. D.7: P&I (process & instrumentation diagram) for the applied reactor system. R1: reactor, P1,
P2: hand-driven pumps; F1, F2: Ælters; V1-V5, V11-V12: closing valves; V13: three-way valve; PV1:
pneumatic safety valve; PI: pressure indicator; PIS: pressure indicator switch; TIC: temperature indicator
and controller.

0 50 100 150 200
Time (min)

0

50

100

150

200

250

300

350

400

T
e

m
e

p
ra

tu
re

 (
°
C

)

0

50

100

150

200

250

300

P
re

ss
u

re
 (

b
a

r)

Heating and pressure profiles

I II III IV→ V VI VII
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13 K/min, II - heating rate 3 K/min, III - heating rate 0.3 K/min, IV - cold injection of biomass slurry,
V - return to the initial conditions, VI - reaction time, VII - cooling and depressurization. The slope
changes at t = 105 and 175 min correspond to regulation of the SP-point and the subsequent changes
in the heating rates. During the presented run, the obtained reaction temperature was slightly above
the selected reaction temperature, so the resulting decrease in both temperature and pressure was an
operation adjustment. In a typical run, the variations in temperature and pressure during the reaction
time were ± 5 °C and ± 10 bar, respectively.
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Table D.4: Full list of WSO compounds (except co-solvents) used in the statistical analysis of the classes.
RT (min) Compound Class Formula MW
2.27 2-Butanone LMW C4H8O 72
2.79 Butanal, 3-methyl- LMW C5H10O 86
2.90 Butanal, 2-methyl- LMW C5H10O 86
3.18 2-Pentanone LMW C5H10O 86
3.83 Pentyl formate LMW C6H12O2 116
3.89 2-Methylbutan-1-ol LMW C5H12O 88
3.95 1H-Pyrrole, 1-methyl- C C5H7N 81
4.21 Di-tert-butyl ether LMW C8H18O 130
4.38 Piperidine, 1-methyl- C C6H13N 99
4.75 Cyclopentanone C C5H8O 84
4.88 3-Penten-2-one, 4-methyl- LMW C6H10O 98
5.16 1H-Pyrrole, 1-ethyl- C C6H9N 95
5.63 Cyclopentanone, 2-methyl- C C6H10O 98
5.74 Cyclopentanone, 3-methyl- C C6H10O 98
5.92 Piperidine, 1-ethyl- C C7H15N 113
6.07 Pyridine, 3-methyl- A C6H7N 93
6.52 Cyclopentanone, 2,5-dimethyl- C C7H12O 112
6.60 Cyclopentanone, 2,3-dimethyl- C C7H12O 112
6.66 Cyclopentanone, 2,4-dimethyl- C C7H12O 112
6.81 2-Cyclopenten-1-one, 2-methyl- C C6H8O 96
7.01 Anisole A C7H8O 108
7.38 1-Cyclohexylethanol C C8H16O 128
7.51 2-Ethylcyclopentanone C C7H12O 112
7.70 3-Ethylcyclopentanone C C8H12O 124
7.79 Benzaldehyde A C7H6O 106
8.14 Phenol A C6H6O 106
8.34 Cyclopropane, 1,1-dimethyl-2-pentyl- HMW C10H16O3 184
8.43 2-Cyclopenten-1-one, 2,3-dimethyl- C C7H10O 110
8.54 Cyclohexanone, 3-ethyl- C C8H14O 126
8.83 2-Cyclopenten-1-one, 3,4-dimethyl- C C7H10O 110
8.88 1-Acetylcyclohexene HMW C9H16 124
8.99 1-Methylcyclooctene C C9H16 124
9.12 2-Cyclopenten-1-one, 2,3-dimethyl- C C7H10O 110
9.26 2-Cyclopenten-1-one, 3-(1-methylethyl)- C C8H12O 124
9.32 2-Cyclohexen-1-one, 3,4-dimethyl- C C8H12O 124
9.40 2,4-Pentadien-1-ol, 3-propyl-, (2Z)- LMW C6H10O 98
9.50 2-Cyclopenten-1-one, 2,3,4-trimethyl- C C8H12O 124
9.70 p-Cresol A C7H8O 108
9.97 2-Methoxyphenol (guaiacol) A C7H8O2 124
10.12 Nonanal HMW C9H18O 142
10.66 3-Hydroxy-2-(2-methylcyclohex-1-enyl)propionaldehyde A C10H16O2 152
10.23 2-Cyclopenten-1-one, 2,3,4,5-tetramethyl- C C9H14O 168
10.70 cis-p-Mentha-2,8-dien-1-ol A C10H16O 152
10.80 Benzene, 1,2-dimethoxy- A C8H10O2 138
10.85 Phenol, 3,5-dimethyl- A C8H10O 122
10.90 2-Cyclopenten-1-one, 3,4,5-trimethyl- C C8H12O 124
11.56 Creosol A C8H10O2 138
11.12 Phenol, 3-ethyl- A C8H10O 122
12.02 Ethyl 4-methoxybenzoate A C10H12O3 180
12.45 2-Cyclopenten-1-one, 2-pentyl- C C10H16O 152
12.84 Phenol, 4-ethyl-2-methoxy- A C9H12O2 152
12.89 2H-Inden-2-one, 1,4,5,6,7,7a-hexahydro-7a-methyl-, (S)- HMW C10H14O 150
13.59 6-Methyl-1,2,3,5,8,8a-hexahydronaphthalene HMW C11H16 148
14.04 Phenol, 2-methoxy-4-propyl- A C10H14O2 166
14.57 2-Cyclopenten-1-one, 3-methyl-2-(2,4-pentadienyl)-, (Z)- HMW C11H14O 162
14.72 Octahydro-7H-cyclopenta[a]pentalen-7-one HMW C11H14O 172
15.08 Bicyclo[4.3.0]non-3-ene, 3,4-dimethyl-7-exo-methylene- HMW C12H18 162
15.83 Phenol, 2,4-bis(1,1-dimethylethyl)- A C14H22O 206176
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1. Introduction

Abstract

This work describes the composition of the products from solvolysis of thermoset polyester
in an acetone/water mixture. A qualitative and quantitative evaluation of the composi-
tions of the aqueous and oil phases was achieved by the combination of liquid chromatog-
raphy with electrospray ionization mass spectrometry (LC-ESI-MS/MS), gel permeation
chromatography (GPC), and total organic carbon (TOC). Close to 100 % of the organic
carbon in the aqueous phase was explained by the monomers phthalic acid and dipropy-
lene glycol, co-solvent acetone, and a secondary reaction product, isophorone. In the oil,
the most abundant compounds were isophorone, 3,3,6,8-tetramethyl-1-tetralone, and dihy-
droisophorone. While the Ærst two compounds were intermediates in the self-condensation
of acetone, dihydroisophorone has not been reported previously as the by-product of the
conventional acetone self-condensation reaction pathway. The identiÆed compounds rep-
resented a broad spectrum of value-added products that could be recycled for production
of polymers, used as a building blocks, or as Æne chemicals. Keywords: thermosetting
resin, chemical properties, chemical analysis, recycling.

1 Introduction

The production of polymer materials has been increasing exponentially since the
1950’s, and in 2015, it exceeded 322 million tons [1]. With plastics, a broad range
of target properties can be obtained to replace naturally derived materials such
as wood, glass, or ceramics, often for a lower price. However, the fossil origin
of polymers, the lack of biodegradability, and the resulting accumulation in the
environment decrease their overall appeal [2]. Three major strategies have been
developed to reduce the amount of plastic waste: reuse of the products as a whole,
extraction of the energy contained in them by burning, and chemical disassem-
bling into monomeric building blocks [3]. While all those valorization approaches
promote the sustainability of plastics, only the chemical route o�ers a prospect of
closing the loop on the polymer life cycle by perpetually reusing the raw material [4].

One of the most common chemical recycling methods is solvolysis in near- and
supercritical Øuids, typically water or alcohols [5–8]. The process has been studied
and described in great detail for simple condensation and addition thermoplas-
tics, such as polyethylene terephthalate (PET), which is hydrolyzed into monomeric
building blocks at high pressure and high temperature conditions [9]. For hetero-
geneous polymer-based materials, e.g. composites incorporating polymeric resins
reinforced with Æbers, solvolytic treatment has been shown to result in a broad
spectrum of secondary reaction products in addition to the monomers [10], and
was therefore applied mainly as a tool for recovery of the valuable inorganic Æl-
aments [11–15]. Glass and carbon reinforced composites incorporating a polyester
(GFRC, Æberglass) and epoxy (CFRC) polymer matrix are the two most common
types of composite materials with extensive applications in transportation and con-
struction industries [4]. GFRC is a strong lightweight raw material, that has been
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developed as a cheap and more Øexible alternative to CFRC. The resin in GFRC
is typically a styrene-based emulsion of unsaturated polyester (UP) chains polymer-
ized from dibasic acids (e.g. phthalic and maleic acids) and polyhydric alcohols
(e.g. ethylene and propylene glycols). The composite is prepared by lamination
curing, i.e. formation of styrene bridges (cross-links) between the unsaturated parts
of the polyester chains. The presence of cross-links and the heterogeneous compo-
sition of GFRC pose a signiÆcant challenge for solvolytic extraction of its building
blocks and limit its recycling possibilities. However, in the light of growing demand
for composite materials combined with legislative pressure preventing land-Ælling
of composite wastes, more e�orts should be expended on developing methods for
e�ective recovery of valuable chemicals from these materials [16, 17].

The knowledge about the reaction products and mechanisms behind the solvolytic
depolymerization of thermoset polyester-based plastics is limited. Most studies
focus on degradation of the organic matrix and recovery of the glass Æbers [18].
Analytic assessment of the composition of the liqueÆed resin is typically performed
by gas chromatography-mass spectroscopy (GC-MS) [3, 10, 19], which results in a
limited insight into the content of the semi- and non-volatile fraction of the reac-
tion products expected from the depolymerization (e.g. phthalic acid). Perhaps the
most extensive analytic work on the subject was reported by [20], who combined
the standard GC-MS analysis with Fourier transform infrared spectroscopy (FT-IR)
and size exclusion chromatography (SEC, GPC), o�ering a broader understanding
of the reaction routes and the composition of the products from solvolysis of ther-
moset polyesters. As was pointed out by the authors, with production of valuable
chemicals being a partial aim, the focus of evaluations should be shifted towards a
more detailed assessment of the nature and quantity of the recovered monomers.

The objective of this work was to perform a qualitative and quantitative evalu-
ation of the composition of the products from solvolysis of an UP-based GFRC.
The liquefaction process was performed in the presence of KOH as a catalyst
and acetone as a co-solvent, a combination that has previously shown to couple
an e�ective low-temperature recovery of glass Æbers, retaining excellent mechani-
cal properties, with production of high heating value oils [21]. However, in order
to maximize the sustainability of the solvolytic recycling process, the degradation
products should be assessed as a potential source for value-added monomeric build-
ing blocks and chemicals, in addition to the recovery of Æbers and the production
of oil. The assessment is performed by combination of state of the art analytic
tools including liquid chromatography with electrospray ionization and a hybrid
orbitrap-quadrupole mass spectrometric detection (LC-ESI-MS/MS), gel permeation
chromatography (GPC, also referred to as SEC), and total organic carbon content
(TOC). A credible quantitative characterization of the products from solvolysis of
GFRC is an essential requirement for a realistic estimation of the potential for re-
cycling of building blocks and production of chemicals from thermoset polyesters.
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2 Materials and Methods

2.1 Materials

Vanillin-(phenyl-13C6) from Sigma Aldrich was used as an internal standard (IS). Ph-
thalic acid (PHTHA), isophorone (ISP), dipropylene glycol (DPG), 3,3,6,8-tetramethyl-
1-tetralone (TMTL), dihydroisophorone (DHISP), and acetone (AC) were used for
calibration and quantiÆcation by an external standard method. Solvents purchased
from Sigma Aldrich included acetonitrile (ACN), methanol (MeOH), formic acid
(HCOOH), and high purity water. All were of high performance liquid chromatog-
raphy (HPLC) grade (purity � 99.99 %).

2.2 Solvothermal experiments

The aqueous and oil samples produced by solvolysis of GFRC containing UP resin
(maleic acid, phthalic acid, and propylene glycol cross-linked with styrene) were
obtained from Sokoli et al. [21]. In short: a block of GFRC weighting approx. 80
g (27 wt.% UP resin) was liqueÆed in 240 ml of a 50/50 vol.% AC/H2O reaction
medium with 8 g of KOH added. The reactor was a non-stirred 280 ml high
pressure batch reactor (316 stainless steel, BC-1, HIP - High Pressure Equipment,
USA) with an electrical heating mantle. The heating time varied in the range 45 -
60 min depending on the reaction temperature. After the reaction time of 30 min,
the reaction products were cooled down (120 min), depressurized, and separated
into three distinctive fractions: glass Æbers, an aqueous, and an oil phase. No
solid residue was produced, except for the glass Æbers. The gas phase was not
collected. The composition of the conversion products was studied as a function of
temperature (250 - 325 °C) at constant pressure (30 MPa). In addition, two control
experiments without the catalyst (acetone and GFRC present, no KOH) and without
the composite material (acetone and KOH present, no GFRC) at T = 325 °C were
performed as well. The physical appearance of the samples is shown in Figure E.1.

Fig. E.1: The physical appearance of the samples. Top row - aqueous samples. Bottom row - oil
samples. Samples 1 - 4 (250 - 325 °C) represent runs with GFRC, AC, and KOH. Run 325 °C, -KOH was
performed with GFRC and AC (without KOH). Run 325 °C, -GFRC was performed with AC and KOH
(without GFRC).
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2.3 LC-ESI-MS/MS

The aqueous (AQ) and oil (OIL) samples from HTS of GFRC were diluted (AQ:
1:500 in MeOH, OIL: 1:100 in ACN), Æltrated (0.22 µm), and the IS was added. The
quantiÆcation procedure was performed in accordance with the U.S. Environmen-
tal Protection Agency [22] method validations guidelines with regard to calibration
and quality control (QC). Each calibration was based on Æve levels of standards,
while the QC for assessment of accuracy and precision were based on three levels
of controls. The presence of carry-over was assessed from the blank samples run
after the runs with highest concentration of calibration standards. The standards
and quality controls were Æltrated and the IS was added prior to the analysis, which
took place in a Thermo ScientiÆc Dionex Ultimate 3000 Series RS system (Thermo,
Switzerland) including a pump, a column compartment, and an auto-sampler.

The following program using mobile phase A (1 % ACN and 0.2 % HCOOH in high
purity water) and mobile phase B (99 vol.% ACN in high purity water) at Øow rate
of 0.250 ml/min was applied: 1 % B (2 min), from 1 to 99 % B (10 min), and 99 % B
(4 min). 1 µl of the prepared solutions was injected. Separation of the analytes was
achieved with an ACQUITY UPLCr CHSTM C18 VanGuardTM pre-column and
column (150 mm x 2.1 mm x 5 mm, particle size 1.7 µm) from Waters (Switzerland).
The temperature of the columns was 50 °C. The chromatographic separation of the
analytes is demonstrated in Figure E.6. A heated electrospray ionization (ESI, 3.5
kV spray voltage) in positive mode was used for the ionization of the target analytes.
Data acquisition was performed using Thermo ScientiÆcTM Q-ExtractiveTM hybrid
quadrupole-orbitrap mass spectrometer controlled by Xcalibur 4.1 software. Mass
spectra were acquired in full scan mode with an isolation window of 1 m/z from
50-750 m/z (AC, ISP, DHISP, and TMTL) or 100 to 1500 m/z (PHTHA and DPG).
The resolution was set to 70000.

Raw mass spectral data Æles were collected in triplicate including a blank between
each run. The data were imported into Compound DiscovererTM 2.0 software
(Thermo, Switzerland) and processed according to the work Øow shown in Fig-
ure E.5 (SI). Standard settings were used except for the following variables: 105

counts intensity threshold for precursors, 0.1 min maximum shift alignment, and
2.5 ppm mass tolerance. Chromatographic peaks detected in one of the input Æles
but missing in others were checked by ”Fill Gaps“ option. The composition (of a
general formula CcHhOo) was predicted based on exact mass and isotopic patterns.
Additionally, the identity of the compounds was determined by a search within
mzCloud [23] and ChemSpider [24] databases. The results were summarized by
descriptive statistics and were used as an input to di�erential analysis. Thermo
Xcalibur software suite was used for calculations of quantiÆcation.
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2.4 GPC

Gel permeation chromatography (GPC) for the determination of the molecular
weight distribution of the compounds present in the oil phase was performed using
Agilent 1260 InÆnity LC (Agilent, Switzerland) with two PolarSil linear S columns
(PSS, Germany) operated at 55 °C and a refractive index detector. 5 g/L LiBr in
DMSO solution was used both as a sample solvent and as an eluent of the analytes
(conc. 33 g/L). The injection volume of 80 µl was combined with a Øow of 1 ml/min.
MW of the compounds in the samples was determined by a calibration standard in
the range 152 to 211000 g/mol (poly(vinyl pyridine) extended with vanillin).

2.5 Organic carbon analysis

The content of organic carbon in the samples was measured by a Vario EL Cube el-
emental analyzer (Elementar, Germany). Approx. 5 mg of oil and 40 mg of aqueous
phase were weighted in triplicate and measured against sulfanilamide (puriss. p.a.
�99 %, Sigma Aldrich) as a standard. The following settings were applied: pressure
1250 mbar, Øow of He carrier gas 250 ml/min, Øow of O2 carrier gas 50 ml/min (for
Ærst 90 s), combustion tube temperature 1150 °C, reduction tube temperature 850
°C.

3 Results and Discussion

3.1 Aqueous phase composition

The LC-ESI-MS/MS analyses have shown that the aqueous phase is a mixture of
hundreds of compounds, with phthalic acid (PHTHA), isophorone (ISP), dipropy-
lene glycol (DPG), and acetone (AC) being the most prominent constituents that
were quantiÆed (Table E.1).

Table E.1: QuantiÆcation (g/L) of the major constituents of the aqueous (AQ) and oil (OIL) fractions.
The values are expressed as means with standard deviations. Columns 1 - 4 (250 - 325 °C) represent
runs with GFRC, AC, and KOH. Run 325 °C, -KOH was performed with GFRC and AC (without KOH).
Run 325 °C, -GFRC was performed with AC and KOH (without GFRC).

250°C 275°C 300°C 325°C 325°C 325°C
-KOH -GFRC

AQ
ISP 12.3 ± 0.2 14 ± 2 7.7 ± 0.9 6.3 ± 0.2 2.0 ± 0.2 -

PHTHA 37 ± 2 39 ± 3 31 ± 4 20 ± 2 2.2 ± 0.1 -
DPG 10 ± 1 17 ± 2 9 ± 1 3.8 ± 0.4 16.8 ± 0.8 -
AC 8.2 ± 0.4 14.4 ± 0.3 14.8 ± 0.2 16.1 ± 0.4 37 ± 4 11.7 ± 0.3
OIL
ISP 300 ± 20 300 ± 20 230 ± 3 220 ± 10 38 ± 3 80 ± 8

DHISP 90 ± 20 85 ± 7 76 ± 1 75 ± 5 - 23 ± 3
TMTL 230 ± 30 230 ± 20 140 ± 10 179 ± 8 - 500 ± 40
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While PHTHA and DPG are monomeric units of the polyester chain, ISP is not an
indigenous ingredient of the resin, so its presence must be attributed to secondary
reactions. The concentrations of PHTHA decreased with temperature from 37 g/L
at T = 250 °C to 20 g/L at T = 325 °C. The obtained tendency was in accordance
with previous results, which indicated that PHTHA tends to be converted into sec-
ondary reaction products with increasing temperatures [20], especially above T =
325 °C. Without the KOH, the concentrations of PHTHA were signiÆcantly lower
(2.2 g/L), indicating an ine�cient hydrolysis of the polyester chains leading to the
release of this compound. In the absence of GFRC, no PHTHA was detected in
the aqueous phase. The amounts of ISP followed a similar trend with regard to
the temperature, being reduced by half from 12.3 g/L to 6.3 g/L between 250 and
325 °C. While minor amounts of the compound were detected in the run without
KOH, none was present without the composite material. The concentrations of
DPG were maximized at T = 275 °C (17 g/L) and were also signiÆcant in the ab-
sence of catalyst, which indicated an e�ective non-catalyzed hydrolysis of the bonds
in the polyester chain leading to the release of DPG units. DPG was calibrated
with an isomeric mixture of 4-oxa-2,6-heptanediol, 2-(2-hydroxy-propoxy)-propan-
1-ol, and 2-(2-hydroxy-1-methyl-ethoxy)-propan-1-ol, all of which were also detected
in the analyzed samples. AC content in the samples was in the range 8.2 - 16.1
g/L, generally increasing with reaction temperature. In the runs without KOH, the
concentration of AC were signiÆcantly higher (37 g/L), which showed that part of
the co-solvent was converted during the catalyzed hydrothermal solvolysis. Neither
maleic acid, nor styrene were identiÆed among the reaction products. The com-
bined quantiÆcation results accounted for 69 - 106 % of the organic carbon present
in the aqueous phase (Figure E.2). The overall content of carbon varied from 8.9
to 10.9 wt.% with decreasing reaction temperature. The high carbon content in the
run without the catalyst could be clearly attributed to the presence of unconverted
acetone.
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Fig. E.2: Carbon content present in the aqueous phase and the fractions of carbon explained by the
quantiÆcation of individual compounds. EOC - explained organic carbon. Groups 1 - 4 (250 - 325
°C) represent runs with GFRC, AC, and KOH. Run 325 °C, -KOH was performed with GFRC and AC
(without KOH). Run 325 °C, -GFRC was performed with AC and KOH (without KOH).
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3.2 Oil phase composition

The analyzed oil fraction was a complex mixture containing a broad spectrum of
chemicals making a full quantiÆcation of this fraction a task involving evaluation
of hundreds of chemical species. The most prominent peaks were identiÆed as
ISP, dihydroisophorone (DHISP), and 3,3,6,8-tetramethyl-1-tetralone (TMTL). The
quantiÆcation results for the oil fraction (Table E.1) show that all were found in
signiÆcant amounts. Concentration of DHISP were the lowest decreasing with tem-
perature from 90 g/L at T = 250 °C to 75 g/L at T = 325 °C. While the compounds
were absent from the oil produced without the catalyst, low concentrations were
identiÆed in the absence of GFRC materials indicating AC as its origin. TMTL was
the second most abundant compound present in the oil fraction ranging from 230
g/L to 179 g/L and following the same temperature trends as DHISP. Interestingly,
TMTL concentrations of 500 g/L were found in the oil produced without the com-
posite, thus further conÆrming AC to be responsible for the formation of the major
oil constituents in this study, in accordance with partial identiÆcations reported by
Sokoli et al. [21]. ISP concentrations were the highest among the identiÆed com-
pounds (300 - 220 g/L) and were also decreasing with temperature. The obtained
quantiÆcation results accounted for 45 - 60 % of the organic carbon present in the
oil phase, which itself was constant at 80 %.
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Fig. E.3: Carbon content present in the oil phase and the fractions of carbon explained by the quantiÆ-
cation of individual compounds. EOC - explained organic carbon. Groups 1 - 4 (250 - 325 °C) represent
runs with GFRC, AC, and KOH. Run 325 °C, -KOH was performed with GFRC and AC (without KOH).
Run 325 °C, -GFRC was performed with AC and KOH (without GFRC).

In addition to the quantiÆed compounds, a number of moderately sized peaks
have been identiÆed in the oil (listed in Table E.2 of SI). The assessment of the
molecular weight distribution of the oil constituents shows a narrow distribution of
MW values (200 - 500 g/mol) (Figure E.4). At higher reaction temperatures (T �
300 °C), an additional fraction of high molecular weight compounds (MW = 500 -
10000 g/mol) is present, indicating repolymerization reactions [25]. The main GPC
peak representing MW values around 150 g/mol expresses the presence of ISP and
DHISP. While the absence of GFRC material resulted in even narrower distribution
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of molecular weights, the lack of catalyst had the opposite e�ect, most probably due
to an ine�ective degradation of the polymer (Figure E.3).

Fig. E.4: GPC results for the oil phase. (left) The MW distribution for the runs with GFRC, AC, and KOH
in the temperature range 250 - 325 °C. (right) Comparison of the run at T = 325 °C with the blank runs,
i.e. 325 °C, -KOH (GFRC and AC present, without KOH) and 325 °C, -GFRC (AC and KOH present,
without GFRC). Please note: the MW distributions for 250 and 275 °C are virtually indistinguishable.

3.3 Reaction mechanisms

Near- and supercritical Øuids (e.g. water, alcohols, glycols) are excellent media for
numerous thermal transformations including hydrolysis, condensation, dehydration,
and many others [26, 27]. While the production of monomers such as PHTHA and
DPG can be easily explained by the hydrolysis of ester bonds in the polyester chain,
the pathways for the formation of secondary intermediates are not so clear. The
presence of ISP in the control run without GFRC indicated that AC, and not the
composite, was its source. According to the literature, ISP can be formed through
self-condensation of AC involving aldol condensation (from AC to diacetone alco-
hol to triacetone alcohol), dehydration (from triacetone dialcohol to phorone), and
1,6-Michael cyclization (from phorone to ISP) [28]. In addition, TMTL is formed ac-
cording to a similar reaction pathway as a result of condensation of ISP with mesityl
oxide (formed by dehydration of diacetone alcohol). The conversion pathway has
been shown to take place over a wide range of experimental conditions [28–31],
including solvolysis [21]. A scheme with summarized reaction pathways is provided
in the SI (Figure E.7). The presence of GFRC and variations in temperature seem
to inØuence the equilibrium of the AC-ISP-TMTL system. Without the composite
material, TMTL is the major reaction product. In the absence of catalyst, ISP at a
low concentration is the only product, indicating the importance of KOH for this
pathway. With GFRC and KOH, ISP is the major reaction product, followed by
TMTL. While DHISP is not a part of the previously reported reaction pathway, it
is clearly formed by reduction of ISP. Interestingly, neither maleic acid nor styrene
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were found among the reaction products in the aqueous and oil fractions. Cross-
linking between styrene and the double bond of maleic acid make these areas of
the polymer impervious to hydrothermal treatment as they are not hydrolyzable.
Breakdown of the surrounding ester bonds would therefore result in the release of
these parts of the thermoset resin as phenylethylene-succinate co-polymers. It can
be argued that due to their lack of polarity, they would be solubilized by acetone in
the oil fraction. Previous studies of thermoset polyesters have described this frac-
tion of liquefaction products as oligomers of low molecular weight ( 2000 g/mol)
with a great tendency to internal cyclization [25]. Furthermore, due to the random-
ness of the curing process, those styrene-maleic acid co-polymers would not have
any deÆned structure, but would be represented by a broad spectrum of possible
combinations.

4 Conclusions

Maximizing the sustainability of GFRC recycling via solvolysis in near-critical water
requires utilization of all available product streams: both the the glass Æbers and
the resin degradation products. In order to assess the potential for production of
value-added building blocks and other chemicals from the organic matrix, a state of
the art analytic tools such as high resolution LC-MS/MS should be applied for the
identiÆcation and quantiÆcation of the non-volatile reaction products. Moreover,
the method can be successfully applied for the measurements of semi-volatiles.
The reaction products from solvolysis of UP-based GFRC resulted in formation of
a broad spectrum of chemical species distributed between two distinctive phases:
an aqueous and an oil fraction. Already at this stage of the process, a polarity
based separation of the monomeric building blocks and secondary reaction prod-
ucts was observed. The former group of chemicals, including PHTHA and DPG,
represented the hydrolyzable building blocks of the polyester chain that could be
recycled directly and were found exclusively in the aqueous phase. The second
group of compounds, which included valuable secondary reaction products such as
ISP, DHISP, and TMTL, dominated the content of the oil fraction, the majority of
which was formed due to self-condensation of acetone. The combination of the se-
lected analytic methodology with veriÆed quantiÆcation procedures resulted in high
quality data, as indicated by the explanation of nearly 100 % of the organic carbon
in the aqueous phase. With production of various valuable chemicals being a par-
tial aim of GFRC solvolysis, a shift towards detailed quantitative assessments of the
conversion products in studies is required in order to evaluate the true sustainability
of these processes.
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6 Supporting information

Table E.2: The major compounds identiÆed in the products from solvolysis of GFRC. The chemicals
quantiÆed in the aqueous and oil fractions are followed by a list of additional tentative identiÆcations in
the oil phase.
Name Formula MW (g/mol) Sample
QuantiÆed
Phthalic acid (PHTHA) C8H6O4 166 AQ
Dipropylene glycol (DPG) C6H14O 102 AQ
3,5,5-Trimethylcyclohex-2-en-1-one (isophorone, ISP) C9H14O 138 AQ & OIL
3,3,5-Trimethylcyclohexan-1-one (dihydroisophorone, DHISP) C9H16O 140 OIL
3,3,6,8-Tetramethyl-1-tetralone (TMTL) C14H18O 202 OIL
IdentiÆed
Tetrapropylene glycol C12H26O5 250 OIL
Hexapropylene glycol C18H40O7 368 OIL
Phenyl butenone C10H10O 146 OIL
Dimethyl octahydro keto isopropenyl naphthalene C15H22O 218 OIL
Trimethyl cyclohexylideneacetone C12H18O 178 OIL
Tert-butyl tetrahydro naphthalene C14H20 188 OIL
Isopropenyl dimethyl hexahydro naphthalenone C15H22O 218 OIL
Acetyl ethyl tetramethyl tetralin C18H26O 258 OIL

Table E.3: Parameters describing the quality of the obtained calibrations for each quantiÆed compound.

Compound Range (mg/ml) R2 CV (%) range
AQ
ISP 0.04 - 0.01 0.99 5.96-15.17
PHA 0.01 - 1.00 0.97 0.82-22.78
DPG 0.0001 - 0.01 0.99 5.27-8.10
AC 0.80 -19.8 0.98 5.5 - 8.0
OIL
ISP 0.05 - 2.50 0.97 3.89-15.59

DHISP 0.01 - 5.0 0.97 1.87-13.60
TMTL 0.001 - 0.1 0.98 16.94-24.41
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Fig. E.5: Work Øow used to process the obtained data in Compound DiscovererTM 2.0 (Thermo Fisher
ScientiÆc Inc.). A standard method was applied except for the values of intensity threshold for precursors
(105 counts), maximum shift alignment (0.1 min), mass tolerance (2.5 ppm).

Fig. E.6: Extracted ion chromatographs of the quantiÆed substances. The data were normalized to 100
%.
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Fig. E.7: Reaction pathways for acetone self-condensation leading to formation of isophorone and
3,3,6,8-tetramethyl-1-tetralone [28]. The grayed out compounds represent the reaction intermediates not
identiÆed in this study.
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