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Abstract

Hydrothermal liquefaction (HTL) is a thermochemical route to convert a di-
verse range of biomass substrates into liquid energy carrier. The HTL process
includes the preparation of a biomass aqueous slurry and heating the slurry
up to sub- or supercritical water conditions to facilitate the biomass disso-
lution and conversion into biocrude. For continuous HTL processing, the
preparation of pumpable biomass slurries is extremely challenging especially
when it comes to lignocellulosic biomass. So far, the feedstock pumpability
has been a neglected area of research within the hydrothermal processing
field because most studies are conducted in batch reactors where pumpabil-
ity is beyond scope.

In support of the development of continuous hydrothermal liquefaction,
this work is focused on elaborating pretreatment strategies to prepare pumpable
wood slurries. Methods based on thermochemical treatment as well as strate-
gies based on physical and mechanical pretreatment (consisting of size reduc-
tion and mixing of biomass with other substrates) are studied. The impact
of the feedstock pretreatment on the biocrude yield and biocrude proper-
ties is also investigated. Indicative laboratory tests to predict the pretreated
feedstocks pumpability are developed.

One of the pretreatment methods proposed consists in mixing wood pow-
der with recycled biocrude. This strategy was previously used by Pittsburgh
Energy Research Center (PERC) to pump wood slurries in a pilot-scale HTL
plant but only with limited success. In the PERC process, wood slurry with
only 7 % dry matter content could be processed continuously. In this work
it is shown that by further reducing the particle size (0.125 mm compared
to 0.420 mm) and mixing all three components - wood, biocrude, water - in
one step, it is possible to increase the biomass loading of the slurry to 20
% mass fraction. Another improvement of this strategy is the order of mix-
ing the compounds to allow the preparation of homogeneous wood-water-
biocrude slurries. It is shown that mixing first the wood with water and
adding biocrude afterward, can prevent the phase separation between the
biocrude and the water phase. A slurry containing 20 % wood, 40 % water
and 40 % recycle biocrude (mass fractions) was successfully processed in a
continuous bench scale HTL plant.

Another pretreatment strategy proposed aims direct processing of wood
chips, thus reducing the energy input for grinding the wood to fine powder.
The pretreatment consists of treating the wood chips in alkaline solution at
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Abstract

180 °C to 200 °C. Wood chips are dissolved and converted into a wood paste
of different consistency, depending on the pretreatment conditions applied.
A parametric study was carried out and showed that at least 65 % of the
wood chips need to be dissolved to obtain pumpable feeds. Such slurries can
be obtained with solutions of sodium hydroxide (sodium hydroxide-to-wood
ratio of 0.35-0.40) after 2 hours of thermal treatment. HTL studies on the
pretreated vs. non-pretreated slurries have shown that the pretreatment of
wood has no significant impact on the biocrude yield or elemental compo-
sition. Alkaline pretreatment of biomass prior to continuous hydrothermal
liquefaction has not been reported in literature yet.

Another strategy that can be used to obtain pumpable wood slurries is the
addition of compounds with water binding capacity and thickening prop-
erties into the slurry. Seaweeds and microalgae were used as a source of
compounds with such properties. Of the algae tested, brown seaweeds, red
seaweeds and microalgae could prepare pumpable slurries when mixed with
wood in a mass ratio of 1/1. Green seaweeds could not form pumpable mix-
tures with wood. Besides the higher biomass loading of wood-microalgae
slurries (30 % compared to 20 % mass fraction for wood-seaweeds mixtures),
microalgae are also advantageous with respect to biocrude yield. Liquefac-
tion experiments showed that microalgae have a major positive impact on
the biocrude yield most probably due to the higher lipid and protein content
while seaweeds have a slightly negative impact compared to the liquefaction
of pure wood. The main drawback of co-processing wood and algae is the
transfer of nitrogen and sulfur containing compounds from algae into the
biocrude phase. Co-processing of wood and algae is a novel approach in hy-
drothermal processing field, especially when used as a method to improve
the pumpability of lignocellulosic feedstocks.

The main contribution of this work is in developing strategies to prepare
pumpable wood slurries for continuous hydrothermal liquefaction. Three
pretreatment methods are proposed for processing wood powder (particle
size < 0.25 mm) or wood chips (10 mm to 15 mm or larger). Two of the
three pretreatment strategies were tested in a continuous bench scale HTL-
plant which confirms the technical feasibility of the pretreatment methods
proposed but also the good agreement between the laboratory-scale and the
large scale pretreatment and pumpability tests.
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Resumé

Hydrothermal liquefaction (HTL) er en termokemisk proces til omdannelse af
en bred vifte af biomasser til flydende energibaerer. HTL processen inklud-
erer bla. forbehandling af en vad fedeblanding (biomasse + vand), som
videre trykseettes og opvarmes til under- eller overkritiske betingelser for
vand, hvorved processen faciliterer en kemisk omdannelse af biomassen til
en bio-rdolie. I kontinuerte HTL processer med fedeblandinger baseret pélig-
nocellulosiske biomasser har det vist sig teknisk udfordrende at preeparere
en sadan fodeblanding, som kan trykseettes og pumpes uden fasesepara-
tion (f.eks. vaeskefase og faststof). Indtil nu har pumpebarheden af fode-
blandinger i HTL processer veeret uden for fokus primeert grundet, at HTL
forskes hovedsageligt i batchreaktorer, hvor pumpebarhed er en redundant
parameter.

For at supportere udviklingen af kontinuerte HTL processer er omdrejn-
ingspunktet for denne athandling at udvikle forbehandlingsstrategier til at
preeparere pumpebare, lignocellulosiske fodeblandinger. De udviklede strate-
gier baserer sig pd termokemisk forbehandling og pa fysisk og mekanisk
forbehandling (sdsom mekanisk neddeling af biomassen og blandinger med
andre biomassesubstrater). Indikative testmetoder til at forudsige pumpe-
barheden af disse forskellige fodeblandinger er ligeledes udviklet. Ud over
pumpebarheden evalueres ogsa strategiernes effekt pa f.eks. udbyttet af bio-
raolie og kvaliteten af denne.

Den forste strategi er baseret pd at blande traebaseret biomasse med re-
cirkuleret bio-raolie fra HTL processen. Denne strategi har tidligere veeret an-
vendt af Pittsburgh Energy Research Center (PERC) til at pumpe treebaserede
fodeblandinger i et pilotskala anleeg. PERC var da i stand til at pumpe fode-
blandinger med 7 % terstofindhold. Ved at fin-neddele treeet til (0,125 mm i
forhold til 0,420 mm) og blande alle tre komponenter - tree, vand, bio-rdolie
- i et trin, er det lykkedes at opnd et torstofindhold pa 20 %. En anden
forbedring af denne strategi er reekkefelgen for blandingen af de forskellige
indholdsstoffer (vand, tree, bio-rdolie). Det er vist, at blandes traeet forst med
vand og derefter med bio-rdolien kan faseseparation forhindres. En fedeb-
landing indeholdende 20 % tree, 40 % vand og 40 % recirkuleret bio-raolie
(massefraktioner) er succesfuldt anvendt i et kontinuerligt pilot-skala HTL-
anleeg.

Den anden strategi baserer sig pa termokemisk forbehandling af treeflis,
hvorved energiforbruget til mekanisk fin-neddeling kan undlades. Den
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Resumé

termokemiske forbehandling bestér i at varmebehandle biomassen ved 180-
200 C i en alkalisk oplesning. Ved denne forbehandling opleses og konvert-
eres biomassen til en treepasta af varierende konsistens afheengig af proces-
betingelserne. Et parametrisk studie viste, at minimum 65 % af treeflisen
skal opleses i den alkaliske oplesning ferend fedeblandingen er pumpebar.
Sadan et resultat kan opnas ved at forbehandle treflisen i en natrium hy-
droxid oplesning (ved et natrium hydroxid/treeflis forhold péd 0,3-04) i to
timer. Efterfolgende, eksperimentelle HTL studier af de forbehandlede og
ikke-forbehandlede fedeblandinger efterviste, at forbehandlingen ikke har
nogen betydelig effekt pa hverken udbytte eller den elementeere sammenseet-
ning af bio-rdolien. Sddan en alkalisk forbehandling, efterfulgt af kontinuert
HTL har ikke for veeret rapporteret.

Den tredje strategi, der kan anvendes til at sikre pumpebare lignocellulo-
siske fodeblandinger, baseres pa samprocessering med andre bio-substrater
med hej vandbindingskapacitet og fortykkende egenskaber. Alger er eksem-
pler pa substrater med sddanne egenskaber og blev videre undersogt. Af
de forskellige undersogte alger viste det sig, at bdde brunalger, redalger, og
mikroalger kan, sammen med lignocellulosisk biomasse, resultere i pumpe-
bare fodeblandinger, nér disse blandes i et 1:1 forhold. Det blev yderligere
vist, at grenalger ikke er i stand til at forme pumpebare fodeblandinger sam-
men med tree. Det hojeste terstofindhold (30 %) af fedeblandingen (tree +
alge) kan opnds med mikroalger. Hvor brunalger og redalger viste sig at have
en svagt negativ indvirkning pa bio-rdolie udbyttet, sa har mikroalgerne en
gavnlig effekt pd bio-raolien, antageligvis grundet det hoje indhold af lipider
og proteiner i mikroalger. Den storste ulempe ved samprocessering af tree
og alger er overforslen af de nitrogen- og svovlholdige kemiske forbindelser
fra algerne til bio-raolien. Samprocessering af tree og alger samt anvendelsen
af disse, til at forbedre pumpbarheden af lignocellulosiske ramaterialer, har
ikke tidligere veeret anvendt i HTL.

Det primeere bidrag af denne athandling er udviklingen af strategier til
at forberede pumpbarheden af lignocellulosiske fedeblandinger til kontin-
uerlig HTL. Tre forbehandlingsmetoder til bearbejdning af treepulver (par-
tikelstorrelse <0.25 mm) eller treeflis (10 mm til 15 mm eller storre) er blevet
udviklet. To af de tre forbehandlingsstrategier blev testet i et kontinuerlig
pilot-skala HTL-anleeg, hvilket bekreefter den tekniske anvendelighed af de
foresldede forbehandlingsmetoder. Yderligere blev der bevist god sammen-
heeng mellem laboratorieskala og pilot-skala med hensyn til testmetoderne
til at forudsige pumpebarheden af forskellige fedeblandinger.
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Abstract

Hydrothermal liquefaction (HTL) este un proces termochimic prin care o
gama variatd de biomasa poate fi convertita intr-un purtitor de energie sub
formd lichidd. Procesul de HTL include prepararea unui amestec de biomasa
si apd si Incdlzirea acestuia la temperatura sub- sau supercriticd a apei, pentru
a facilita disolutia biomasei si conversia acesteia in biotitei. Pentru procesul
continuu de HTL, prepararea unui amestec pompabil de biomasa si apd este
foarte dificilad in special in cazul biomasei lignocelulozice (e.g. materiale lem-
noase). Pana acum, pomparea amestecurilor de biomasa si apa pentru proce-
sul de HTL a fost o arie de cercetare neglijatd deoarece majoritatea studiilor
sunt realizate in reactoare de tip sarjd unde pomparea amestecului nu este
un obiectiv.

In sprijinul dezvoltirii procesului continuu de hydrothermal liquefaction,
aceastd lucrare se axeazd pe elaborarea unor strategii pentru prepararea de
amestecuri pompabile de biomasa si apd. Metode bazate pe tratamente ter-
mochimice precum si tratamente fizice si mecanice (care constau in reducerea
dimensiunii particulelor si combinarea amestecurilor cu alte substraturi) sunt
studiate. Impactul compozitiei amestecului asupra randamentului si calitatii
biotiteiului este de asemenea un aspect important al acestei lucrari. Metode
care pot fi folosite in laborator pentru a indica amestecurile pompabile sunt
propuse.

Una dintre metodele propuse constd in amestecarea lemnului aflat sub
forma de pudrd cu biotitei reciclat. Aceastd strategie a mai fost aplictd de
Pittsburgh Energy Research Center pentru a pompa lemn intr-o instalatie
HTL pilot, insd cu un succes limitat. Una dintre imbunaétatirile aduse acestei
metode este cresterea continutului de biomasa de la 7 % la 20 %, procente de
masd. Aceastd restere s-a putut realiza prin utilizarea de particule de biomasa
de dimensiuni mai mici (0.125 mm comparativ cu 0.420 mm) si amestecarea
celor trei componenti - lemn, biotitei, apad - intr-un singur stagiu. O altd
imbunatatire a acestei strategi este ordinea in care componentii sunt ameste-
cati pentru a permite formarea de amestecuri omogene de lemn, biotitei si
apd. S-a ardtat cd separarea de faze intre apa si biotitei poate fi evitatd prin
amestecarea biomasei cu apa-in prima faza-urmata de addugarea biotiteiului.
Un amestec cu un continut de 20 % lemn, 40 % apad si 40 % biotitei (procente
de masd) a fost procesat cu succes intr-un sistem continuu de HTL.

A altd metoda propusa are ca scop procesarea directd a chipsurilor de
lemn, reducand astfel energia consumatd pentru mécinarea lemnului intr-
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o pudrd find. Procesul constd in tratarea chipsurilor de lemn cu o solutie
alcalini la 180 °C - 200 °C. In urma tratamentului, lemnul este dizolvat iar
amestecul de lemn si apd este convertit intr-o pastd de diferite consistente,
in functie de conditiile de tratament aplicate. Un studiu parametric a fost
realizat si a ardtat cd cel putin 65 % din biomasa trebuie dizolvatd pentru
a obtine amestecuri pompabile. Astfel de amestecuri pot fi obtinute prin
utilizarea unei solutii de hidroxid de sodiu (raport hidroxid de sodiu:biomasa
0.35-0.40) dupad tratament termic timp de 2 ore la 180 °C. Experimente de
HTL cu lemn tratat si lemn netratat prin acest proces termochic, au aratat
cd tratarea lemnului nu are un impact semnificativ asupra randamentului si
calitatii biotiteiului. Tratarea biomasei in mediu alcalin inaintea procesarii
intr-un sistem continuu de hydrothermal liquefaction nu a fost raportatd in
literaturd pand acum.

O altd metoda prin care pot fi obtinute amestecuri pompabile de biomasa
lemnoasé este prin addugarea de compusi cu capacitate de a retine apa si cu
proprietdti de ingrosare. Alge marine si microalge au fost folosite ca sursa
de compusi cu astfel de proprietdti. Dintre toate algele testate, algele ma-
rine brune si rosii si microalgele au putut forma amestecuri pompabile cu
lemn (sub forma de pudrd) cand au fost amestecate intr-un raport de masa
de 1/1. Algele marine verzi nu au putut forma amestecuri pompabile cu
lemn. Pe langd avantajul de a forma amestecuri cu continut total de biomasa
mai mare (30 % lemn-microalge comparativ cu 20 % lemn-alge marine) mi-
croalgele cresc si randamentul de biotitei. Experimentele de HTL au ardtat
cd microalgele au un impact pozitiv major asupra randamentului de biotitei
in timp ce algele marine au un impact usor negativ compartiv cu conversia
lemnului pur. Principalul dezavantaj in co-procesarea lemnului cu alge este
transferul de compusi care contin azot si sulf in biotitei. Co-procesarea lem-
nului cu alge este o abordare noud in procesul de hydrothermal liquefaction,
mai ales cAnd aceasta este folositd cu scopul de a inbundtéti pompabilitatea
amestecurilor lignocelulozice.

Principala contributie a acestei lucrdri consta in dezvoltarea de strategii
pentru a obtine amestecuri pompabile de lemn-apd pentru procesarea con-
tinud in sisteme de hydrothermal liquefaction. Trei metode pentru procesarea
lemnului sub forma de pudrd (dimensiunea particulelor < 0.25 mm) si chip-
suri de lemn (10 mm - 15 mm sau mai mari) au fost propuse. Doud dintre
cele trei metode au fost testate intr-un sistem HTL continuu, ceea ce confirma
fezabilitatea din punct de vedere tehnic a metodelor propuse, dar si un acord
bun intre testele de laborator si cele la scard mai mare.
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Chapter 1

Introduction

Nowadays, there is a large and growing interest in using biomass and other
renewable resources for energy production. Increased energy demand and
fossil fuel emissions lead to record atmospheric CO, concentration of more
than 400 ppm in 2016 [6]. CO, emissions and other greenhouse gases and an-
thropogenic factors are the main cause of global warming. The last 30 years
have been the warmest decades since 1850. The global mean surface temper-
ature increased over the period 1951-2012 with 0.72 °C (relative to 1850-1900
average) and is estimated to further increase by the end of the 21st century
with up to 4.8 °C above the 1986-2005 average (in the worst case scenario)
[7]. Such increase of global temperature would generate irreversible global
warming and will have serious consequences on climate change, food, water,
land availability and national security. In order to avoid such consequences,
the global surface temperature increase need to be kept below 2 °C (relative
to 1850-1900 average). This objective was adopted by 195 countries in the
Paris Agreement from 2015.

As shown in Figure 1.1, in the 2 °C scenario the annual CO; emissions
in 2040 are reduced with 57 % compared to the levels that could be achieved
considering the current trends. In this scenario, the total share of fossil fuels
in the primary energy mix declines from 79 % (the share in 2040 in the Cur-
rent Policies Scenario) to 60 % (the share in 2040 in the 2 °C scenario) and
the total renewables share increases from 16 % to 29 % [8]. Today, the renew-
ables cover about 14 % of the world total primary energy supply [9] thus,
improvements in this sector are vital to meet the CO, emissions reduction
target.

Biomass is the largest renewable energy source providing 10 % of world
primary energy supply, ten times more than wind and solar together [8].
Biomass can be used to produce bio-electricity, bio-heat, bio-fuels and bio-
products. The largest part of the biomass is used today as fire wood in de-
veloping countries (for domestic heating and cooking), for heat and power
production [10]. Biomass-to-biofuels (BtB) sector has a small contribution
to the bioenergy production but new conversion technologies are being de-
veloped and the share of biofuels in the transportation sector is expected to
increase from 2 % today to 27 % in 2050 [11].
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Figure 1.1: The change in global surface temperature, predicted CO, emissions and world
primary energy mix in 2040 in the Current trends scenario and the 2 °C scenario; measured
global surface temperature values relative to 1951-1980 average (data source: [6]) and predicted
values relative to 1986-2005 [7]. CO, emissions and world primary energy mix data according
to [8]

The production of biofuels began in the late 19th century, was resumed
in the mid-1970s and flourished between 2000 and 2007 when biofuels ac-
counted for 1.5 % of the world total transport fuels [12], [11]. Nowadays,
the production of biofuels is based on bioethanol, biodiesel and a small frac-
tion of biogas, mostly produced in the USA, Brazil and Europe. Bioethanol
and biodiesel are obtained from sugar crops and vegetable oils while biogas
is obtained from organic wastes (e.g. manure) or dedicated energy crops.
These technologies are mature and are already implemented at commercial
scale, generally known as conventional or 15! generation biofuel technologies
[11]. Because most of the biofuels production is based on bioethanol and
biodiesel, the 15! generation biofuels are also known as the edible resource-
derived biofuels. Increased production of 15 generation biofuels and other
factors, contributed to the global food crisis in 2007-2008, when the price of
cereal crops increased dramatically and started a food vs. fuel debate [13].
For this reason, the targets for bioenergy supply in transport sector were re-
considered and in 2015, the European Commission imposed a limit of 7 %
share of the final consumption of energy in transport for biofuels obtained
from cereal and other crops [14].

In order to achieve a sustainable growth of the biofuels market and to
meet the global target of 27 % bioenergy supply in transport sector by 2050,
advanced biofuel technologies need to be made commercially available. As
shown in Figure 1.2, lignocellulosic and algal biomass need to support the
main production of biofuels in future. Alternative routes to obtain biofuels
from lignocellulosic biomass (2" generation biofuels) or from algal biomass
(3" generation biofuels) already exist but only at basic and applied R&D,



demonstration or early-commercial development stage [11].

Second generation biofuels are obtained from lignocellulosic biomass such
as wood residues, straw, woody and herbaceous crops, grass etc. Lignocellu-
losic biomass is advantageous because is not competing with food resources,
can be produced at lower cost than food crops [15], can be also available as
waste streams and is the most abundant biomass resource on earth [16]. The
estimated amount of lignocellulosic biomass used for biofuels production in
EU by 2020 is 15 million tones [17]. However, production of biofuels from
lignocellulosic biomass is more difficult than the conversion of sugar and oil
crops into bioethanol and biodiesel. For biochemical conversion of lignocellu-
losic biomass (e.g. by fermentation or digestion), first the carbohydrates need
to be liberated from the lignocellulosic matrix by applying various destructive
chemical or thermo-chemical pretreatment methods. Thermal decomposition
of biomass by gasification or pyrolysis also requires biomass pretreatment
because the solids need to be dried and milled in order to achieve high heat
transfer rates. Processing lignocellulosic biomass through hydrothermal con-
version technologies like Hydrothermal Liquefaction or Hydrothermal Gasi-
fication, face difficulties related to biomass-water system heterogeneity. In
this case, the pretreatment of biomass targets to obtain pumpable slurries.
Overall, lignocellulosic biomass conversion into biofuels is difficult due to
the rigid structure of biomass. Biomass pretreatment represents a key step in
the production of 2" generation biofuels.

Hydrothermal Liquefaction (HTL) of biomass is an alternative route to

27 %

rd of transport
generation fuels in
e o Ak 2050
generation DR *

i/
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generation Algal biomass-derived
&) liquid fuels and biogas
& Lignocellulosics-derived
) -
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fuels Biodiesel from oils and fats

Biogas from organic wastes

Today

Figure 1.2: The evolution of biofuels share in the transport sector by 2050 and the development
of biomass-to-biofuel technologies according to the feedstock used
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obtain liquid biofuels from a large range of biomass substrates, including lig-
nocellulosics. Because microorganism are not used in the process, the HTL
technology is more flexible in terms of the biomass used. Unlike pyrolysis
and gasification where dry solids are used, HTL operates in aqueous medium
thus, biomass drying is not required, eliminating the use of energy for drying
the biomass. However, the main challenge of this technology for large scale
implementation is the preparation of biomass-water mixtures that can be de-
livered to the reactor under high pressure conditions. Due to this limitation,
the HTL technology development has been resumed to small scale imple-
mentation in batch or continuous reactors. There were only few attempts to
implement the HTL process at pilot-scale but only for short periods of time.
A review on the historical development of HTL is given in Chapter 3.



Chapter 2

Thesis objectives and outline

1 Focus area and project objectives

This work is part of the C3BO project founded by the Innovation Fund Den-
mark Grant No. 1305-00030B. The project aims to demonstrate that HTL is a
sustainable and high efficient pathway to produce drop-in fuels from ligno-
cellulosics and other biomass streams. The project is divided in four working
packages that covers the whole process chain from biomass to transportation
liquid biofuels, including residual streams management and HTL life cycle
assessment. The work packages are shown in Figure 2.1.

The current work is part of Work Package 1 and is focused on feedstock
pretreatment. The main objective of this study is to develop pretreatment
strategies for lignocellulosic biomass, that enables the slurries pumpability at
near- or super-critical conditions of water. In the same time, the pretreatment
must allow higher biomass loadings than previously achieved in literature
for continuous processing of lignocellulosic biomass i.e. at least 20 % mass
fraction.

Current study

WORK PACKAGE 1 WORK PACKAGE 2 WORK PACKAGE 3 WORK PACKAGE 4
FEEDSTOCK PRETREATMENT BIOCRUDE UPGRADING HTL WATER LIFE CYCLE
AND HTL CONVERSION CHEMISTRY ASSESSMENT

Figure 2.1: C3BO project work packages
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2 Research questions

Considering the above mentioned objectives the following research questions
are formulated:

1. What experimental methods can be implemented to evaluate the feed-
stock pumpability?

2. What strategies can be applied to achieve 20 wt % feedstock dry matter
content when wood is slurried with recycled biocrude?

3. What thermo-chemical pretreatment can deconstruct the wood chips to
an extent that enables the pumpability of concentrated feedstocks?

4. What is the impact of the biomass thermo-chemical pretreatment on the
HTL product distribution and biocrude properties?

5. Can the mechanical dewatering of wood slurries be reduced by intro-
ducing algae into the mixture? Which algae species perform best as
feed stabilizers?

6. What is the impact of co-processing wood and algae on feedstock biomass
loading, biocrude yield and biocrude elemental composition?

3 Thesis outline

The thesis is divided in two parts: Part I Report contains background knowl-
edge on Hydrothermal Liquefaction and biomass pretreatment. Part I Re-
port also contains a detailed description of the experimental results and is
structured in seven chapters as described below. The published articles that
describes the topics covered in this thesis are attached in Part II Publications.

Chapter 1 presents an overview of the global energy utilization and CO, emis-
sions trends. The role of bioenergy and biofuels in Europe and the EU strate-
gies for climate change mitigation are discussed.

The objectives and the outline of this thesis are presented in Chapter 2.

Chapter 3 contains a short description of the Hydrothermal Liquefaction pro-
cess from biomass to final transportation biofuel products. The HTL process
development since 1934 until today is discussed and the most representative
HTL continuous systems are reviewed. The obstacles in the path to large
scale production of HTL biofuels are pointed out.



3. Thesis outline

Chapter 4 is a short review on the existing pretreatment methods for lignocel-
lulosic biomass. The purpose of this chapter is to identify the pretreatment
options suitable for the HTL process.

The first pretreatment method proposed in this work is covered in Chapter 5.
The focus of this chapter is to find strategies to increase the biomass loading
in wood-water-biocrude slurries.

Chapter 6 deals with the alkaline pretreatment of wood chips. A parametric
study is carried out to identify the optimum pretreatment conditions. Hy-
drothermal liquefaction experiments at laboratory- and bench scale are per-
formed to study the impact of alkaline pretreatment on biocrude yield and
composition.

In Chapter 7 wood powder is mixed with seaweeds or microalgae to study
the ability of algae to prevent feedstock dewatering. Small scale hydrother-
mal liquefaction experiments with wood-algae mixtures are carried out to
determine the impact of algae on biocrude yield and elemental composition.

Finally, the findings of this work are summarize in Conclusions. Extra in-
formation related to the topics presented in Part I Report can be found as
Appendices.
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Chapter 3

Hydrothermal Liquefaction
of biomass

1 HTL process description

Hydrothermal liquefaction (HTL) is a thermochemical route to convert biomass
into a high calorific value liquid biofuel. The process consists in preparing a
biomass aqueous slurry that is heated to sub- or super-critical water condi-
tions (280 °C - 450 °C). While heated, the biomass is converted into biocrude
through various chemical reactions like depolymerization, dehydration, con-
densation, cyclization etc. Between 30 % and 70 % of the biomass can be con-
verted into biocrude, depending on the chemical composition of the substrate
and process conditions (e.g. temperature, catalyst). Besides biocrude, a large
fraction of the biomass is converted into water soluble organic compounds,
gases and solids. An example of the HTL product distribution resulted from
the liquefaction of wood is given in Figure 3.1. For a more detailed de-
scription of the HTL process and process chemistry the reader may refer to
Peterson et al. [19], Behrendt et al. [20], Toor et al. [21], [22], Akhtar et al.

18%

29%

. Biocrude
W Water soluble organics

3%

H20
M Char
Gas

Figure 3.1: The yield of products resulted from hydrothermal liquefaction of wood, according
to NREL and PNNL studies [18]
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[23], Hoffmann et al. [24].

Figure 3.3 shows the path from biomass to biocrude through HTL and
further upgrading steps necessary to convert the biocrude into transportation
fuels. The process is divided in three stages: feedstock preparation, feedstock
HTL conversion and biocrude upgrading.

Stage 1 - Feedstock preparation consists in one or more of the following
steps: biomass selection, proteins or other high value compounds extraction,
biomass particle size reduction, biomass leaching for ash removal and finally
slurry preparation. Slurry preparation consists in mixing the biomass with
the aqueous phase, catalyst and other desired additives. In some cases, slurry
preparation involves chemical pretreatment, thermal pretreatment, mechan-
ical pretreatment or a combination of these three. All these steps can be
considered biomass and feedstock pretreatment operations.

Stage 2 - Hydrothermal liquefaction consists in converting the biomass into
biocrude oil. Before entering the HTL reactor the biomass slurry is heated
to desired temperature. Temperature is probably the most investigated fac-
tor affecting the HTL process. A large range of process conditions were in-
vestigated in literature. Figure 3.2 gives an overview on the temperature-
pressure conditions tested for the liquefaction of various types of biomass in
lab-scale studies, mostly performed in autoclaves. Many studies concluded
that the optimal HTL temperature is between 300 °C and 350 °C, with re-
spect to biocrude yield [26], [27], [28]. There are also studies indicating that
liquefaction of biomass in super-critical water conditions is more advanta-

35 9 y
o'
30 4 p
Liquefaction R Supgt;f;éhca]
& 25 4
2 o
% 20 4 o Critical point
ﬁ o, 374 °C, 22 MPa O Forestry
i‘ 15 - Agricultural residues
O Biomass from waste
e Vapour O Algae
10 4 v, O Current study
‘ * » » Pseudo critical line *
(o] Hydrofaction™ regime*
5 4
T T T T 1
240 280 320 360 400 440

Temperature (°C)

Figure 3.2: Variability of temperature conditions used in different HTL studies. *Pseudo critical
line and Hydrofaction™ regime according to [25]
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geous with respect to oil quality [29], [30], [31]. The water initially added
for slurry preparation is enriched during the HTL process with various wa-
ter soluble organic compounds resulting from biomass conversion. A study
performed on the continuous bench scale HTL unit installed at Aalborg Uni-
versity, shows that the HTL product water phase can be recycled within the
process with positive effect on the hydrogen-to-carbon ratio of the biocrude
[5]. The study also shows that the total organic carbon (TOC) and the ash
content of the water phase increase with every cycle. The linear increase of
the ash content in the water phase observed in the study, suggests that large
fractions of the alkaline catalyst tends to remain into the water phase. Unfor-
tunately, the increase of organic compounds concentration in the water phase
reduced the efficiency of gravimetric separation of biocrude due to the water
soluble organic (WSO) compounds acting as biocrude solvent. In batch stud-
ies, where oil was separated by solvent extraction, Biller et al. showed that
HTL water phase recirculation increases the biocrude yield and the biomass
conversion efficiency due to the built-up of organic compounds in the water
phase [32].

Stage 3 - Biocrude upgrading is performed at temperatures of about 350 °C -
400 °C with the addition of hydrogen gas and in presence of a heterogeneous
catalyst. The biocrude pretreatment aims at removing the oxygen, sulfur and
nitrogen from the biocrude oil compounds in order to obtain a refinery com-
patible product. Experiments indicate that upgraded biocrude can be mixed
with crude oil and co-processed in conventional refineries for the production
of transportation fuels [33]. A comparison between raw and upgraded HTL
biocrude is given in Table 3.1. The table also shows the significant reduction
of the biomass oxygen content when converted into biocrude. Between 65
% and 80 % of the oxygen is removed by dehydration and decarboxylation
reactions. Dehydration reactions are specific for carbohydrates (due to polyol
structure) while decarboxylation reactions are more specific for fatty acids
and amino acids [19].

Table 3.1: The elemental composition of biomass, raw- and upgraded biocrude oil and Northen
sea crude

. Upgraded Northen
Wood" HTL biocrude ” HTLPEiocrudeb sea crude?

Elemental mass fraction (%)

C 47.9 83.9 83.8-87.7 86.6
H 6.5 10.4 10.8-12.2 13.1
N ND 0.4 0.2-0.6 ND
(6] 45.6 5.3 0.1-5.0 0.3
S ND ND ND ND
HHV [M]/kg] 18-19 40.43 444

@ Daraban et al. [1], ? Jensen et al. [33]
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2. HTL technology roadmap

2 HTL technology roadmap

Hydrothermal liquefaction has been a research topic for more than 80 years.
Even so, the research activity is still focused on laboratory scale studies. The
development of HTL technology was not continuous, as illustrated in Fig-
ure 3.4. There were several attempts to upscale the process around the years
with peak crude oil prices (e.g.year 1980 and 2008) but only few projects con-
tinued until today. When crude oil prices declined, production of biocrude
was considered not economical and in most cases the research activities in
bench-, demo-, or pilot-scale were halted. Instead, the small scale studies
in universities and research centers worldwide had a constant development,
providing continuous knowledge about this process. The experience gained
so far from operating continuous HTL systems is important for this study to
understand the issues related to feedstock pumpability and how they were
approached in the past. For this reason, a review of the most representative
HTL continuous systems was carried out.

The proof of concept

First experiments of biomass liquefaction in aqueous medium were reported
by E. Berl, between 1934-44. His studies involved wood treatment in the
presence of water and various catalyst at temperatures higher than 230 °C.
A semi-liquid product "proto product" was obtained. Berl believed that any
carbohydrate-containing material can be converted into such product that can
be further used as fuel oil or in Diesel engines [34], [35], [36].

Bureau of Mines studies

Berl’s studies were resumed by US Bureau of Mines (BOM) around 1970. The
Bureau of Mines performed tests on a wide range of lignocellulosic wastes
(urban refuse, agricultural wastes, sewage sludge, wood, manure or lignin).
Experiments were carried out in autoclaves and a continuous system at tem-
peratures between 250 °C and 380 °C. The novelty introduced by BOM is
the liquefaction in presence of CO and water, an idea initially applied to
coal liquefaction. The function of CO was not clear but it was noticed that it
enhanced the biomass conversion into crude-oil. Researchers at BOM also no-
ticed that the addition of sodium carbonate increased the oil yield. The main
findings of the BOM group were: 1) Temperature increase have a significant
effect on product quality by reducing the viscosity and the oxygen content;
2) Higher initial CO pressure increase the oil yield; 3) Partial replacement of
water with other vehicles or solvents (antracene oil, isoquinoline) reduces the
operating pressure and increases the oil yield; 4) The most effective catalysts
are the alkali carbonates; 5) Nitrogen bases such as NH4OH or isoquinoline
are also efficient catalysts; however NH4,OH is disadvantageous because the
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product oil contains higher N concentrations. Oil yields between 30 and 50
wt % were reported [37].

The first HTL pilot plant

Shortly after the batch studies carried out by BOM, the first and largest
continuous HTL plant was built (the Albany plant) and operated in the pe-
riod 1978/81 [38]. The unit was designed to process 1 to 3 tons of wood
chips per day but never run at full capacity [39]. Two different versions of
the liquefaction process were implemented at the Albany plant. One of the
versions was based on the original BOM process, known also as the PERC
process, that utilizes antracene oil or recycled product oil to partially replace
the water in the feed mixture (see Figure 3.5). The recycled biocrude is used
to obtain pumpable wood slurries. Milled wood is mixed with biocrude and
pumped into the system. The water phase is injected into the wood-biocrude
slurry to form a final feedstock with about 7 wt % dry matter content. Pro-
cess temperature varies between 300 °C and 370 °C, pressure is around 200
bars and residence time between 20 minutes and 90 minutes [40].

A second version was developed by Lawrence Berkeley Laboratory and
is known as the LBL process. The most significant difference between PERC
and LBL process is the wood pretreatment method. In the LBL process, wet
wood chips were treated with dilute sulfuric acid (< 0.1 %) at 180 °C to
dissolve about 30 % of the initial solids and to increase the wood loading.
The slurry obtained was further neutralized and processed into a refiner to
mechanically break the fibers and to prepare a pumpable slurry [38]. The
pretreatment stage is illustrated in Figure 3.6. Even though the initial wood in
water concentration was 23 % mass fraction, the pretreated feed was diluted
back to less than 15 % mass fraction in order to avoid plugging of the system
[39], [38]. Another disadvantage of this pretreatment method was the high
amount of alkaline reactant needed to neutralize the feed.

In both versions of the process, potassium carbonate was used as catalyst

DRYER GRINDER

RECYCLE OIL

— WOOD SLURRY
WITH CATALYST

TO LIQUEFACTION
VACUUM
DISTILLATION AQUEOUS BASIC
TOWER CATALYST

Figure 3.5: Feedstock preparation in the PERC process (adapted from [39])

BLENDER
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and a CO-H; mixture was co-fed into the reactor. The product oil analyzes
indicated similar quality to No. 6 fuel oil. For this reason, the biocrude was
considered suitable for steam and power generation [38], [40]. The Albany
project demonstrated the technical feasibility of the HTL process [38]. One of
the most critical problems was the feed-stream pumpability [39]. Solid load-
ings of around 10 % mass fraction, high energy consumption to obtain wood
flour (particle size below 0.250 mm) or large quantities of alkaline catalyst
used to neutralize the acid pretreated feeds increases the biocrude produc-
tion cost and makes the process "marginally economic at best" [41].

The Sludge To Oil (STORS) process

Pumpability difficulties encountered by the group working at the Al-
bany plant when processing wood, determined researchers at Battelle Pa-
cific Northwest National Laboratories to adopt a "keep it simple strategy" in
biomass liquefaction [41]. The simplicity of the process consisted in the lack
of a pretreatment step for the feedstock and quitting the use of reducing gases
such as the CO-H; mixture. To avoid the feedstock pretreatment, sewage
sludge was chosen as biomass feed thus, the process was called STORS -
Sludge to Oil Reactor System. In 1986, United States Environmental Protec-
tion Agency published the results from continuous HTL of municipal sewage
sludge in a 30 L/h system. The sludge solid content was 20 % mass fraction
[42]. Later, in 1994 research groups in Japan reported results from a larger
STORS plant with a capacity of 5 tonne per day sludge [43]. Another dif-
ference between STORS and LBL or PERC systems was the lower operating
pressure, 10 MPa compared to 20 MPa. However an alkali carbonate catalyst
was also used in the STORS system.

Shell’s HTU process

Another continuous HTL process was developed by Shell. Experiments
at Shell Laboratories in Amsterdam for the HTU process (Hydrothermal Up-
grading) were carried out in small autoclaves and a modular bench-scale

WET WOOD CHIPS SODIUM
“WATER | CARBONATE
WATER

L5

BAUER
REFINER

PRETREATED
WOOD SLURRY
WITH CATALYST
TO LIQUEFACTION

ELECTRICALLY NEUTRALIZER SLURRY
HEATED TANK STORAGE
PRETREATER TANK

Figure 3.6: Feedstock preparation in the LBL process (adapted from [39])
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system with a 1 L reactor (10 kg slurry/h ) between 1980 and 1988 [44], [45].
In order to pump the wood slurry through the continuous system, wood
powder with particle size of 0.1 mm was used. Peat was also tested. In the
purpose of process development, a larger demonstration system was built
and officially opened in 1999. The system capacity was about 100 kg/h of
feed.

The pumpability issues of these feeds were solved by modifying a com-
mercial available pump [45]. Also, in the HTU process, a Liquid Hot Water
(LHW) pretreatment was integrated. The pretreatment process is shown in
Figure 3.7. The pretreatment, consists in treating the wood chips in water at
180 °C to 200 °C for 10 minutes to 15 minutes. The authors state that the prin-
ciple was demonstrated at laboratory scale and that a paste product could be
obtained and pumped at 18 MPa [44]. No other additives are mentioned de-
spite the fact that it was stated that the method was adopted from the paper
industry [45] where an alkaline reactant is typically used. Yet, the modu-
lar bench scale continuous system was operated with wood powder [44] and
later, the pilot plant was operated on different feedstock like sugar beet pulp
or onion pulp. This may suggest that the pretreatment method described
earlier was not suitable for wood chips. In fact, difficulties to pump a feed
obtained from wood chips in the modular continuous system were reported
by Goudriaan et al. [45].

Based on the successful operation and promising results at the pilot plant,
there was interest in up-scaling the HTU plant for treating biomass or organic
waste. A technical and economical study showed that the HTU process could
be integrated with the protein extraction from grass, reducing the nitrogen
content of the HTU feedstock. Unfortunately the project of building the first
commercial demonstration plant was abandoned due to disagreements be-
tween the the project partners [45].

PRETREATED
WOOD SLURRY
TO LIQUEFACTION

SOFTENER (200 °C)

RECYCLE WATER

HIGH PRESSURE
FEED PUMP

Figure 3.7: Conceptual design of the wood chips pretreatment in the HTU process [44]
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Recirculation Loop
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6: Reactor

1
2: 7: Recirculation pump
3: Main heater 8: Pressure reduction
4: Trim heater 9: Control valve

5: Salt trap

Figure 3.8: Diagram of the CatLiq process [46]

The CatLiq process

The CatLiq process was developed by the Danish company SCF Technolo-
gies. The process was designed to convert biomass such as sewage sludge,
organic waste, liquid manure or corn silage in a 100 kg/h unit, at about 350
°C [46]. The novelty of this system was the introduction of a product stream
recirculation loop meant to maintain a constant temperature of the feed and
to collect the salts precipitated. The pilot plant was operated between 2007
and 2010 in Copenhagen and in 2011 was bought and relocated near Istanbul
by Altaca Environmental Technologies & Energy. In 2015 the company built
a pre-commercial CatLiq plant [47].

The CBS1 plant at Aalborg University

Based on previous studies and efforts to develop and improve the HTL
process, a new continuous bench-scale unit was built at Aalborg University
in a collaborative effort with Steeper Energy. The CBS1 system capacity is 20
kg/h feed and is operated in semi-continuous mode. A feed barrel of 100 kg
is filled with feedstock that is pumped in a single stage into the system. The
feed passes first through a section of heaters and afterward through a series
of two 5 L tubular reactors. After approximately 15 minutes retention time in
the reactors, the product stream is depressurized in the capillary section and
cooled. After releasing the gases, the biocrude is separated from the water
phase gravimetrically. The solids are trapped in filters that are placed in-line
before the capillary section. When emptied, the feed barrel is replaced with
a new one containing feedstock and the HTL process is continued [5]. The
process flow diagram of the CBS1 plant is shown in Figure 3.9.

In the actual configuration, the CBS1 plant has a feedstock preparation
section consisting of a hammer mill and a horizontal screw mixer. The main
feedstock tested in the CBS1 plant are based on wood. Usually, to prepare
pumpable wood slurries, the biomass flour is mixed with recycled biocrude
and a thickening agent. To these, recycled water phase, alkaline catalyst
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Capillary
section

Figure 3.9: The process flow diagram of the CBS1 bench scale continuous HTL plant installed
at Aalborg University [5]

(K2CO3) and other additives are added. Feedstock biomass loadings between
15 wt % and 20 wt % dry matter are the most common for the wood-based
slurries processed in the CBS1 plant. One of the challenges in operating the
the continuous bench scale HTL system is the lack of feed preparation alter-
natives that would offer more flexibility in terms of biomass type, particle
size and solid loading.

3 Pumpability of lignocellulosic feedstocks

3.1 Characterization of lignocellulosic feedstocks

Lignocellulosic slurries are highly heterogeneous mixtures, usually character-
ized by the lack of a continuous, compact aspect and the tendency to separate
into a solid- and a liquid phase. The main reasons for this behavior are

e the porous structure,
o the low bulk density and
e the weak interactions with water

of the biomass. These properties are responsible for the low biomass loadings
of lignocellulosic slurries (< 15 wt %) and solids dewatering when pressur-
ized.
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Free water

Ll

Figure 3.10: Water uptake in wood by physical and chemical means [48]

Lignocellulosics are low density materials with porous structure, as showed
in Figure 3.10. When immersed in water, the capillaries are filled with liquid,
reducing the volume of liquid in the system that could accommodate new
particles. This is why the biomass loading of HTL slurries decreases with
the increase of biomass water sorption capacity. Most of the water absorbed
is mobile and can be removed when the moistened solids are compressed.
Only a small amount is fixed, bound water.

Water sorption capacity of biomass depends on the particle porosity. In
general, small particles have higher sorption capacity than coarse particles
due to the higher number of accessible pores. Figure 3.11 shows how the
biomass loading of the hardwood and softwood slurries decreases when the
particle size is reduced from 500 ym to 125 ym. Extensive particle size re-
duction can significantly diminish the particle porosity which can help to

26

241 b

Hardwood

2t A J
i ‘S\A/A_

8l Softwood 1

Biomass loading (%)

161 T

14+ 1

12r T

10 I I

o O Q© o D

500 250 125 63 <63
Particle size (um)

Figure 3.11: The variation of wood-water slurry biomass loading with particle size and wood
type (based on data from [49])
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3. Pumpability of lignocellulosic feedstocks

increase back the biomass loading of the slurry. This can be noticed in Figure
3.11 for particles smaller than 125 ym. Small particles are advantageous also
because they give a more compact aspect to the slurry.

3.2 Pumping systems

Before entering into the heaters and afterward into the HTL reactor, the feed-
stock is pressurized using a high pressure pump. As shown in Figure 3.12,
the pump needs to deliver the feed at 20 MPa - 30MPa according to the tem-
perature at which the HTL conversion will be carried out. A report of PNNL
[50] reviews the pumps and pump systems that are able to deliver, at these
pressure conditions, highly viscous wood slurries with 15 wt % dry matter
content. Based on the response of several pump vendors, the report indicates
three types of positive displacement pumps that can meet the HTL needs:

e piston pumps (highest viscosity handling, particle size limitations),

e diaphragm pumps (large particle handling, limited to lower solids con-
tent and viscosity),

o lobe pumps (largest particle size and high viscosity handling, pressure
built in multiple stages).

Most of the vendors suggested that the pumps need to be connected with
other components of the pumping system such as screw feeders - to assist
feeding of non-flowing slurries, macerators (upstream) or line injection sys-
tems (downstream) [50]. The injection of a liquid into the pressurized feed
stream was also mentioned in the Albany HTL plant where the aqueous
phase loaded with catalyst was injected into the wood-biocrude slurry after
passing through the high pressure piston pump [38] (see Figure 3.5).

The PNNL report shows that delivering the HTL biomass feedstocks at
high pressure conditions is a challenging task. Solutions can be found for
slurries with 15 wt % dry matter content but feeds with higher biomass load-
ing are at the extreme edge of pumpability [50]. Therefore the necessity to
convert the highly viscous biomass slurries into feedstocks that are easier to
handle is unquestionable.

pi=1Dbar p1=200-300 bar
Biomass Ti=20°C Ti=20°C To the heaters
feedstock 1 2 and HTL reactor
HIGH PRESSURE
PUMP

Figure 3.12: The high pressure pump delivering the biomass feedstock to the HTL reactor
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3.3 Pumpability criteria

The possibility to evaluate the feed pumpability is important in the feedstock
pretreatment design. The pumpability of lignocellulosic feedstock is difficult
to predict without an equipment that simulates the conditions in a real high
pressure pump. However, few attempts to develop predictive pumpability
tests are described in literature.

The slump test

One feedstock testing procedure is the slump tests, proposed by Berglin
and co-workers [50]. The method is illustrated in Figure 3.13. A container
with conical shape is filled with material. The container is turned upside
down and the content discharged on a flat surface. If the feed slumps, like
the case of Feed A, the mixture is considered flowable and pumpable. If
the material does not change its shape, like Feed B, it is less likely to be
pumpable. According to this test, a feedstock containing 13 wt % to 15 wt
% wood flour with particle size of 30 ym is pumpable. Increasing the wood
particle size to 1.59 mm and the solids content to 18 wt % leads to a feed-
stock with more dry aspect, less likely to be pumpable. Some pump vendors
ensured that slurries like feed A can be pumped with one of the systems
described previously.

The sedimentation test
Another test, which targets more the evaluation of the slurry stability
rather than the feedstock pumpability, is the sedimentation test. The test

Feed A - pumpable Feed B - likely pumpable

0.03 mm wood particle size, 1.59 mm wood particle size,
13 % to 15 % solids 18 % solids
Flowable feed Dewatering is evident

Figure 3.13: The slump test proposed by [50] to evaluate the feed pumpability
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was used by Lappa et al. [51] to evaluate the effect of various pretreatment
methods on the stability of grass suspensions in water (particle size <80 yum).
The slurries are left to stand non-stirred for a certain time and the settling
of particles is monitored. This test is useful to identify slurries that can have
a uniform distribution of biomass in non-stirred containers, like for example
in the pump feed barrel or in the storage tank. A non-stable feed - according
to this test - will be unsuitable for pumping under high pressure conditions
due to the high risk of solids dewatering.

In this work, the feedstock pumpability is evaluated according to the sy-
ringe test, described in Chapter 5 and the centrifugation test, described in
Chapter 7. One of the advantages of these tests over the slump test is the
small sample volume. More, comparative studies showed a good agreement
between these tests and the feedstock pumpability in the CBS1 continuous
HTL plant.

2 min 10min  20min 30 min

Figure 3.14: The sedimentation test used to evaluate the stability with standing of feed contain-
ing 10 wt % Miscanthus Giganteus in water [51]

25



Chapter 3. Hydrothermal Liquefaction of biomass

26



Chapter 4

A short review of
lignocellulosic biomass
pretreatment methods

Pretreatment of biomass is applied in any Biomass-to-Biofuels (BtB) technol-
ogy. The pretreatment prepares the biomass for the downstream processing.
Some pretreatments consist only in biomass drying and size reduction e.g. in
gasification or pyrolysis. Other pretreatments are more elaborated and aim
a selective removal of biomass compounds like in fermentation, digestion or
paper pulp production.

Hydrothermal Liquefaction lacks a well established pretreatment method
to prepares pumpable biomass-water slurries. The problem is unique amongst
BtB technologies due to the high pressure conditions combined with high
biomass loadings required. The available pretreatment methods for lignocel-
lulosic biomass are further discussed briefly. The effects of the pretreatment
on the lignocellulosic biomass structure are highlighted.

1 Aqueous pretreatment

Aqueous pretreatment methods are mainly used prior to fermentation and
digestion processes to increase the biomass digestibility. Liquid hot water
pretreatment, steam explosion and steam pretreatment are most common
aqueous pretreatment methods. The main effect of aqueous pretreatment on
lignocellulosic biomass is the hemicellulose removal by hydrolysis. These re-
action are promoted by temperature and acidic conditions. The main purpose
of hemicellulose removal is to generate larger pores in the biomass structure
and to increase the exposure of cellulose to enzymatic hydrolysis. Aque-
ous pretreatment can be implemented with low operational and capital costs
compared to other pretreatment methods [52].

Liquid hot water (LHW) pretreatment consists in treating the biomass at 200
°C to 230 °C for short retention times (15 min). At these conditions, the water
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pH decreases promoting acid catalyzed reactions. These are mainly hemicel-
lulose hydrolysis reactions that release sugars and organic acids. Due to the
continuous increase of water acidity as the reactions advance, hot water pre-
treatment is also called autohydrolysis. The sugars generated from hemicel-
lulose hydrolysis can be further degraded to furfural. Lignin removal during
liquid hot water pretreatment is not significant but lignin-cellulose linkages
are affected by acidic conditions. The effect is a lignin rearrangement in the
lignocellulosic matrix rather than removal by dissolution. The effect of liquid
hot water pretreatment on cellulose is only the reduction of the degree of
polymerization and probably a reduction of crystallinity without dissolving
the cellulose [52].

Steam explosion is performed at 160 °C to 260 °C with high pressure satu-
rated steam. The steam enters in direct contact with the biomass for a certain
retention time (seconds to few minutes) followed by a sudden pressure re-
duction that creates an "explosion" inside the solid particle. Both particle size
reduction and hemicellulose removal are achieved [53]. Compared to liquid
hot water pretreatment, steam explosion generates higher yields of hemicel-
lulose monomers [54]. Steam explosion is considered one of the most cost
effective pretreatment method for lignocellulosics [55], [53]. Size reduction
by steam explosion is less energy intensive than conventional milling meth-
ods [56].

Steam pretreatment differs from the steam explosion by the fact that the
quick depressurization is not implemented. During steam pretreatment, the
biomass is contacted with steam at temperature up to 240 °C in a closed
vessel. The pretreatment effect on biomass is hemicellulose removal by hy-
drolysis, catalyzed by the acidic character of water at these conditions and
the formation of organic acids formed in situ [57].

2 Acid pretreatment

Acid pretreatment targets the biomass hydrolysis to produce sugars from
hemicellulose, the increase of cellulose enzymatic hydrolysis or the produc-
tion of chemicals e.g. levulinic acid, furfural. Lignin removal remains low
in acid pretreatment [58]. The acid pretreatment is usually performed with
dilute acids at low, moderate (< 160 °C) or high (> 160 °C) temperature con-
ditions. Less drastic conditions (low temperature) targets the removal and
hydrolysis of hemicellulose into sugars but further degradation to furfural or
other compounds may occur at moderate temperature. The most common
acids used are sulfuric acid, nitric acid, hydrochloric acid or phosphoric acid.
More aggressive conditions promote cellulose hydrolysis and degradation to
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chemicals [57], [55], [53]. For example, the Biofine Process treats the ligno-
cellulosic biomass with 1.5 % to 3 % H,SO4 at 190 °C - 220 °C to hydrolyze
hemicellulose and cellulose and further convert them to furfural and levulinic
acid [59]. The disadvantages of acid pretreatment are the high capital cost of
the equipment and the need to neutralize the product streams [58].

3 Alkaline pretreatment

While aqueous and acid pretreatments target hemicellulose and cellulose hy-
drolysis, the most important feature of alkaline pretreatment is lignin re-
moval. Notably, is the utilization of alkaline pretreatment in the paper pulp
production. If biomass delignification is the only purpose of the pretreat-
ment, the process needs to be carefully controlled because alkaline conditions
can alter the structure of all lignocellulosic biomass components: hemicellu-
lose, lignin and cellulose. The extent to which the biomass is decomposed
depends on the process conditions employed. The pretreatment tempera-
ture may vary from room temperature with long retention times of hours or
even days, to 180 °C - 200 °C for shorter retention times. Common alkaline
reactants are sodium- and potassium hydroxides, sodium- and potassium
carbonates and lime. Biomass degradation can be enhanced by introducing
oxidative agents (oxygen, hydrogen peroxide) to the reaction medium [60].

4 Other pretreatment methods

Organosolv pretreatment

Organosolv process consists in treating the biomass with mixtures of or-
ganic solvents and water at temperatures up to 200 °C. The main objective is
lignin separation but hemicellulose conversion to sugars and furfural also oc-
curs. Organosolv pretreatment is known as a biomass fractionation method
because the lignocellulosic biomass components are concentrated in separate
streams. The organosolv product is divided into a lignin fraction (soluble in
the organic phase), an aqueous stream containing the hemicellulose products
(mainly monomers and oligomers) and a cellulose-rich solid fraction [61].
The main advantage of this method is the possibility to recover the organic
solvent by distillation. For this reason, the most efficient and economical sol-
vents are the low boiling point alcohols such as methanol and ethanol. High
boiling point alcohols like glycerol are also used to remove lignin due to their
advantage to allow pretreatment at atmospheric pressure [62]. Acids can be
added to catalyze the process [63]. The organosolv process is also used in
paper pulp production.

29



Chapter 4. A short review of lignocellulosic biomass pretreatment methods

Oxidative pretreatment

Oxidative pretreatment is performed at room temperature (except the wet
oxidation) and targets hemicellulose and lignin removal by the addition of
oxidizing agents to the biomass-water mixtures. Oxidizing agents can be per-
acetic acid (lignin selective), hydrogen peroxide (HyO;:biomass ratio higher
than 0.25 for significant delignification) or even mixtures with alkaline agents
like NaOH and peracetic acid [57]. Other oxidative agents are ozone, oxygen
or air. One of the interesting features of the oxidative pretreatment is that
converts the lignin into carboxylic acids [63].

Hemicellulose Lignin

= / 0
- \ |
—Z> I ) —> —
J \ |
==
Delignified Cellulose Disintegrated
particle shortened fibers biomass particle

Biomass parcticle

LHW/Stean Explosion/
Steam Pretreatment/Acid Pretreatment

Oxidative Pretreatment/Organosolvy

Alkaline Pretreatment

Figure 4.1: The effect of various pretreatment methods on biomass deconstruction

5 Biomass particle size reduction

Mechanical pretreatment methods of lignocellulosic biomass are common in
biomass-to-biofuels technologies. They are used for biomass particle size
reduction or for biomass decomposition into the main botanical parts [64].
Particle size reduction is essential in thermochemical processes like pyrolysis
and gasification where high heat transfer rates through the solid particle are
required. As an alternative to chemical pretreatment, mechanical pretreat-
ment of biomass is used in bioconversion technologies (fermentation and
digestion) to increase the accessibility of cellulose for enzymatic action.

Biomass size reduction can be performed with various equipment, de-
pending on the output particle size required and the biomass processed. The
first stage of size reduction is performed by chipping (for wood) or shred-
ding (for herbaceous plants) to bring the material to a size suitable for fur-
ther milling. The subsequent mechanical pretreatment can be performed with
various equipment, depending on the biomass processed and desired particle
size.

The main effect of particle size reduction is the increase of surface area.
When particle size is reduced to the range of millimeters or below, specific
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surface area increases significantly for all lignocellulosic materials. Further
comminution using ball-, disk- or compression milling performed in sev-
eral passes/cycles can reduce the particle size to the range of micrometers
or nanometers. At this level, the cellulose crystallinity is reduced [64] i.e.
that more amorphous regions in the cellulose polymer are created and the
biomass recalcitrance is reduced [57]. Biomass size reduction impacts also
the material bulk density. Small particles have a better packing ability and
reduced porosity, resulting with increased bulk density.

The energy input for biomass size reduction dependent on the final par-
ticle size and the type of mill used [65], as shown in Figure 4.2. The energy
consumption for producing wood chips is assumed to be about 50 kWh/ton
[65]. The energy consumption needed for grinding straw, grass or corn stover
is with more than 50 % lower compared to hardwood [66]. The most suit-
able mills for fibrous materials like wood and herbaceous plants are the knife
and hammer mills [67]. These mills allow a biomass moisture content up to
10-15 wt % [64], that can be achieved by air-drying of the material. In the
context of large scale HTL processing, particle size of 2 to 6 mm is desired
[50] from economic considerations but this size range would require chemical
pretreatment to prepare pumpable feeds.

'g 207 Wood calorific value ~ = Hardwood
§ N 5500 kWh/ton (20 MJ/kg) 4 Straw

I 150 % = Corn stover
g % o o~

b 1§ % N ] X
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Output particle size (mm)

Figure 4.2: Energy consumed by a 15 hp hammer mill for grinding biomass with m.c. 4-8 wt %
(based on data from [67], [68] and [66])

6 Conclusions

Figure 4.1 summarizes the chemical pretreatment methods discussed above.
It can be noticed that hemicellulose is the biomass constituent that is removed
from the biomass structure by all pretreatment methods. Lignin can be dis-
solved by alkaline solutions, organic solvents or oxidizing agents. Cellulose
is the most resistant to chemical degradation. However, alkaline conditions
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and strong acids can convert the cellulose into sugars or further into other
chemical compounds. The utilization of alkaline pretreatment for HTL feed-
stocks is more advantageous than acid pretreatment because it can increase
the biocrude yield and reduce the solids formation [21]. For this reason, al-
kaline pretreatment is considered the most appropriate pretreatment method
for HTL feeds and is investigated in more detail in Chapter 6. Biomass
milling to fine powder was also considered as alternative option for HTL
feedstock pretreatment. Based on data in Figure 4.2, about 4 % of the wood
energy (considering heating value of 19 MJ/kg) is consumed for milling the
biomass with a hammer mill, to particle size of 0.3 mm. This suggests that
particle size reduction might also be a feasible pretreatment method for lig-
nocellulosic materials.
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Chapter 5

Recycling of HTL biocrude
for slurry make-up

1 Introduction

Transportation of milled wood in heavy oil medium was probably the first
attempt to pump wood slurries in a continuous HTL reactor. The concept was
developed by the US Bureau of Mines in 1971. The idea was demonstrated
at the Albany pilot plant where recycled biocrude was used as vehicle after a
start-up run with anthracene oil. After drying, the wood chips were ground
to about 0.42 mm. Milled wood was slurried with the oil carrier and pumped
to the liquefaction unit. An aqueous stream loaded with the alkaline catalyst
was injected into the wood-oil slurry, as showed in Figure 3.5. The final
biomass fraction in the feed was around 7 wt %. The main disadvantages
of this pretreatment method were the high energy requirements from drying
and grinding the wood and the low biomass loading of the feedstock [38],
[39], [40].

In this work, co-processing wood and recycled biocrude method is inves-
tigated in more detail and optimized to increase the mass fraction of solids
to 20 %. The parameters studied are the biomass particle size and the water-
to-biocrude ratio. Another objective of this study is to develop a feedstock
preparation strategy to obtain pumpable, non-separable slurries from wood,
recycled water phase and biocrude and to evaluate the slurries flow behavior
and viscosity.

2 Materials and methods

Raw materials

Wood slurries were prepared with aspen sawdust of different size distri-
bution: sawdust sample SD1 has 85 % of the particles smaller than 125 ym,
sawdust sample SD2 has 51.5 % of particles smaller than 125 ym and sawdust
sample SD3 contains particles between 250 ym and 125 ym. The size distri-
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bution of the sawdust samples is given in Table 5.1. The size distribution of
the sawdust samples was determined with a Retsch vibratory sieve shaker.

Slurry preparation and pumpability test

The slurries were prepared by mixing wood with HTL product water
phase and biocrude oil obtained from the CBS1 plant. All slurries contain
20 % mass fraction dried wood. The slurries pumpability was evaluated us-
ing the syringe test. This test aims to simulate the behavior of the slurry
when passed through an orifice. The testing procedure consists in loading
the syringe tube with feedstock and slowly discharging it by pressing the
plunger. A successful test is considered when the mixture can be discharged
as a homogeneous material. Unsuccessful test leads to the formation of a
solid cake in the syringe tube and clogging of the orifice. The syringe test
is advantageous because a) is simple and fast, b) no expensive equipment is
necessary, c) is in good agreement with the performance of the high pres-
sure piston pump used in the CBS1 plant. However, the pressure applied in
the syringe test is not representative for the real case therefore, it should be
considered that the syringe test is only indicative.

Rheological characterization

The viscosity of the slurries was measured with a Brookfield RV-DV II-
Pro rotational viscometer. Due to the high consistency of the samples, special
T-bar spindles were used together with a helipath stand. The spindles are
rotating in a helical path and move upwards and downwards through the
sample to avoid channeling and phase separation. For these spindles, the
share rate calculation is not possible therefore rotational speed was plotted
against viscosity.

3 Results and discussion

Mixtures of wood, HTL recycled water phase and HTL biocrude with differ-
ent sawdust size distribution and water-to-biocrude mass ratios were visually
examined and tested for pumpability. As shown in Table 5.2, the mixtures

Table 5.1: Characterization of aspen sawdust samples used for wood-water-biocrude slurries
preparation [1]

Sawdust  Bulk density  dsg Sawdust composition (% mass fraction)
(kg m2) (mm) 0250 mm - 0.125 mm  0.125 mm - 0.063 mm  0.063 mm
SD1 429 0.063 15.00 35.00 50.00
SD2 369 0.121 32.98 22.68 28.86
5125 330 - 100.00 0.00 0.00

SD: size distribution, S125: single particles of 0.125 mm
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are divided in three categories according to the sawdust size distribution
(SD1, SD2 and S125). For each group, five mixtures with different water-to-
biocrude ratios are prepared (10/70, 20/60, 30/50, 40/40 and 50/30). In total,
15 mixtures are analyzed. All slurries contain 20 % mass fraction of wood.

From Table 5.2 it can be noticed that all slurries have paste- or solid-like
consistency determined primarily by the wood particle size: fine particles
form pastes while coarser particles tend to give the slurry a solid-like aspect.
The increase of slurry consistency with the particle size can be explained
by the fact that the liquid phase is absorbed by the porous solid material.
The observations in Table 5.2 suggest that coarser particles (0.125 mm - 0.250
mm) have higher sorption capacity compared to fine particles (< 0.125 mm).
This might be due to the increased number of large pores in coarse parti-
cles. Similar observations were done by Trinh et al. [69] who showed that
oil sorption capacity is higher for wood compared to pyrolysis char due to
higher amounts and larger pores in wood particles. However, the sorption of
biocrude in wood particles is limited which means that above a critical point
(in mixtures # 9, # 10, # 14 and # 15 the critical point is 40 wt % biocrude), the
biocrude added will no longer be absorbed into the wood particle pores. The
excess fluid will accommodate the solids and will make the slurry thinner
and more compact.

The syringe test was applied to all slurries to evaluate their pumpability.
From Table 5.2 it can be concluded that all slurries with paste consistency,

Table 5.2: Experimental design and pumpability test results for wood-water-biocrude slurries

(1]

ExpNo Wood  Water Biocrude Pumpability Visual aspect
(Wt 0/0) (Wt 0/0) (Wt 0/0)
SD1, dg5=0.125 mm, p=429 kg m™

#1 20 70 10 X paste*
#2 20 60 20 v paste
#3 20 50 30 v paste
#4 20 40 40 v paste
#5 20 30 50 v paste
SD2, ds; 5=0.125 mm, p=369 kg m™
#6 20 70 10 X solid
#7 20 60 20 X solid
#8 20 50 30 X solid
#9 20 40 40 v paste
#10 20 30 50 v paste
S125, dp=0.125 mm, p=330 kg m™
#11 20 70 10 X solid
#12 20 60 20 X solid
#13 20 50 30 X solid
#14 20 40 40 X paste
#15 20 30 50 X paste

* Phase separation occurs.
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Biomass loading 20 %

dss=
0.125mm | 4

dsis=
0.125 mm

do=
0.125 mm

% particles smaller than 0.125 mm (d%)

B/W=10/70 B/W=20/60 B/W=30/50 B/W=40/40 B/W=50/30

Biocrude to water ratio (B/W)

Figure 5.1: The effect of wood particle size and biocrude-to-water ratio on slurry pumpability
according to the syringe test [1]

except those that undergo phase separation with standing, are pumpable. As
discussed above, fine particles are preferred to prepare paste-like mixtures
in a wide range of biocrude-to-water ratios. This offers more flexibility to
adjust the feedstock composition according to the process requirements. An
exception to the rule "paste slurries are pumpable" are the experiments #
14 and # 15. Here, the mixtures failed the syringe test because dewatering
occurred when mixtures were passed through the syringe. Most probably,
this was due to the large particle that bridged and blocked the syringe orifice.
This underlines an observation made by PNNL in one of their report where
the authors point out that feedstock pumpability it is also a matter of pump
design and scale [50]. Probably with a syringe that has higher outlet diameter,

A) Wood-Biocrude-Water  B)Wood-Water-Biocrude

Figure 5.2: The effect of compounds mixing order on slurry homogeneity. The slurries have
identical composition: 20 wt % wood (SD2), 40 wt % recycled water phase and 40 wt % recy-
cled biocrude [49]

36



3. Results and discussion

the feeds would have passed the test.

To confirm the pumpability of the wood-water-biocrude feedstock, a mix-
ture was prepared according to the composition in experiment # 9. The
feedstock was successfully pumped into the CBS1 continuous HTL system
(described in Chapter 2) for several hours, at 30 MPa using a high pressure
piston pump.

The aspect of the samples can be visualized in Figure 5.1. It can be no-
ticed that as the biocrude-to-water ratio increases, the color of the mixtures is
darker suggesting the presence of biocrude in the interparticle voids. Higher
the amount of free biocrude is, more compact and easy-to-flow slurries are
obtained. The negative impact of coarse particles on slurry homogeneity can
be noticed in experiments # 11 to # 15. Here, the volume of the solid matter is
higher compared to fine particles (see bulk density in Table 5.2) making more
difficult to incorporate the wood particles into the biocrude phase. This ease
the particles agglomeration when forced through an orifice and explains the
failure to pumpability test.

In Figure 5.1, experiment # 1 the phase separation of the slurry with stand-
ing can be noticed. This occurred due to the large fraction of water in the
slurry that could not be absorbed by the wood particles. Therefore, the free
water separated from the biocrude phase when mixed together. In this case,
the phase separation can be avoided by reducing the amount of water in
the mixture. More specifically, the over-saturation of the biomass need to be
avoided.

The phase separation between the slurry components can be also pre-
vented by following a certain mixing strategy. Figure 5.2 shows two slurries
prepared in two different sequences: case A - wood is mixed with biocrude
first and case B - wood is mixed with water first. The figure indicates that

Wood

Solvent

@I‘he solvent: pure water, @Wood particles absorb the @Biocrude is added to fill the
HTL process water or water  solvent; no free water exists ~ interparticle voids and to
loaded with catalyst. in the interparticle voids. form a continuous phase.

Figure 5.3: Schematic representation of the mixing strategy applied for the wood-water-
biocrude slurries
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in case A, the phase separation occurs immediately because the water cannot
penetrate the oil film formed at the wood particle surface. In case B, where
the water is added first and absorbed into the wood particles, a homogeneous
slurry is obtained after the addition of biocrude.

Figure 5.3 illustrates the concept of the mixing strategy used in case B,
from Figure 5.2. The wood particles are immersed in the water phase where
they absorb the liquid and swell. At this stage, the ratio between the wood
and the liquid need to be adjusted such that all the liquid is absorbed by the
solid phase. While the water acts as pore filling material, the biocrude oil
covers the surface of the wood particle, blocking the pores and preventing
dewatering under pressure conditions. At the same time, the biocrude acts
as carrier fluid for the solid particles. Following this mixing strategy, non-
separable slurries can be obtained.

Figure 5.4 shows the impact of wood particle size on the slurries viscosity.
For this study, mixtures were prepared from sawdust with size distribution
SD1, SD2 and S125. All mixtures contain 30 % mass fraction water phase and
50 % mass fraction biocrude. The slurries viscosity vary from about 6000 Pa
s at low speed to less than 100 Pa s at higher speed which suggests a shear
thinning (pseudoplastic) behavior. The particle size has a small impact on the
slurry viscosity. However it can be noticed that the viscosity increases with
the particle size.

7000 T T T T T

—6—  SDI, ds=0.063 mm

6009 —A—  SD2,dg=0.121mm
g S125
50001 SW:W:B=20:30:50 .

4000

3000

Dynamic viscosity (Pa s)

2000

1000

100

0.00 (0) 0.21(2) 0.42 (4) 0.63 (6) 0.84 (8) 1.05 (10) 1.26 (12)
Rotational speed in rad s (rpm)

Figure 5.4: Wood-water-biocrude slurries flow behavior [1]
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4 Conclusions

The original PERC method to pump wood in an oil vehicle can be optimized
to increase the biomass loading and to improve the flexibility of slurry prepa-
ration. As shown in Table 5.3 the main differences between the PERC and the
proposed feedstock preparation methods are the wood particle size and the
mixing order of the components. Reducing the wood particle size from 0.42
mm to < 0.125 mm allows an increase of the biomass loading from 7 % to
20 % mass fraction. The pumpability of a wood slurry containing 20 wt %
wood, 40 wt % biocrude and 40 wt % water was demonstrated in a contin-
uous HTL plant. The main disadvantage of this method remains the energy
input for downsizing the wood to fine powder but small particles are re-
quired to achieve high solid loadings. Therefore, there is a trade-off between
costs related to downsizing the biomass and the benefits of having higher
biomass loading.

Table 5.3: Comparison between the feedstock composition prepare according to the original
PERC version and the proposed optimized method

PERC [39],[38] Optimized PERC
Wood particle size (um) 420 <125
Biomass loading (wt %) 7-10 20
Biocrude in slurry (wt %) 20-30 > 20
Mixing order wood-biocrude-water ~ wood-water-biocrude
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Chapter 6

Deconstruction of biomass
by alkaline pretreatment
for continuous HTL

1 Introduction

One approach to prepare pumpable HTL feeds is mechanical downsizing
of the biomass that can be combined with various techniques to keep the
particles suspended in the slurry e.g. by co-processing with recycled biocrude
or by co-processing with thickening agents. The main disadvantage of this
approach is the energy input required for drying and milling the biomass
to particle size smaller than 0.1 mm. An alternative pretreatment method to
mechanical downsizing of biomass is the thermo-chemical pretreatment. In
the past, several thermo-chemical pretreatment methods were implemented
in continuous hydrothermal liquefaction systems, as discussed in Section 3.2.
Notable are the acid hydrolysis of wood in the LBL process and the hot water
pretreatment in the Shell’s HTU process.

Previous attempts to solve the pumpability problem by disintegrating
the biomass had limited success because extensive degradation of biomass
could not be achieved through hydrothermal pretreatment in acidic or wa-
ter medium. While acid and aqueous pretreatments are suitable for hemi-
cellulose and cellulose degradation, the alkaline conditions can alter simul-
taneously the whole structure of biomass, including lignin [70]. This can
lead to a complete dissolution of biomass which would significantly ease
the pumpability of wood slurries. Alkaline pretreatment of biomass was not
reported yet as part of a continuous HTL systems. The concept of lignocellu-
losic biomass pretreatment with NaOH is illustrated in Figure 6.1.

Wood decomposition under alkaline conditions is a well known process
from pulp and paper industry. Soda pulping, the process based on the
utilization of sodium hydroxide as reactant, was the first chemical pulp-
ing processes introduced in the 1850s. Later, soda pulping was replaced by
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more lignin selective methods such as sulfite or sulfate (Kraft) pulping [71].
Though soda pulping is scarcely used today for chemical pulp production,
it might be a suitable method to prepare pumpable feeds for hydrothermal
systems. The process can be tailored to dissolve the biomass to an extent
that enables the pumpability of lignocellulosic feeds. The advantage of soda
pulping over the sulfite or sulfate pulping, as a pretreatment method for HTL
feeds, is the absence of sulfur containing reactants that could contaminate the
biocrude product.

The pulping process consists in treating lignocellulosic biomass, primarily
wood, with NaOH (soda pulping), a mixture of NaOH and Na;S (the Kraft
process) or a mixture of SO, and alkaline hydroxides or carbonates (sulfite
pulping). The temperatures usually do not exceed 180 °C and the reaction
time may vary from 15-20 minutes to 5 hours. The solution pH ranges be-
tween 13 and 14 and the the alkali consumption is approximately 150 kg
NaOH per ton of wood. The objective of the pulping process is to fractionate
the biomass into a solid phase of cellulose fibers and a liquid phase consisting
of dissolved lignin and hemicellulose [71], [70]. This is difficult to achieve in
hot solutions of strong bases (e.g. NaOH) because they promote also cellulose
dissolution. Instead, extensive degradation of biomass, including the cellu-
lose fibers, is desired for HTL slurries. This could reduce the wood feedstock
heterogeneity and enable the pumpability of concentrated slurries.

The focus of this work is to design an alkaline pretreatment process that
dissolves the wood chips to an extent that allows processing of concentrated
feeds with solid mass fraction of at least 20 %, in continuous HTL systems.
The method proposed is solid biomass dissolution in lean sodium hydrox-
ide solution at 160 °C to 200 °C. The impact of temperature, reactant con-

NaOH ﬂ ﬂ ﬂ
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X/ 180 °C - 120
200 °C minutes

Water -
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Wood chips are mixed with —~ The mixture is heated to The reaction time is prolonged
water and NaOH (NaOH- 180 °C -200 °C to remove (120 minutes or higher) to
to-wood ratio 0.35-0.40) lignin and disintegrate the  dissolve and shorten the fibers;

wood chips into fibers a pumpable slurry is obtained

Figure 6.1: Schematic representation of alkaline pretreatment of wood chips
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centration, reaction time and biomass particle size on biomass dissolution
is evaluated and the optimum alkaline pretreatment conditions to prepare
pumpable slurries are identified. Another objective of this investigation is to
evaluate the effect of the alkaline pretreatment on the HTL product distribu-
tion and biocrude quality. For this, HTL experiments using pre-treated and
non-pretreated wood are carried out. The whole process with the pretreat-
ment stage included is tested in a continuous bench scale HTL system.

2 Materials and methods

Biomass

Hybrid poplar and willow chips were used to investigate the effect of
alkaline pretreatment on biomass dissolution. Poplar chips were used for the
small scale pretreatment tests and willow chips for bench scale pretreatment
and HTL experiments. Different raw materials were used for the bench scale
test due to the fact that poplar chips were not available in larger quantities.
As shown in Table 6.1, the main difference between the two wood species is
the lignin content, higher for willow. The wood chips were provided by Ny
Vraa Bioenergi I/S, Tylstrup Denmark. Poplar chips were obtained from trees
of five years old, cut into chips up to 20 mm width, on site. Willow chips were
obtained from two years old coppice, harvested in the same period and cut
into chunks of 20 to 70 mm long. The chemical and elemental composition
of poplar and willow is given in Table 6.1.

For laboratory scale experiments, the bark and the chips from branches
were removed to select only wood stem parts for pretreatment experiments
and biomass characterization. Also the wood chips were separated into three
particle size classes: small particles 3 mm to 5 mm, medium particles 5 mm
to 10 mm and large particles 10 mm to 14 mm. The particle size classification

Figure 6.2: Raw biomass as received from supplier: hybrid poplar chips (left) and willow
coppice (right)
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Table 6.1: Elemental and chemical composition of the biomass used for alkaline pretreatment
and HTL experiments. Values are given as mass fraction per dry-basis [2]

Element mass fraction (%) Polymer mass fraction (% ) Ash (%)
C H N o* Cellulose  Hemicellulose  Lignin
Poplar 47 6 nd. 46 60 18 13 1
Willow 48 6 nd. 44 53 15 20 2

*by difference n.d.= not detected

was performed according to the EN15149 100 standard procedure.

Design of Experiments

The variation of wood dissolved mass fraction with the process conditions
was analyzed using a full factorial experimental design. The main objective
of the designed experiments is to screen the most significant factors that af-
fect the process. Four variables were selected: temperature, reaction time,
solution alkalinity and wood particle size. To each variable was attributed a
maximum and a minimum value. The choice of the factors and their levels
is discussed in more detail in Appendix A. Experiments were performed in
triplicates at the center point. Finally, the experimental matrix consists of 19
experiments. The levels of the variables investigated in this study are given
in Table 6.2. The measured output was the percent of wood dissolved. The
Reliasoft DOE and the Umetrics MODDE software were used to generate the
experimental design and to interpret the data.

Screening tests aim to reduce the number of process variables by identify-
ing and excluding from further consideration those factors that do not have
a significant impact on the output. Screening tests require the utilization of
the Design Of Experiments (DOE) and statistical interpretation of the results.
The DOE technique consists in choosing a set of variables that may influence
the system or the process investigated. To each variable is attributed at least a
minimum and a maximum value. The variables are called "factors” and their
values are named ’factor levels’. A medium point between the minimum and

Table 6.2: Summary of the experimental design used for screening of alkaline pretreatment
process variables

Factors Levels Central point

(process variables) (min and max values)
Temperature 160 and 200 °C 180 °C
Reaction time 30 min and 240 min 135 min
NaOH-to-wood ratio 0.32 and 0.40 0.36
Wood particle size 3-5 mm and 10-14 mm 5-10 mm
Number of factors 4
Number of levels/factor 2
Repetitions at central point 3
Total number of experiments =24+3=19
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the maximum value of a variable can be defined and is known as "the center
point” of the factor. At the center point values, an experiment is performed
usually in triplicates in order to evaluate the experimental error. Quantifi-
cation of the experimental error will improve the accuracy when calculating
factors effect on the system response. Finally, the experimental design con-
sists in a number of experiments that represents all combinations between
factors and their levels. When the number of variables in DOE is higher than
two, a software is usually used to facilitate the calculations.

Pretreatment experiments

For the small scale pretreatment experiments a 400 cm? electrically heated
batch reactor equipped with stirrer and cooling coil was used. In a typical
run, 10 g of wood chips and 40 g of NaOH solution were loaded into the
reactor. The concentration of the NaOH solution was varied according to the
experimental design: between 8 % and 10 % of the liquor mass fraction i.e.
0.32 to 0.40 NaOH-to-wood mass ratio. The wood mass fraction in slurry was
fixed to 20 % on dry basis. The wood and the NaOH solution were mixed
directly into the autoclave. The reactor was closed and heating started. After
approximately 30 to 40 minutes, the reactor reached the the set point and the
slurry was held at this temperature for 30 minutes to 240 minutes, according
to the experimental design (time at Tj;sx). The temperature profiles of the
pretreatment experiments are shown in Figure 6.3. After cooling down the
reactor, the product was collected and the vessel, the cooling coil and the stir-
rer were thoroughly washed with distilled water. The pretreated slurry was
filtered on Whatman filter paper (particle retention 5-13 ym) to determine the
fraction of undissolved wood. Filtered solids were dried at 105 °C to constant

200 °C, 240 min
’ 180 °C, 135 min

&

160 °C, 240 min

| 1 | 1 | 1
0 50 100 150 200 250 300 350 400
Time (minutes)

Figure 6.3: Temperature profiles of the pretreatment experiments performed in the 400 cm?
autoclave
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weight and the percent of biomass dissolved was determined gravimetrically.

Bench scale pretreatment runs were performed in an 80 L paddle digester
provided by Thiinen Institute of Wood Research, Hamburg. The objective of
bench scale pretreatment was two-fold: to validate the results obtained in the
small scale reactor and to prepare 100 kg of wood paste for HTL processing in
the continuous HTL system. Therefore, the optimum conditions identified in
small scale pretreatment tests were applied for the conversion of willow chips
in pumpable feedstock. The pretreatment conditions were 180 °C, NaOH
to wood ratio 0.40, reaction time 120 minutes. The heating time of the 80
L reactor was similar to the one in the 0.4 L autoclave: approximately 30
minutes. The 100 kg wood paste was prepared in four batches to limit the
reactor loading to about half of its capacity. 5 kg of wood and 20 kg of
NaOH solution were loaded in each batch. A good mixing of the slurry was
provided by a central paddle. The reactor and the feedstock before and after
pretreatment are shown in Figure 6.8.

Pumpability test

The pumpability test was performed using a syringe, as previously de-
scribed in Chapter 5. The syringe test was applied to the pretreated feed-
stock to determine the critical amount of biomass that need to be dissolved
to obtain pumpable feeds.

Hydrothermal liquefaction experiments

HTL experiments were carried out in 10 mL stainless steel tubular batch
reactors at 400 °C and 32-33 MPa for 10 minutes. After closing the reactors,
they were purged with nitrogen for air removal and pre-pressurized with ap-
proximately 2 MPa Nj. All experiments were performed in duplicates. Two
reactors were inserted simultaneously into a pre-heated fluidized sand bath
(Techne SBL-2D) and reached the final temperature in about 2 minutes. Af-
ter 15 minutes, the reactors was removed from the sand bath and cooled in

Figure 6.4: The syringe test applied to an alkaline pretreated feed showing the homogeneity of
the feed after the test [2]
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a water bath. After cooling, the gases were released and the content of the
reactors was poured into a vessel. The reactors were thoroughly rinsed with
acetone. The liquid poured out from the reactor was mixed with the acetone
used to wash the reactor and filtered for solids separation. The solids were
further washed with distilled water and dried over night at 105 °C. The ace-
tone filtrate was evaporated under reduced pressure in a rotary evaporator
to remove the acetone. By the end of the evaporation process, a mixture of
water phase and biocrude was obtained. Diethyl ether (DEE) was added into
the mixture to transfer the biocrude into a preweighed collection tube and to
extract the water phase. Because the water phase did not separated from the
biocrude-DEE mixture, few drops of hydrochloric acid (HCl 1M) was added
followed by tubes centrifugation. The decanted water phase was carefully
extracted with a syringe and the DEE solvent was evaporated at atmospheric
pressure in a 60 °C water bath until the sample reached a constant weight.
The biocrude yield was determined gravimetrically and further analyzed for
moisture content and elemental composition. The gas yield was calculated
using the ideal gas law in Equation 6.1 where m is the mass of gas product
(8), P is the pressure measured in the reactor at the end of reaction after cool-
ing (bar), for simplification V is considered the volume of the reactor (L), R
is the ideal gas constant 0.083 (L bar K~ 'mol~!) and T is the temperature at
which the pressure of gases was measured (K).

Mgas(8) = BV M RV_ TM 6.1)

Bench scale HTL test was performed on the CBS1 continuous HTL system.

The system is described in more detail in Chapter 3 (see Figure 3.9). The

operating conditions were similar to those applied in the small scale batch

experiments: 400 °C, 30 MPa and 15 minutes retention time. The biocrude

oil was separated gravimetrically from the water phase and further analyzed
for elemental composition and heating value.

Analytical procedure

For the chemical composition of the biomass, a Foss FibertecTM 1020
Fiber Analyzer equipment was used. The cellulose, hemicellulose and lignin
content were determined according to the Foss procedure (modified to elim-
inate the use of amylase). The ash content was measured at 575 °C for 6
hours. The viscosity of the pretreated slurry was measured with a Brookfield
RV-DV II-Pro rotational viscometer and cylindrical spindle SC4-21.

The heating value of the biocrude was measured with an IKA C2000 Ba-
sic calorimeter. The carbon, hydrogen and nitrogen content of biomass and
biocrude was measured using a PerkinElmer 2400 Series Il CHNS/O Elemen-
tal Analyzer. The oxygen content was determined by difference assuming
that the amount of sulfur in biomass is negligible and therefore in biocrude
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as well. The inorganic elements (Na and K) in biocrude were measured with
an inductively coupled plasma-optical emission spectroscopy (ICP-OES) in-
strument at the department of Chemistry and Environment Engineering, Aal-
borg University. The composition of the gas phase was analyzed using a Shi-
madzu, Tracera GC-2010 Plus Gas Chromatograph equipped with a Restek
micropacked column (length 2.0 m, L.D. 0.53 mm) and a BID detector.

Measurements were repeated in duplicates or triplicates and the mean
values are reported.

3 Results and discussion

3.1 Alkaline hydrothermal pretreatment - screening and op-
timization tests

The effect of pretreatment variables on wood dissolution and feedstock pumpa-
bility

In Table 6.3 the impact of pretreatment temperature, reactant concentra-
tion, reaction time and wood particle size on the mass fraction of wood dis-
solved is given. The values of wood dissolved mass fraction were used to
quantify the impact of each variable on the wood dissolution. The effects of
each variable are plotted in Figure 6.5. The values represent the average of
the biomass dissolved mass fraction when one factor level is constant and the
other factor levels are varied i.e. the average of 8 experiments.

The results show that wood dissolution is significantly affected by the
increase of pretreatment temperature. On average, 35 % more wood is dis-
solved at 200 °C compared to 160 °C. Reaction time and solution alkalinity
have a lower impact but still significant. When reaction time is prolonged
from 30 minutes to 240 minutes or when the NaOH-to-wood ratio is increased
from 0.32 to 0.40, the amount of wood dissolved increases with about 15 %
percent points. The impact of wood particle size on wood dissolution is rela-
tive low. Larger wood chips dissolve slower than smaller chips.

Table 6.3: The variation of the solids dissolved mass fraction (%) with the pretreatment condi-
tions and wood chips size. At the central point (180 °C, 0.36 NaOH-to-wood ratio, 135 minutes,
5-10 mm particle size) the mass fraction of wood dissolved on average was 61 + 6 [2]

NaOH-T-t* Particle size (mm) NaOH-T-t* Particle size (mm)
3-5 10-15 3-5 10-15
0.32-160-30 23 17 0.40-160-30 27 27
0.32-160-240 34 33 0.40-160-240 53 48
0.32-200-30 62 57 0.40-200-30 71 71
0.32-200-240 71 60 0.40-200-240 87 84

*NaOH-to-wood mass fraction-Temperature (°C) - Reaction time (minutes)
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An interaction between reaction time (factor D) and solution alkalinity
(factor B) is indicated in Figure 6.5 (B*D) suggesting that the effect produced
by one of these factor is dependent on the value of the second factor. For
example, when solution alkalinity is increased the mass fraction of wood dis-
solved increases with 9 % percent points at 30 minutes reaction time and with
19 % percent points at 240 minutes reaction time. The impact of pretreatment
process variables on feedstock aspect can be visualized in Figure 6.6.

The positive and significant effect of temperature on the fraction of wood
dissolved was expected. It is well known that once temperature increases, the
wood compounds are more susceptible to degradation. For example, carbo-
hydrates degrade during the heating period, at temperatures lower than 150
°C. At 150 - 160 °C, most of the hemicellulose is already dissolved and lignin
degradation becomes significant [72], [70], [73]. Cellulose starts to decom-
pose only at around 170 °C [70]. These suggest that at 200 °C, the maximum
pretreatment temperature tested in this work, all wood constituents should
be dissolved. As noticed from Table 6.3 even at the most drastic conditions,
a small fraction of fibers (13 % -16 % of initial wood mass fraction) could be
separated. This might be explained by the fact that at high temperatures, the
reducing groups of cellulose are stabilized and therefore depolymerization is
stopped or slowed down [71], [72], [73]. The presence of undissolved fibers
in the final product my also be explained by the association between polymer
chains, reaction favored by the high content of biomass in the slurry (20 %
mass fraction) [73].
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Figure 6.5: The change of wood dissolved mass fraction (%) when a process variable is in-
creased from its low level to high level [2]
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The effect of The effect of The effect of The effect of
temperature NaOH-to-wood ratio reaction time particle size

0.40 - 160°C - 240min
3 to 5 mm particles

0.40 - 160°C - 240min .32 - 200°C - 30min

0.40 - 200°C - 240min ~ 0.40 - 200°C - 30min (.32 - 160°C - 240min  0.40 - 160°C - 240min
10 to 14 mm particles

Figure 6.6: The impact of process conditions on biomass dissolution and product aspect.
Samples visualise the resulting pulps [2]

Once the most important factors are identified, additional experiments

Table 6.4: Alkaline hydrothermal pretreatment conditions optimization using the one-factor-
at-a-time (OFAT) strategy. Designed experiments previously performed showed that factors
interactions have a low impact on the output and the factor particle size can be eliminated. For
the optimization tests medium size (5 mm to 10 mm) wood chips were used [2]

Temperature NaOH-to-wood Time at Tmax  Wood dissolved  Feed pumpability
({©) ratio (min) mass fraction (%) (Syringe test)

Fixed factors: temperature 180 °C, reaction time 120 min

Variable factor: NaOH-to-wood ratio

180 0.25 120 28 X

180 0.30 120 55 x*
180 0.35 120 65 yes
180 0.40 120 72 yes

Fixed factors: temperature 180 °C, NaOH-to-wood ratio 0.35
Variable factor: reaction time

180 0.35 30 56 x*

180 0.35 60 62 yes*
180 0.35 120 65 yes
180 0.35 180 68 yes
180 0.35 240 71 yes

Fixed factors: NaOH-to-wood ratio 0.35, reaction time 120 min
Variable factor: temperature

160 0.35 120 54 X
180 0.35 120 65 yes
200 0.35 120 88 yes

* The product consisted of softened wood chips that required maceration
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Figure 6.7: Identification of critical alkaline pretreatment conditions. The effect of NaOH load-
ing, reaction time, temperature and reactant type on wood dissolved mass fraction (%); 5 mm
to 10 mm poplar wood chips were used in all experiments [2]

can be performed for process optimization. Three out of four variables inves-
tigated showed a significant impact on biomass dissolution: reaction temper-
ature, reaction time and solution alkalinity. Also, it was established that the
interactions between the factors are not significant. Therefore, the One Fac-
tor At Time (OFAT) strategy was further used to optimize the pretreatment
process. 10 more experiments were introduced to explore in more detail the
impact of temperature, reaction time and solution alkalinity on wood dis-
solution. The optimization criterion was the pretreated feed pumpability,
evaluated according to the syringe test.

As shown in Figure 6.7 a), 180 °C is the critical temperature to obtain
paste-like feeds that pass the syringe test. The increase of temperature to
200 °C leads to extensive wood degradation and liquid-like mixtures but
such high temperatures might be too costly for large scale implementation.
The variation of wood dissolved mass fraction with the NaOH concentration,
at 180 °C and 2 hours reaction time, is shown in Figure 6.7 b). At these
conditions, the critical value of NaOH-to-wood mass ratio is 0.35. With the
values for temperature and NaOH-to-wood mass ratio fixed at 180 °C and
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Figure 6.8: Willow slurry before (left) and after pretreatment (right) in an 80 L digester

0.35, the effect of the reaction time was studied. As shown in Figure 6.7 c)
the reduction of the reaction time below 2 hours generates feeds that do not
comply with the pumpability criteria. On the other hand an increase of the
reaction time above 2 hours do not increase significantly the wood dissolved
mass fraction. Therefore, 120 minutes is considered an reasonable reaction
time for wood pretreatment at 180 °C and 0.35 NaOH-to-wood mass ratio.

Bench scale pretreatment of willow chips

A batch of 100 kg of wood paste was prepared from willow coppice. Be-
cause the particle size of willow chips was considerable bigger than the size
of poplar chips used in laboratory scale pretreatment tests (10-14 mm vs. 20-
70 mm), a higher alkali loading was used to ensure that a pumpable paste
is obtained. The pretreatment conditions were: 180 °C, NaOH to wood ra-
tio 0.40, reaction time 120 minutes. After pretreatment, approximately 70
% of the initial willow chips were dissolved which is in accordance to the
laboratory scale experiments. The product had a paste-like consistency and
passed the syringe test. The slurry pH was around 12, indicating an excess
of alkaline reactant.

The effect of alkaline reactant type on wood dissolution

The aggressive attack of NaOH compared to other alkalis is clear from
Figure 6.7 d) and Table 6.5. The amount of wood dissolved with sodium and
potassium carbonates is significantly lower than the amount of wood dis-
solved with sodium hydroxide. This is because sodium hydroxide has strong
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Table 6.5: The effect of the alkaline reactant type on the wood dissolved mass fraction after
hydrothermal pretreatment at 180 °C, for 240 minutes and 0.35 NaOH-to-wood ratio; wood
particle size 5 to 10 mm

NaOH KOH NaCO; K;CO;
Wood dissolved mass fraction (%) 63.6 321 13.8 13.7

nucleophilicity compared to carbonates, enhancing the wood delignification.
Carbonates may react with water to form hydroxyl ions according to Equa-
tions 6.3 and 6.4 but the concentration of hydroxyl ions in these solutions
is lower compared to NaOH solutions. Although both NaOH and KOH are
strong bases that completely dissociates in water, less wood was dissolved
with KOH solution than with NaOH solution. This can be explained by the
higher molecular weight of KOH and consequently lower molar concentra-
tion of the KOH solution.

NaOH ) — > Na™ + OH ., (6.2)
Na2CO3 gy~ > 2Naj, s + CO3T (4) (6.3)

2— - _
CO3 (aq) + HQO(Z)— > HC03 (aq) + OH(aq) (6.4)

Lignin depolymerization is based on the cleavage of carbon-to-oxygen
linkages, mainly ether linkages [75], [71]. The most abundant bond in the
lignin structure is the f-O-4 aryl ether bond, which represents 50 % to 60 %
of all lignin linkages [71] (see also the lignin structure in Appendix C). Stud-
ies on model compounds showed that these reactions occur by nucleophilic
attack (of hydroxyl or sulfide ions) at the p-carbon in the phenylpropane
unit, according to the mechanism in Figure 6.9. The 5-O-4 aryl ether link-
ages are present in etherified or free phenolic structures. Only in the former

Hzlco‘9 CHs Hed® med
b
}il — ocH, - |CH HC- OH
0! o ) a_ |
:O—CH / ° CH © O0— CH
-/ +°0H
e e
H;C 7 H;C H;C
0 0
/ / /0

Figure 6.9: Lignin depolymerization by cleavage of -O-4 aryl ether bond in nonphenolic
phenylpropane units according to the mechanism proposed by Gierer [74]; this is one of the
most important reaction in alkaline delignification [75]
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case, the B-O-4 aryl ether bond is cleaved in presence of hydroxyl ions [71].
The reaction generates phenolic hydroxyl groups that further combines with
sodium to give soluble sodium phenolates. This is the key process involved
in alkaline solvolysis of lignin [71], [75]. Other bonds that are cleaved in alka-
line conditions are the a-ether bonds and to a small extent the carbon-carbon
bonds [74], [75], [71].

Depolymerization of carbohydrates in alkaline conditions occurs by hy-
drolysis. These reactions are slower than acid hydrolysis. Alkaline conditions
promote rearrangements of aldoses and ketoses to structures that allows the
cleavage of the glycosidic bond. The end group of the polysaccharides chain
is thus removed and is further converted into various carboxylic and hy-
droxy acids, as shown in Figure 6.10. This endwise mechanism is known as
the peeling reaction. The remaining polysaccharides chain will continue to
loose monosaccharides units until the end group is stabilized. Xylan is one
of the most resistant hemicellulose to alkali degradation and cellulose looses
only 50 glucose units per molecule in Kraft pulping [71]. Due to its crys-
talline structure and high degree of polymerization, cellulose is more resis-
tant to degradation than hemicellulose. However, at more drastic conditions
(higher temperature and/or alkalinity), extensive dissolution of cellulose can
be achieved. A study showed that in 3M NaOH solution, at 170-190 °C cel-
lulose was completely dissolved after 2-4 hours, while in 1M NaOH solution
a solid residue was obtained. 70 % to 80 % of cellulose was converted into
various carboxylic acids [76]. These results underlines to need to apply dras-
tic alkaline pretreatment conditions to achieve extensive biomass dissolution
which is crucial in preparing pumpable HTL slurries.
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Figure 6.10: The simplified mechanism of polysaccharides peeling reactions [71]
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The effect of lignocellulosic substrate on biomass dissolution

Poplar and willow chips of 5 mm to 10 mm width, barley straw and
meadow grass stems of 10 mm to 30 mm long, were subjected to alkaline
pretreatment at 180 °C, for 240 minutes in sodium hydroxide solution (0.35
NaOH-to-biomass ratio). The results given in Table 6.6 show that the mass
fraction of solids dissolved for straw and grass is lower compared to poplar
wood chips. One factor that could affect the biomass dissolution is the bulk
density. Straw and grass have a higher volume-to-weight ratio compared to
wood. This determines a poor contact between the alkaline solution and the
solid phase which is detrimental for the reaction rates.

Another factor that could influence the biomass dissolution is the chem-
ical composition of biomass. Higher hemicellulose and lignin content may
decrease more rapidly the solution alkalinity due to the fact that the alkaline
reactant is consumed in neutralization reactions. It is estimated that about 25
% of the alkali loading in Kraft pulping is used for the neutralization of the
lignin degradation product and about 60 % to 70 % is involved in the neu-
tralization of the acids derived from polysaccharides [75], [71]. As shown in
Table 6.6, grass and straw have higher hemicellulose content than the wood
species and willow has higher lignin content than poplar which may explain
the variations in the biomass dissolved mass fraction.

Pretreatment product characterization

Despite the large fraction of organic acids formed during alkaline pre-
treatment, the pH of the feedstock has a basic character. This suggests the
excess of alkaline reactant in the feedstock that could serve as catalyst in
the subsequent HTL conversion step. Figure 6.11 shows that the pretreated
feedstock pH decreases with the increase of dissolved biomass fraction i.e.
that the concentration of hydroxide ions drops as the degradation reactions
advance, as previously discussed. At dissolved biomass fraction above 70
%, the pH of the slurry is close to 9, the minimum value to keep the lignin
dissolved in the solution [71].

Figure 6.12 shows a non-Newtonian shear thinning flow behavior of the
pretreated slurry. The viscosity decreases from about 3500 mPa s at low shear
rate to 270 mPa s at high shear rate values.

Table 6.6: The effect of the biomass type on dissolved mass fraction of solids after alkaline
hydrothermal pretreatment at 180 °C, for 240 minutes and 0.35 NaOH-to-biomass ratio

Hybrid poplar Willow Meadow grass Barley straw

Biomass dissolved (wt %) 64 43 44 33
Biomass composition (wt %, db)

Lignin 13 20 7 6

Hemicellulose 18 15 30 25

Cellulose 60 53 42 49
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Figure 6.11: Variation of the alkaline pretreated feedstock pH with the wood dissolved mass
fraction

A literature survey on chemical composition of pulping spent liquors was
carried out to identify possible degradation compounds in the pretreated
feedstock. A detailed list is given in Appendix B. Phenolic compounds with
various molecular weights as well as sugars, hydroxy carboxylic acids, alco-
hols, cellulose fibers and others were found in black liquors. The phenolic
compounds are derived from lignin while the organic acids mostly originates
from cellulose and hemicellulose. It is estimated that every polysaccharides
monomer removed by peeling, generates 1.6 equivalents of hydroxy acids
[71]. Extractives may generate long chain compounds such as fatty alcohols
or fatty acids.

Dynamic viscosity (mPa s)

Shear rate (s™)

Figure 6.12: The variation of viscosity with the shear rate for an alkaline pretreated wood paste
at 180 °C for 120 minutes with NaOH-to-wood ratio of 0.40
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3.2 Hydrothermal liquefaction of alkaline pretreated feed-
stock

HTL in continuous bench-scale system

To prove the technological feasibility of continuous processing alkaline
pretreated feedstock, the 100 kg wood paste prepared from willow chips was
further converted into the continuous HTL system. The second objective
of the continuous liquefaction test was to compare the biocrude yield and
elemental composition with a previous baseline run where raw wood was
liquefied. Comparative tests will show the impact of wood pretreatment on
product distribution and biocrude quality.

The composition of the alkaline pretreated wood paste was adjusted to
obtain a feedstock with similar composition as the baseline feedstock. There-
fore, to the willow paste was added an oil vehicle and small amounts of other
additives as described in Table 6.7. Upon oil addition, the feedstock viscos-
ity was considerably reduced which allowed to further increase the biomass
loading from 20 % to 25 % mass fraction by adding fresh wood powder. The
feedstock was pumped into the system with a high pressure piston pump for
about 4 hours, at 30-32 MPa.

The yield, the heating value and the elemental composition of the biocrude
oils obtained from the pretreated and non-pretreated wood is given in Table
6.7. Surprisingly, despite the extensive degradation of wood prior to lig-
uefaction, the pretreatment stage did not affected the biocrude yield. The
biocrude oil from pretreated wood has higher carbon and lower oxygen con-
tent. A possible source of the small differences between the biocrude oils
could be the fact that the pretreated willow was mixed with raw wood. To
confirm this hypothesis, the experiments were repeated in small scale batch
reactors where freshly pretreated willow and milled willow were liquefied.
This topic is covered in the next section.

Because the alkali loading in the feedstock is high (35 % to 40 % of the
biomass weight), it was important to determine the concentration of the in-
organics in the biocrude. As shown in Table 6.7 the total amount of Na and
K in the biocrude is less than 2 wt % i.e. about 5 wt % of the elemental Na
and K in the feedstock is found in the biocrude. The main fraction of these
elements is found in the water phase and the solids formed. In this context,
water phase recirculation could be an option for alkalies recovery.

The advantage of alkaline pretreatment is that allows processing wood
chips instead of wood powder, reducing the need for milling the wood. An
additional advantage is the increase of dry matter in the feedstock. In this
study, the wood content in the feedstock was increased from 18 wt % to
25 wt % by alkaline pretreatment. However, the amount of NaOH used is
not negligible and its recovery is difficult. Therefore, methods to reduce the
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the alkali loading in the pretreatment stage need to be further investigated.
For example, the chemical pretreatment can be combined with mechanical
operations or the HTL product water phase can be recycled.

HTL in micro reactors

Pretreated and non-pretreated willow slurries were subjected to HTL at
400 °C for 15 minutes, in small scale batch reactors. The slurries contain
only wood, water and NaOH without other additives. For the non-pretreated
feedstock, the willow was milled to fine powder (< 0.25 mm). The pre-treated
slurry was prepared at the same conditions used in the 80 L digester (180 °C,
0.40 NaOH-to-wood ratio, 120 minutes reaction time). Table 6.8 shows the
feedstocks composition, the HTL product distribution, the biocrude elemen-
tal analysis and the gas phase composition.

Similar to the results from the continuous system operation, the biocrude
yield was not affected by the feedstock pretreatment stage. Notable are the
lower biocrude yield values in batch experiments (25 wt %) compared to the
continuous system (44 wt %). The biocrude yields are reported on dry ba-

Table 6.7: Feedstock composition, biocrude yield and biocrude elemental composition from
continuous HTL of non-pretreated and pretreated wood at 400 °C in 20 kg/h feed capacity
system [2]

Continuous bench-scale system
Raw wood HTL  Pretreated wood HTL

FEED
Biomass Wood powder  Pretreated wood chips
and wood powder
Total biomass in feed (wt %, db) 18 25
Water-to-biomass ratio 29 1.8
Alkaline-to-biomass ratio 0.27 0.30
Oil medium (wt %) 18 18
Other additives (ethanol, thickeners) (wt %) 5 5
BIOCRUDE
Yield (wt %) 44 44
HHV (M]/kg) 36 36
C (wt %, db) 72 77
H (wt %, db) 9.6 8.9
N (wt %, db) 0.85 1.1
o* 18 13
H/C 1.6 14
o/C 0.19 0.13
Na (wt %) - 1.2
K (wt %) - 0.58
Ash (wt %) 3.9 53
WATER PHASE
Na (g/L) - 13.5
K(g/L) - 10.3

*by difference
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sis in both cases thus, the moisture content of the oils cannot explain the
difference. The main reason for the large difference between the values is at-
tributed to the separation procedure. As previously mentioned, the biocrude
was separated gravimetrically in the continuous system and by solvent ex-
traction in laboratory scale tests. When separating the oil by solvent evapora-
tion, volatile compounds from the oil phase are also removed, decreasing the
amount of oil recovered. Another source of error is the type of solvent used.
Depending on the biocrude chemical compounds, the solubility of oil is dif-
ferent in various solvents. For example acetone might be a better solvent for
a biocrude sample than diethylether i.e. more organic compounds are recov-
ered into the biocrude-solvent mixture which finally leads to higher biocrude
yields. For these reasons, the biocrude yield values from small scale HTL
experiments can be used only for the comparison purpose, to confirm that
the pretreatment of biomass has no impact on biocrude yield. The biocrude
yield obtained from the continuous system is the one that reflects best the
real values.

The elemental composition of the biocrude oils is also slightly affected
by the pretreatment stage. Like the results in the continuous system, the
biocrude from the pretreated wood has higher carbon and lower oxygen con-

Table 6.8: Feedstock composition, biocrude yield and biocrude elemental composition from
HTL of non-pretreated and pretreated wood at 400 °C in 10 mL micro reactors

Batch micro reactors

Raw wood HTL Pretreated wood HTL
FEED
Biomass Raw willow powder  Pretreated willow chips
Total biomass in feed (wt %, db) 20.0 20.0
Water-to-biomass ratio 3.6 3.6
Alkaline-to-biomass ratio 0.40 0.40
Other additives none none
BIOCRUDE
Yield (wt %) 254 249
C (wt %, db) 814 85.8
H (wt %, db) 9.2 9.0
N (wt %, db) 0.49 0.57
o? 8.9 4.7
H/C 1.35 1.25
o/C 0.08 0.04
SOLIDS
Yield (wt %) 6.3 7.4
GAS PHASE
Yield? (wt %) 23.3 29.2
CO; (vol. %) 48.1 48.0
CO (vol. %) 1.0 1.0
H, (vol. %) 479 46.9

“by difference Pcalculated with Equation 6.1
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tent.

The gas phase is composed of approximately equal volume fractions of
CO; and Hj. This composition is different compared to the gas phase pro-
duced by non-catalytic HTL where around 90 % vol. of the gas phase is
CO; [77], [18]. The presence of higher fractions of hydrogen and lower frac-
tions of carbon dioxide in the gas phase may be explained by the catalytic
effect of sodium hydroxide on the water gas shift reaction [78]. This result
also suggests that larger fractions of CO (compared to non-catalytic HTL) are
generated in presence of the alkaline reactant, possibly as a result of oxygen
removal through decarbonylation reactions.

4 Conclusions

Alkaline pretreatment prior to continuous HTL processing is a technologi-
cally feasible method to prepare pumpable feeds from woody biomass. Wood
chips can be converted into a paste slurry by thermochemical pretreatment
in NaOH solution at 180 °C for 120 minutes with a NaOH-to-wood mass
fraction of 0.35-0.40. The pretreatment has no impact on biocrude yield or
elemental composition, demonstrated in both continuous bench scale HTL
system and small scale batch reactors. Continuous processing of an alkaline
pretreated feedstock with 25 wt % biomass loading at 30 MPa was proven.
This is the highest biomass loading of a wood-based feedstock that was con-
tinuously processed in an HTL system. However, the large amounts of al-
kaline reactant used (35 % to 40 % of the biomass weight) clearly indicates
that recovery options for NaOH or methods to reduce the alkaline reactant
concentration need to be developed to make the pretreatment process eco-
nomical.
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Chapter 7

Co-processing of wood and
algae to improve the
processability of HTL feeds

1 Introduction

Non-terrestrial biomass, microalgae and seaweeds, represents a promising
alternative biomass resources for bioenergy production. Compared to ter-
restrial biomass, algae have higher grow rate, higher photosynthetic activity
i.e. higher CO, absorption capacity and do not need arable land for growing
[79], [80]. Other advantages of algae biomass are that they can be cultivated
in waste waters and do not compete with food crops [81]. Figure 7.1 shows
that also with respect to the elemental composition, algae are more advan-
tageous than lignocellulosics. Because algae have lower oxygen and higher
carbon content, the resulting biocrude oils will have the elemental compo-
sition closer to the ideal case of conventional fuels. However, compared to
lignocellulosics, algae contain larger fractions of nitrogen and sulfur that is
distributed into the biocrude phase. Also, the production costs for algae are
high and they are difficult to store due to fast degradation. These represent
major disadvantages for marine biomass.

Lignocellulosic biomass is the most abundant biomass resource on earth
[16], [82]. While the biological treatment technologies have difficulties in con-
verting lignocellulosic biomass into biofuels due to biomass recalcitrance [83],
[84], the process conditions in hydrothermal liquefaction (HTL) can disrupt
more easily the structure of biomass. But, continuous processing of lignocel-
lulosic biomass faces other difficulties related to the pumpability of the aque-
ous slurries. Because lignocellulosics are low density materials that slightly
interact with water, most often the slurries separate in a solid and a liquid
phase under pressure conditions or even with standing. Unlike lignocellu-
losic materials, algae form more homogeneous mixtures, easier to pump, as
demonstrated in several studies [85], [86], [87]. Large scale HTL plants like
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the ones operated by Sapphire energy Inc., Algenol biotech LLC, Genifuel
Corporation or Muradel Pty. Ltd. confirms the possibility to process algae
slurries in continuous HTL systems [88].

For these reasons, co-processing of wood and algae is proposed in this
work as a method to improve the processability of lignocellulosic aqueous
slurries. The polysaccharides contained in algae could be utilized as water
holding agents and viscosifiers, properties that can prevent slurries from de-
watering and phase separation. As an added benefit, previous study showed
that co-processing of microalgae with other biomass streams like manure
[89], rice husk [90], coal [91] or seaweeds [92] can be an effective method to
increase the biocrude yield due to the fact that microalgae compounds have
lower thermal resistance and higher conversion into biocrude.

Previous study on hydrothermal liquefaction of algae shows that microal-
gae generate higher biocrude yields compared to seaweeds. The values re-
ported in literature for biocrude yield from microalgae vary between 18 wt
% [93] and 83 wt % [94] (on dry ash free basis) and the biocrude yield ob-
tained from seaweeds vary between 4 wt % [28] and 36 wt % [95]. These
differences are explained by the higher content of lipids and proteins in mi-
croalgae. The large variation between the biocrude yields are also affected
by the hydrothermal liquefaction conditions (temperature, reaction time, cat-
alyst). The most advantageous conditions (with respect to biocrude yield) for
hydrothermal liquefaction of algae are temperatures near the critical point
of water [96], [97], [98] and reaction times up to 15 minutes [99], [100]. For
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Figure 7.1: Van Krevelen diagram of wood, algae, their model compounds and the biocrude
oils obtained by Hydrothermal Liquefaction; A list of sources from where the data were col-
lected is given in Appendix D
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algae with high content of carbohydrates alkaline catalysts are recommended
because they reduce the char formation and increase the biocrude yield [93],
[24].

This work studies the technical feasibility of using seaweeds and microal-
gae as wood slurries stabilizers. Green-, brown- and red- seaweeds are used
to prepare wood-algae slurries with 15 wt % to 20 wt % dry matter content
and microalgae are used to prepare mixtures with wood with 30 wt % dry
matter content. The mixtures are tested for resistance to mechanical dewa-
tering using the syringe and the centrifugation test. The mixtures are further
liquefied at supercritical water conditions, in presence of an alkaline cata-
lyst, to compare the effect of algae addition on the HTL product distribution,
biocrude elemental composition and boiling point distribution. To the best
knowledge of the author, co-liquefaction of algae and wood has not been re-
ported in literature yet, especially as a method to improve the lignocellulosic
feeds processability in continuous HTL systems.

2 Materials and methods

Raw materials

Wood-algae mixtures were prepared from willow powder and various
species of seaweeds and microalgae. Willow wood chips (see Chapter 6 for
details) and seaweeds were milled with a FOSS Cyclotec mill. The pow-
ders mostly consist of particles smaller than 0.250 mm, with the size dis-
tribution given in Table 7.1. Fresh seaweeds: Laminaria Digitata (cultivated)
and Palmaria Palmata (wild harvested) were provided by Ocean Rainforest

TTTRe T S

FeeTsire

Figure 7.2: Defrosted macroalgae Palmaria Palmata (left) and Laminaria Digitata (right) as
received from the supplier

63



Chapter 7. Co-processing of wood and al-
gae to improve the processability of HTL feeds

Table 7.1: Size distribution of milled willow and algae powders [3]

dsg Particles mass fraction (% )
(mm) 0250 mm - 0.125 mm  0.125 mm - 0.050 mm < 0.050 mm
Willow 0.130 38.0 23.0 25.2
Seaweeds  0.115 38.7 34.7 20.3

and were collected in March 2016 from the Faroe Islands. After collection,
the algae were immediately frozen for transport. When received, the sea-
weeds were defrosted, dried at room temperature for 3 days and afterward
in the oven at 60 °C. Green seaweed Ulva spp. and microalgae Chlorella
Vulgaris were provided from commercial sources (Porto-Muifios S.L. and
Algomed®). The biomass was analyzed for elemental composition, chem-
ical composition, heating value and ash content. Chemical and elemental
composition of algae are given in Table 7.2.

Analytical methods

Lipids were measured by Soxhlet extraction with a chloroform-methanol
mixture, according to the method described by [101] and [102]: 2 g of algae
were extracted with 350 mL of solvent (chloroform-methanol 2:1 v/v) for 5 h
to 6 h, into a single thickness cellulose thimble. After extraction, the solvent
was removed at 35 °C and the samples were dried for 1 h at 105 °C. The mass
fraction of lipids was determined gravimetrically. Proteins were calculated
using the nitrogen-protein conversion factor (N-factor) of 4.58 determined by
[103]. The N-factor correlation is based on 10 microalgae species and has a
standard deviation of 0.11. The fraction of carbohydrates was determined by
difference.

Elemental analysis was performed with a vario MACRO cube Elementar

Table 7.2: Characterization of willow and algae biomass (on dry basis) [3]

Green seaweed  Brown seaweed Red seaweed Microalgae
Ulva spp. L. Digitata P. Palmata C. Vulgaris

Polymer mass fractions (%)
Lipids 6.84+0.0 10.1+1.2 9.1+0.8 16.3+0.2
Proteins 7.8 10.5 204 40.3
Carbohydrates 54.8 444 47.6 35.4
Elemental composition (wt %)
C 41.7+0.8 36.5£1.6 37.1+£0.7 50.1£0.2
H 6.3+0.2 5.04+0.0 5.54+0.3 7.1£0.4
N 1.7£0.0 2.3+0.0 4.51+0.0 8.84+0.0
S 12+1.7 2.240.5 2.0+0.0 1.1£1.1
o 18.6 19.0 28.0 249
Ash (wt %) 30.5+0.5 35.0+0.4 22.9+40.1 8.0+0.5
HHV (MJ/kg) 11.8+0.3 12.240.1 15.24-0.1 22.14+0.0

*by difference (100-C-H-N-S-Ash)
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analyzer. The heating value (HHV) of the biomass was measured with an
IKA C2000 Basic calorimeter and the ash content was measured at 575 °C for
6 hours according to the ASTM E1755-01 standard procedure.

The thermogravimetric (TGA) analysis of biocrude oils was performed
with a PerkinElmer STA6000 TG/DSC instrument. The samples were heated
in nitrogen atmosphere (gas flow rate 20 mL/min) from 50 °C to 1000 °C
with a heating rate of 10 °C/min.

The water holding capacity (WHC) of algae and wood was measured
using the method described by Sosulski [104] and Yaich et al. [105]. Slurries
containing 12 % solids were prepared from water and biomass sample. After
60 minutes rest time at room temperature, the mixtures were centrifuged
at 3000 g for 25 min at 25 °C. A fraction of the liquid was absorbed into the
biomass and the rest separated in a top layer. After removing the supernatant
liquid, the tubes containing the samples were dried in oven for 25 minutes at
50 °C to remove all free water left. The mass fraction of water absorbed by
the biomass was determined gravimetrically.

Viscosity of the algal slurries was measured with a Brookfield RV-DV II-
Pro rotational viscometer.

Slurry preparation and pumpability tests

The wood-algae slurries were prepared by first pouring the algae powder
into a well agitated solution (water or NaOH 1M solution). The wood powder
was added last, the mixtures were stirred well, covered with parafilm and left
60 minutes to rest. The total biomass loading of the mixtures varies between

20

Ay
|—E. The syringe test f&:} The centrifugation test

Figure 7.3: An algae-water feed with 35 wt % microalgae content that passed the syringe test
(left) and wood-water slurries centrifuged at 3000 g for 10 minutes (right): the feed that un-
dergo phase separation contains 15 wt % wood, 85 wt % water and the stable feed contain 10
wt % wood, 10 wt % brown seaweed, 80 wt % solution NaOH 1M
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15 wt % and 30 wt % and the ratio between algae and wood between 0.00
and 3.00. After 60 minutes, the samples were subjected to pumpability tests
as shown in Figure 7.3.

The syringe test was used throughout this work and is described in more
detailed in Chapter 5. An additional test was introduced to evaluate feed
stability (solids dewatering) under more harsh conditions compared to the
syringe test. In this test, similar to the the water holding capacity test, the
slurries are subjected to centrifugal forces of 3000 g for 10 min at 25 °C.
Slurry dewatering is monitored. Stable feeds are those that do not separate,
as shown in Figure 7.3.

The feeds that successfully pass both tests (pass through the syringe ho-
mogeneously and do not separate after centrifugation) are considered to have
a higher likelihood to be pumpable under HTL conditions (30 MPa) than the
feeds that pass only the syringe test.

Hydrothermal liquefaction experiments

The setup and the product separation procedure for hydrothermal lique-
faction experiments are described in more detail in Chapter 6. The separation
procedure is summarized in Figure 7.4. The HTL experimental conditions
were: 400 °C, 15 minutes, feedstock biomass loading 20 wt %. After separa-
tion, the moisture content, the elemental composition and the boiling point
distribution of the biocrude oils were determined. The biocrude yield was
expressed on oil dry basis and biomass dry ash free basis.

HTL products Acetone
(biocrude+water phase+solids) l

Char Filtration

A
Biocrude+water
phase+acetone

Water

Water+salts

Evaporation

water phase DCM
Water _ Gravimetric
phase separation

Biocrude+

Evaporation

Biocrude

Figure 7.4: Schematic representation of the HTL product separation procedure [3]
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3 Results and discussion

3.1 Seaweeds and microalgae as wood-slurries stabilizers

Wood is a porous, low density biomass that forms heterogeneous slurries
with water. As shown in Figure 7.5 (left), the phase separation between wood
and water occurs either by floating or by settling of wood particles. Floating
is caused by the internal, inaccessible voids of the coarse particles or wood
chips. Settling occurs for small wood particles (<100-200 ym) when the in-
ternal pores are filled with liquid, which cause the increase of wood particle
density above the density of water. This is possible because the density of the
wood cell wall is about 1.5 g cm 3 [106].

Phase separation between the water and wood or other porous materials
can be prevented by increasing the viscosity of the liquid phase. Solids dewa-
tering under high pressure conditions can be prevented by adding materials
with high water holding capacity into the feedstock composition. Experi-
ments with carboxymethyl cellulose (CMC), a cellulose-derived viscosifier
with high water holding capacity (=42 g/g [107]), showed that when added
into a wood slurry, it can successfully avoid mechanical dewatering of the
feedstock (see Figure 7.6). More, the phase separation between wood and
water (settling or floating) was preveneted and the wood slurries gained a
continuous, paste-like aspect in presence of CMC. Recycled HTL water phase
(the water phase has a slightly basic character) could also be used without
affecting the water holding capacity of CMC.

The water uptake by CMC or other polysaccharides is assumed to take
place by adsorption at various polar groups in the polymer structure. Ac-
cording to the strength of the interactions, the water adsorbed can be non-
freezing water (strongest interactions), freezing water and free water. The

: Coarse wood

particles

& Fine wood
R particles

‘%:: Algae

particles

Solvent

Typical behavior of wood particles Wood-algae slurries Wood-algae slurries
in water: settling and floating with low content of algae with high content of algae
Caigae < Cwood Caigae 2 Cuood

Figure 7.5: Schematic representation of phase separation in wood aqueous slurries and stabi-
lization with algae hydrocolloids; high concentration of algae in the slurry is needed to ensure
the contact and the entanglement of hydrocolloids [3]
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presence of counter ions may influence the water adsorption capacity [108].
In Appendix E, a lists of possible water adsorption sites and the number of
water molecules bound by each group is given. The table shows that up to 24
water molecules can be adsorbed at one site. The groups that can bound the
highest number of water molecules are the SO3~ and COO™ when assisted
by H * or Na™ ions (the protonated- or the ionic form of the group).

Algae contain various polysaccharides with groups that can act as water
sorption sites. Ulvans in green seaweeds, alginates and fucoidans in brown
seaweeds or carrageenan and agar in red seaweeds are long chain polysac-
charides, with thickening and water sorption properties, known also as hy-
drocolloids [109] and widely used in food industry. As shown in Appendix
E, these polysaccharides contain various SO3~ and COO™ groups. This sug-
gests that algae can be used directly in the wood slurries as water absorbent
materials.

Figure 7.7 shows the measured water holding capacity of the four algae
species investigated in this work: Ulva spp., L. Digitata, P. Palmata, Chlorella
Vulgaris and willow. Because alkaline catalysts are often used in hydrother-
mal liquefaction of biomass [21], the effect of NaOH on biomass water hold-
ing capacity was evaluated. The results indicate that wood and green sea-
weed have the highest WHC values 5.5 g H,O/g biomass, followed by brown-
and red seaweed 3.7 - 4.0 g HyO/g biomass and microalgae 2.2 g H,O/g
biomass. Previous work measured similar WHC for Ulva lactuca 6.7 g wa-
ter/g [105] but higher values for Laminaria digitata (20 g water/g sample
[110]). Higher values were probably obtained due to different experimental

31.5 % D-W = distilled water
HTL-W = recycled HTL water phase

20.6 %
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Figure 7.6: The effect of CMC addition into a wood slurry on the free water content reduction;
water separation was measured by centrifugation
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procedures: in the work cited, the slurry was maintained for 16 hours before
centrifugation, while in this work the rest time period was only 1 hour. The
WHC decreases in presence of NaOH for wood and green seaweed and in-
creases for the other algae with 28 % for brown seaweed, with 8 % for red
seaweed and with 32 % for microalgae. Another observation is that high
WHC values correspond to high porosity materials e.g. wood and low WHC
values correspond to materials that have no porous structure e.g. microal-
gae. This suggests that the WHC measured for wood and seaweeds includes
the water absorbed physically into the porous structure of the particles. The
water absorbed by physical means into the biomass, it can be removed easily
under pressure conditions therefore, materials like wood and green seaweeds
are not able to form stable slurries under pressure condition. Brown- and red
seaweeds are situated between these two extremes, suggesting that the WHC
is due to both physical and chemical absorption.

Single-component wood and algae slurries characterization

Mixtures of 15 wt % dry matter content were prepared from algae and
willow and were tested for their resistance to dewatering under the syringe-
and the centrifugation test. The slurries appearance and texture is also de-
scribed in Table 7.3. The comparison shows that wood slurries are signif-
icantly different from algae slurries. While wood form non-cohesive and
non-stable mixture, algae form in general less viscous, cohesive pastes. Ac-
cording to the syringe test, algae slurries are stable but dewatering occurs
under centrifugal forces, for all slurries prepared from seaweeds and water.
For the brown seaweed, the slurry stability under centrifugal forces is im-
proved in presence of NaOH. Microalgae form liquid-like mixtures at 15 wt
% dry matter content and paste-like mixtures at 30 wt % dry matter content.
Concentrated microalgae pastes are cohesive and very stable in both water
and NaOH solution. The viscosity of all mixtures (except green seaweed)
increases in NaOH solution.

Comparing the WHC of the biomass with the slurries stability, opposite
trends are noticed: materials with high WHC undergo phase separation eas-
ily (e.g. wood, green seaweeds) while materials with low WHC are very
stable (e.g. microalgae). As discussed earlier, this can be explained by the
fact that high values of water holding capacity are, to a great extent, due to
physical absorption of water into the pores and not chemical absorption of
water. This makes the water holding capacity of biomass (or at least the WHC
measured by the centrifugation method) a misleading parameter to predict
the slurries stability and pumpability.

Despite this unclear correlation between WHC and slurries stability, the
WHC parameter might be useful to calculate with approximation, the slur-
ries maximum biomass loading, the point where the texture of the slurries
changes from paste-like to solid-like consistency. The measured WHC of
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3. Results and discussion

wood and algae was used to calculate the critical concentration of the slurries
(C*) using the proposed Equation 7.1. The equation calculates the theoretical
maximum dry matter content of the slurry when 100 g of water are mixed
with biomass. The equation was obtained by assuming that the maximum
amount of water absorbed by 1 g of biomass is given by the WHC parameter.
From here, the maximum concentration of a biomass-water slurry (C*) was
derived. When the slurry biomass loading equals the C* value, the slurry
consistency changes from paste-like to very thick paste or solid-like consis-
tency. Table 7.4 shows a good correlation between the calculated and the
experimental C* values.

_ Mpiomass 49— __100/WHC
Mpiomass + MH20 100 + (100/WHC)

C* (wt%) = -100 (7.1)

The thickening property of algae was evaluated by measuring the slur-
ries viscosity. Figure 7.8 shows the viscosity-shear rate profile of seaweed
slurries with 15 wt % dry matter content and microalgae slurry with 30 wt
% dry matter content, in both water and NaOH solution. The results show
that microalgae develop the highest viscosity followed by brown seaweeds.
These are also the algae that form the most stable slurries. The lowest vis-
cosity value corresponds to the red seaweed slurry. Similar with the trends
in WHC, the presence of NaOH increases the viscosity of red seaweed slurry
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Figure 7.7: The water holding capacity of wood and algae biomass, measured by the centrifu-
gation method. The maximum biomass loading of the wood-algae-water slurries is indicated
with star symbols [3]
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Table 7.4: A comaprison between theoretical and experimental maximum biomass loading in
wood and algae slurries to obtain thick pastes [3]

C* (wt %)
WHC Calculated Experimental
(gHZO /gbimmzss) with Equation 7.1
Willow 5.5+0.3 15.4 15.0
Green seaweed 5.5+0.2 15.3 15.0
Brown seaweed 4.0+0.1 20.0 20.0
Red seaweed 3.7+0.1 21.3 20.0
Microalgae 2.240.1 31.3 35.0

and decreases the viscosity of green seaweed mixture.

Two-component wood-algae slurries characterization

According to Table 7.3, single component brown seaweeds or microal-
gae slurries, might be suitable for continuous processing in HTL systems.
However, the interest of this work was to evaluate the possibility to pump
mixtures of wood and algae. In this purpose, wood was gradually added in
algae solutions to identify the algae-to-wood mass ratio at which slurries are
pumpable (according to the syringe test). Figure 7.9 shows the results based
on willow-brown seaweed mixtures.

Figure 7.9 indicates that paste-like, non-separable slurries are obtained
when the mass fraction of algae in slurry equals or is higher than the mass
fraction of wood. The critical algae-to-wood ratio (R*) identified for brown
seaweed Laminaria Digitata-willow mixtures is 1/1. At this ratio, willow form
paste-like mixtures that pass the syringe test, as shown in Figure 7.10.

In Table 7.5 the stability of willow-algae slurries, containing 15-30 wt %
total biomass loading with a mass ratio of 1/1 (wood/algae) is compared.
The biomass loading was adjusted to obtain thick paste-like mixtures. The

Microalgae Chlorella Vulgaris, 30 %, H20 &

-
—h— Red seaweed, 15 %, NaOH 1M
120 ——  Brown seaweed, Laminaria Digitata, 15 %, H20 ~ _ % i Red seaweed, 15 %t
—B—  Green seaweed, Ulva spp., 15 %, H20 Ew
—d—  Red seaweed, Palmaria Palmata, 15 %, H20 2w
100 ]
> 2
10

weed, 15 %, H,0
40 S 0 —8- Green seaweed, 15 %, NaOH 1M

Viscosity (Pa s)
@
3

00 A
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Figure 7.8: The viscosity of the algae pastes in water and sodium hydroxide solution against
the shear rate [3]



3. Results and discussion

Table 7.5: The effect of algae type and solution pH on the stability of wood-algae slurries
according to the syringe and the centrifugation test [3]

Solids dry Dewatering Dewatering
Biomass R matter content syringe test centrifugation test
(Wt%) H,O NaOH 1M H,0 NaOH 1M
Wood-green seaweed n 15 X X X X
Wood-brown seaweed 171 20 v v X v
Wood-red seaweed 1/1 20 v v X v
Wood-microalgae 1/1 30 v v X v

R:wood/algae mass ratio

two-component wood-brown seaweeds slurry is stable under the syringe test
but separates under centrifugal forces. Like the single-component brown
seaweed slurry, mechanical dewatering is prevented in presence of NaOH.
All other algae follow the same behavior, except the green seaweed Ulva spp.
that cannot form stable mixtures with wood.

Solid-like |
non-separable

Algae

Paste-like
non-separable

pumpable feeds

Feed consistency and stability

Paste-like R*
separable
Two-phase
material
AN
) ) ) ) ) 7
0/1 1/3 1/1 3/1 1/0

Algae-to-wood mass ratio

Figure 7.9: The variation of feed stability (acc to the syringe test) with the increase of algae
mass fraction; a study case for mixtures of willow and brown seaweed Laminaria Digitata; total
dry matter of wood-algae slurries is 20 wt %; single-component wood slurry 15 wt %, single-
component seaweed slurry 20 wt % [3]
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X Separable feed \/ Stable feed
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| v B Algae
P — ‘ m H,0

Figure 7.10: The syringe test applied to a mixture containing 15 wt % wood, 85 wt % water
(left) and a mixture containing 10 wt % wood, 10 wt % brown seaweed, 80 wt % water (right)

(3]

3.2 Hydrothermal liquefaction of wood-algae mixtures

Supercritical hydrothermal liquefaction of willow-algae mixtures was carried
out at 400 °C and 15 minutes. All slurries contain 20 wt % biomass loading,
wood-to-algae mass fraction of 1/1 and 2.8 wt % to 3.4 wt % NaOH. For
comparison, a base-line willow feed was also converted. The composition of
the five feedstocks and the HTL product distribution is given in Table 7.6.

Compared to single-component wood feed, the fraction of organic matter
in the microalgae-wood slurry is with 13.5 % higher. As discussed earlier,
this is due to microalgae unicellular structure that allows higher biomass
loadings but also due to the low ash content of microalgae.In wood-seaweed
slurries, the fraction of organic matter increases with only 1.3-2.5 %, relative
to willow slurry. This is due to higher water sorption capacity of seaweeds
and high ash content, 23 % to 35 % (see Table 7.2).

The impact of co-processing wood and algae on biocrude yield is signif-
icant for microalgae and low for all seaweeds. The biocrude oil yield in-
creases from 28.5 wt % for willow alone to 41.8 wt % when willow is co-
processed with microalgae but decreases to 21.6 - 25.5 wt % when willow is
co-processed with seaweeds. Also the carbon recovery has higher values for
willow-microalgae biocrude compared to willow or willow-seaweeds derived
oils. These differences can be explained by the chemical composition of algae.
While microalgae have high content in proteins and fats, seaweeds are rich
in carbohydrates (see Table 7.2). Previous study on corn starch (350 °C, no
catalyst) showed a conversion of only 15 wt % carbohydrates into biocrude
[111]. Another study conducted on algae polysaccharides obtained biocrude
yield below 5 wt % (280 °C, no catalyst) [112]. At supercritical conditions,
higher biocrude yields were obtained from glucose and xylose, between 28
wt % to 30 wt % (400 °C, with Na;COs) [113]. Proteins have slightly higher
conversion into biocrude than carbohydrates 16-30 wt % [111], [93] and up
to 80 wt % of lipids can be converted into biocrude according to [93]. There-
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fore, the high protein and lipid content of microalgae can explain the higher
biocrude yields.

The fraction of carbohydrates that are not converted into biocrude are
transferred into the water phase, form gaseous compounds or solid products.
According to [112], 61 wt % of carbohydrates are degraded into water soluble
compounds, 25 wt % form gases and only 9 wt % form solids. Typical water
soluble compounds are carboxylic acids, ketones or alcohols. Proteins also
generates large fractions of water soluble compounds (35 wt % to 80 wt %)
but low amounts of solid and gaseous products [93], [111]. These findings are
in agreement with the results in Table 7.6 which shows that between 49 wt
% and 66 wt % of the biomass organic matter is converted into water soluble
organics and gaseous products.

Table 7.6 shows the elemental composition of biocrude oils. It can be no-
ticed that the biocrudes are similar in terms of carbon and hydrogen content
except the biocrue derived from the willow-green seaweed algae that has the
lowest content of carbon and hydrogen and the highest content of oxygen.
Compared to pure willow biocrude, the algae derived oils have higher con-
centrations of nitrogen and sulfur. Wood-microalgae derived biocrude has
the highest nitrogen content (4.8 wt %) and wood-red seaweed biocrude the
highest sulfur content (0.31 wt %). The elemental balance indicates that be-

Table 7.6: Feedstock characterization and HTL product distribution [3]

. Willow+ Willow + Willow + Willow +
Willow greenseaweed ~ brownseaweed  red seaweed  microalgae
Feed composition
Total biomass (Wt%, db) 15.3 20.0 20.0 20.0 30.0
Organic matter (Wi%, daf) 15.0 16.8 16.3 175 285
NaOH (wt% of total feed) 34 32 32 32 2.8
Water/biomass ratio 5.7 4.0 4.0 4.0 2.3
Algae /wood ratio 0.0 1.0 1.0 1.0 1.0
Product yields (wt%, db)
Biocrude 28.5x1.0 24.3£1.0 25.5+0.9 21.6+2.1 41.8+0.1
Char 6.6+1.3 16.2+1.7 10.5%0.7 12.5+0.4 9.2+0.5
WSO + gas (by diff.) 64.9 59.5 64.0 65.9 49.0
Biocrude
C (wt%, db) 81.0+1.0 71.3+5.3 79.5+1.0 79.8+1.9 74.0+1.5
H (wt%, db) 7.8+1.6 6.7+0.9 7.6+0.6 7.8+0.4 8.0+0.1
N (Wt%, db) 1.2£0.0 2.1+0.2 2.0+0.0 3.1+0.3 4.8+0.0
S (Wt%, db) 0.060.0 0.18+0.0 0.23+0.0 0.31+0.0 0.26x0.0
(o} 9.9 19.7 10.7 9.0 12.9
Carbon recovery (%) 48.2 38.7 48.0 40.6 63.1

*py difference (100-C-H-N-S); WSO = water soluble organics
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Figure 7.11: TGA curves of biocrude oils obtained from the liquefaction of willow and willow-
algae mixtures at 400 °C for 15 minutes [3]

tween 30 wt % and 60 wt % of the nitrogen and between 5 wt % and 20 wt %
of the sulfur contained in the biomass is transferred into the biocrude phase.
Similar to sulfur, 5 wt % to 15 wt % of the oxygen in biomass is transferred
into the biocrude.

Figure 7.11 shows the thermogravimetric curves of the five biocrude oils.
It can be noticed that the degradation of the biocrude oils occurs in one step
between 100 °C and 360 °C. Until 360 °C, 60 wt % to 68 wt % of the biocrude
weight is lost. Approximately 50 wt % of the biocrude weight evaporates
between 180 °C and 360 °C, corresponding to the jet and diesel fuel distil-
late range. Only small variations between the boiling point distribution of
the biocrude oils were noticed (see also Table 7.7). This may suggest that
despite the differences in the chemical composition of biomass, willow and
seaweeds generate oil compounds with similar boiling properties. Lipids
might be converted into compounds with higher boiling point like hexade-

Table 7.7: Boiling point distribution of biocrude oils obtained from the liquefaction of willow
and willow-algae feedstock combinations (wt %) [3]

Willow Willow Willow

Distillate range Willow + green + brown +red Wlllow N
microalgae
seaweed  seaweed  seaweed
Gasoline <180 °C 18.4 18.3 14.3 17.4 224
Jet&Diesel 180 °C-360 °C 45.6 45.8 46.0 46.3 45.6
Fuel oil 360 °C-550 °C 14.2 14.2 17.7 14.3 16.2
Coke&Ash >550 °C 21.8 21.7 22.0 22.0 15.8
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cane or heptadecane [93]. This may be one of the reasons why the TGA curve
of willow-microalgae biocrude distinguishes from the willow and willow-
seaweed biocrudes.

4 Conclusions

Brown seaweeds, red seaweeds and microalgae can be used to improve the
pumpability of wood slurries while green seaweeds showed poor stabiliz-
ing ability. The critical algae-to-wood mass ratio is 1/1. Below this value,
wood-algae mixtures are prone to phase separation when pressurized. The
most stable slurries are those prepared with microalgae and brown seaweeds.
Besides improving the processability of wood slurries, microalgae have two
other benefits over seaweeds: a) increased slurry biomass loading and b) in-
creased biocrude yield. By co-processing wood and microalgae, the biomass
loading was increased with 100 % and the biocrude yield with about 46 %.
The disadvantages of using algae for biocrude production is the transfer of
nitrogen and sulfur into the biocrude phase. Seaweeds have also the disad-
vantage of high ash content.
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Conclusions

This work proposes three pretreatment methods to obtain pumpable feeds
for continuous hydrothermal liquefaction of lignocellulosic biomass, in par-
ticular wood. Two pretreatment methods are focused on processing wood
flours (particle size < 0.25 mm) and one on processing wood chips (10 mm to
15 mm or larger). The pretreatment strategies are presented in Figure 7.12.

The first method consists in co-processing milled wood with water and re-
cycled biocrude. Suspending wood particles in an oil medium instead of wa-
ter, ensures the formation of a more homogeneous slurry. More, because the
solid particles are coated with a layer of biocrude, they slip one over another
when are in close contact, and reduce the risk of clogging. The challenge of
mixing together the oil and the water phase is solved by following a specific
mixing order namely, wood->water->biocrude. The water will be absorbed
by the wood and therefore will not be in direct contact with the biocrude
phase. However, over-saturation of wood with water may cause phase sep-
aration and needs to be avoided. It was also found that the utilization of
wood particle smaller than 125 ym is compulsory to achieve high biomass
loadings. A slurry containing 20 wt % wood powder, 40 wt % recycled water
phase and 40 wt % recycled biocrude was successfully pumped at 30 MPa in
the continuous bench scale HTL plant installed at Aalborg University.

An alternative pretreatment method is the hydrothermal alkaline pretreat-
ment. In this case, wood chips can be directly processed, saving the energy
input for milling. At 180 °C to 200 °C and in presence of sodium hydroxide,
10 mm to 15 mm wood chips are converted into a wood paste. Pumpable
slurries are obtained when more than 65 wt % of the wood chips are dis-
solved. This can be achieved at sodium hydroxide-to-wood ratio of 0.35 to
0.40 and after 2 hours of thermal treatment. The pumpability of alkaline
pretreated feedstock was proven in the continuous bench scale HTL plant,
where 100 kg of willow paste was mixed with fresh wood powder to obtain a
slurry with 25 wt % dry matter content. The slurry was successfully pumped
for about four hours. Continuous processing of a wood-based feedstock with
such high biomass loading as well as the concept of alkaline pretreatment
prior to continuous HTL, are contributions above state-of-the-art.

Co-processing wood with algae or other biomass substrates that have wa-
ter holding capacity and thickening properties is another interesting method
to prepare pumpable feeds. The water holding capacity is used to avoid feed-
stock dewatering under high pressure conditions, while thickening proper-
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ties are used to keep the wood particles in suspension. Brown seaweeds, red
seaweeds or microalgae can be used in this purpose. Wood-seaweeds mix-
tures with 20 wt % biomass content and wood-microalgae mixtures with 30
wt % biomass content and with an algae-to-wood ratio of 1/1, showed pos-
itive response to laboratory scale pumpability tests. Continuous processing
of these mixtures in the hydrothermal liquefaction continuous plant will be
validated in the near future. With respect to biocrude yield, seaweeds have
a slightly negative impact while microalgae increase the biocrude yield with
almost 50 %. The transfer of nitrogen and sulfur compounds from algae into
the biocrude phase unfortunately cannot be avoided, which is one of the dis-
advantages of co-processing wood and algae. Wood and algae co-liquefaction
is a novel approach in hydrothermal processing, especially when is used as a
method to improve the pumpability of lignocellulosic feedstocks.

Lignocellulosic biomass it is probably the most difficult feedstock to pump
in continuous hydrothermal systems. However, its high availability com-
pels to find solutions to overcome the challenges raised by these materials.
This work introduces new strategies to tackle the problem of wood slurries
pumpability and opens new topics for research, that are listed in the section
Future work.
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Future work

The topics that could be of interest for further investigation are as follows:

e To study the impact biocrude recirculation on the biocrude chemical-
and elemental composition;

e To develop methods for the reduction of NaOH consumption during
alkaline pretreatment and/or NaOH recovery options;

e To determine the distribution of alkalies in biocrude, water phase and
solids resulted from hydrothermal liquefaction;

e To identify alternative biomass substrates or industrial waste streams
that have water holding capacity and thickening properties and could
replace the algae.
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A Design of the alkaline pretreatment experiments

Choosing the levels of the factors is one of the most important steps in Design
of Experiments (DOE). The factor levels should have a large enough range to
highlight the output variation and they also should be constrained by the
practical considerations. The choice of the levels of the factors in the alkaline
pretreatment experiments is further discussed.

NaOH concentration Typically, in Kraft and Soda pulping the NaOH con-
centration is around 16-20 wt % of wood, [71] which for a wood-water slurry
containing 20 wt % wood, corresponds to 3.2 to 4 wt % NaOH in the solu-
tion. As mentioned before, the HTL pretreatment targets a more extensive
degradation of wood fibers than the pulping process does. Since NaOH re-
acts with all wood constituents (lignin, cellulose, hemicellulose) it is clear
that higher NaOH concentrations will enhance the wood degradation. How-
ever it is preferred to keep the NaOH concentration as low as possible due
to economical considerations. In order to determine the NaOH concentration
range able to disintegrate the wood chips, preliminary experiments at 200
°C were performed (time at Tmax 2h). It was found that 20 wt % NaOH
solution is enough to completely dissolve 20 mm wood chips. On the other
hand, 5 to 8 wt % NaOH concentration was unable to dissolve 1 mm wood
particles. Instead, using NaOH concentration between 8 and 10 wt %, the
decomposition of both 1 mm and 20 mm chips was achieved at different de-
grees. Thus, the low and the high level of NaOH concentration chosen for
further investigation was 8 wt % and 10 wt % NaOH solution concentration.

Temperature The temperature range studied is 160-200 °C. The lower limit
was established considering the fact that wood delignification starts at about
150-160 °C in alkaline medium and cellulose degradation starts around 170
°C. Similar temperature range 155-175 °C is also used in the Kraft and Soda
pulping, thus 160 °C should ensure at least the liberation of cellulose fibers.
The upper limit of 200 °C was established based on practical considerations.
The pump cost increases when temperature exceeds 200 °C. Same tempera-
ture of 200 °C was used in the Shell’s continuous liquefaction plant (the HTU
plant) to pretreat the wood chips [114]. Their choice might be also influenced
by the equipment cost.

Time at Tmax Time at the maximum (final) temperature varies in the pulp-
ing process with the chemicals used, chemicals loading and process tempera-
ture. In general, the pulping time may vary from 30 minutes to several hours.
In this work, the upper limit of time at final temperature was set at 4 h to en-
sure wood degradation even at low alkali loadings and/or low temperature
level. The lower limit is set to 30 min to underline the effect of time on the
wood dissolution degree.
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Particle size Two particle size ranges were chosen for this study. Small
particles have the size in the range of 5-3.15 mm. The upper limit of the
particle size is 10-14 mm. In the Kraft process, wood chips of 15-22 mm
length and 6-50 mm width are typically used [70].



Chemical compounds identified in black liquors

Wood constituent

Alkaline degradation products

Cellulose
Carboxylic acids

Polymeric cellulose
Hemicellulose
Carboxylic acids

Lignin
Monolignols
Phenolic acids
Phenolic alkanols
Other phenolic
Nonphenolic
Dimeric aromatic c.
Lignans

HMW lignin
Extractives

Glucoisosaccharinic, Formic, Lactic
3,4-Dideoxypentonic, 3,4-Dideoxyhexaric
Glycolic

2-Hydroxybutanoic, 3-Deoxypentoic, Xyloisosaccharinic,
2,3 Dideoxypentaric,Lactic, Glycolic, Acetic

4-Hydroxyphenyl compounds

4-Hydroxybenzoic, 3,4-Dihydroxybenzoic, Vanilic, Syringic
Arylethanols, Arylpropanols, Arylglycerols

Catechol, 3,4-Dihydroxybenzaldehyde

Benzoic acid, Aliphatic carboxylic acids

>500 Da
Tall oil compounds, Fatty alcohols, Diterpene alcohols,
Triterpenoids, Steroids, Polyprenols, Fatty and Resin acids

According to [76], [115], [116]
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Figure 13: Possible compounds in the alkaline pretreated feedstock






C Structural model of softwood and hardwood lignin

Spruce Lignin HyCOH Hydroxyl
(Softwood) Hi—0— et
HCOH E:loH
HaCOH ;
[CH,0H1 g &
o et ©
HC 0—CH  HyCOH
1 OH
! :
@ HyO HCOH sy
HaCOH OH -
HyCO 1 ZIB CH,0H
o—CH H{OH 7 0cH, 0 g
HCOH MC 0 HA TN CH H
HCUH OCH
@4 HoGOH ‘ o ’
o—tH
Hj:o DCH3 Guaiacyl
alcohol
HOIIIHZ CH,0H
HE OCH b4
| 3 CH
HC—0
@ @ OCH;
OH
HyCO HEOH  HOCH, o
0——CH  HC 0
i e B-0-4
HCOH c=0 linkage
HyCO : ‘ 0CH;
OH [0—C]
Beech Lignin
(Hardwood)
HLOH
Ht/ \mz ?HO
HaCOH He EH :
—%H HC— 0CH,
(€] Hzf%" HyC0” ocn, S
HyCoH  OCHy HE———0 ,cu
il wl e
OCH =
S n,c 3 ’ CIH
Hz(ON 0OCH, ° ocH
n,co 7 ~0CH, wE—o Hm s ‘ ’ ‘
o 0CHy
N
u,cou Hzcon HAC0™ S 0cH, ocHy  MTTCH
0 0 HE—CH
HOHz(—tH-EO HES o CH
HlOH OCHy ocgz @
4
¢ o M o 0CH,
CH 0CH; H—0
oCH
] 4 3
nclp—o
0CH;

*adapted from [117] and [118]






D Sources for data used in Figure 7.1
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2. K. Anastasakis, A.B. Ross. Hydrothermal liquefaction of four brown macro-algae
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ison with bio-chemical conversion methods. Fuel, 2015 139 (January), 546-553.

3. K. Anastasakis, A.B. Ross. Hydrothermal liquefaction of the brown macro-alga
Laminaria Saccharina: Effect of reaction conditions on product distribution and com-
position. Bioresource Technology, 2011 102 (7), 4876-4883.

4. Q.V. Bach, M.V. Sillero, K.Q. Tran, ]. Skjermo. Fast hydrothermal liquefaction of a
Norwegian macro-alga: Screening tests. Algal Research, 2014 6 (October), 271-276.

5. D.L. Barreiro, M. Beck, U. Hornung, F. Ronsse, A. Kruse, W. Prins. Suitability of
hydrothermal liquefaction as a conversion route to produce biofuels from macroalgae.
Algal Research, 2015 11 (September), 234-241.

6. D.L. Barreiro, C. Zamalloa, N. Boon, W. Vyverman, F. Ronsse, W. Brilman, W. Prins.
Influence of strain-specific parameters on hydrothermal liquefaction of microalgae.
Bioresource Technology, 2013 146 (October), 463-471.

7. P. Biller, A.B. Ross. Potential yields and properties of oil from the hydrothermal
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102 (1), 215-225.
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Technology, 2014 155 (March), 334-341.
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12. D.R. Vardon, B.K. Sharma, G.V. Blazina, K. Rajagopalan, T.J. Strathmann. Thermo-
chemical conversion of raw and defatted algal biomass via hydrothermal liquefaction
and slow pyrolysis. Bioresource Technology, 2012 109 (April) ,178-187.

13. D. Xu, PE. Savage. Effect of reaction time and algae loading on water-soluble and
insoluble biocrude fractions from hydrothermal liquefaction of algae. Algal Research,
2015 12 (November), 60-67.

14. D. Xu, PE. Savage. Characterization of biocrudes recovered with and without
solvent after hydrothermal liquefaction of algae. Algal Research, 2014 6 (October), 1-7.



15. Y.P. Xu, P.G. Duan, F. Wang. Hydrothermal processing of macroalgae for produc-
ing crude bio-oil. Fuel Processing Technology, 2015 130 (February), 268-274.

16. W. Yang, X. Li, Z. Li, C. Tong, L. Feng. Understanding low-lipid algae hydrother-
mal liquefaction characteristics and pathways through hydrothermal liquefaction of
algal major components: Crude polysaccharides, crude proteins and their binary mix-
tures. Bioresource Technology, 2015 196 (November), 99-108.
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E The chemical structure of algae polysaccharides
and carboxymethyl cellulose

Compound Properties
Carboxymethyl cellulose (CMC)
CH,0OCH,COONa H OH Soluble in hot and cold
A H water; unstable at low pH;
OH . . .
H o develop viscosity; high water
H 0 holding capacity [109], [107]
CH,OCH,COONa

Ulvan (in green seaweeds)

Soluble in water; develop
low viscosity; [119], [120]

Alginate (in brown seaweeds)

OH ‘00C Sodium- and potassium
OH 0 salts are soluble in cold wa-
0 M| ter; form gels in presence
0 HO .o
. of calcium ions; develop
- OH
‘00C

high viscosity; water bind-
ing properties [121], [119]

Fucoidan (in brown seaweeds)

alkaline solutions; de-
velop low viscosity [119]

% HsC
0]
- Fuc OH
0350 Soluble in water and
HsC
0SO3” 0]
O—_\Fuc
0SO03

0




k-carrageenan (in red seaweeds)
‘0,50 OH Soluble in water; develop high
viscosity in hot water; form
0 0 O/ gels in presence of calcium
and potassium ions [122]
OH

GlcA=glucuronic acid; Rha=rhamnose; M=mannuronic acid; Gal=galactose

Table 9: Master table of specific adsorption of water molecules as a function of polar groups
and some counterions [108]

Group Type of water * Cation n per site ?
OH nfb - 1.35
COO- nfb H+ 1.8
COO- nfb Na+ 7.2
COO- nfb Ca+ 6.3
SO3- nfb H+ 4.1
SO3- nfb Na+ 2.0
S03- nfb Ca+ 2.3
COO- fb H+ 2.0
COO- fb Na+ 14.1
COO- fb Ca+ 7.4
SO3- fb H+ 20.2
SO3- fb Na+ 8.1
SO3- fb Ca+ 3.8

“nf, Non-freezing bound water; f, freezing bound water bat relative humidity RH=98
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Feedstock pretreatment is a prerequisite step for continuous processing of lignocellulosic biomass
through HTL, in order to facilitate the pumpability of biomass aqueous slurries. Until now, HTL feedstock
pumpability could only be achieved at solid mass content below 15%. In this work, two pretreatment
methods to obtain wood-based slurries with more than 20% solid mass content, for continuous pro-
cessing in HTL systems, are proposed. The effect of biomass particle size and pretreatment method on the
feedstock pumpability is analyzed. The experimental results show that pumpable wood-based slurries
containing 20% solids can be prepared using recycle HTL biocrude as carrier fluid, if particles smaller than
0.125 mm are used. The recycle biocrude concentration used for slurry make-up is strongly affected by
the sawdust size distribution. A second pretreatment option is feedstock thermal treatment with alkalis.
This method is less sensitive to particle size or wood type. 1 mm particles of either softwood or hard-
wood could be converted into pumpable liquid feedstock by thermal treatment with NaOH at 180 °C.
Wood-water-biocrude slurries viscosity is reduced from 100 to 1000 Pa s to about 1 Pa s, when thermal
treatment is applied.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Despite the fact that Hydrothermal Liquefaction (HTL) offers a
promising alternative to liquid fossil fuels and its technical feasi-
bility has already been proven [1,2], the technology is still in the
research and development stage. One of the main difficulties in
operating continuous HTL systems is related to the pumpability of
biomass aqueous slurries due to high pressures required. This is
valid especially for lignocellulosic materials (e.g. wood, straws,
stover, grass) that are susceptible to phase separation when mixed
with water and pressurized.

Several pretreatment methods have been applied to lignocel-
lulosic biomass slurries to enable their processing in continuous
HTL systems. However, their solid content could not be increased
above 15% dry-matter solid mass content. There is an interest to
exceed this limit as higher feed dry matter content can positively

* Corresponding author.
E-mail address: lar@et.aau.dk (L.A. Rosendahl).

http://dx.doi.org/10.1016/j.biombioe.2015.07.004
0961-9534/© 2015 Elsevier Ltd. All rights reserved.

impact the process economy. Technological difficulties related to
feed preparation restricted the implementation of HTL technology
to only few continuous demonstration or pilot plants, operated for
short periods and made the batch experiments more convenient for
HTL studies.

Hydrothermal Liquefaction is a thermochemical route to
convert wet biomass into liquid biofuels. Two of the often touted
benefits of HTL are the flexibility in terms of biomass and the ability
of using biomass in aqueous medium without spending valuable
energy on drying. The process is carried out in aqueous reaction
environment at sub- or super-critical water conditions. Most of the
studies report reaction conditions in the sub-critical regime with
temperature and pressure values varying between 280 and 370 °C
and 10—25 MPa [3]. Based on literature, the HTL biocrudes have
elemental compositions in the range of 62 %—82 % carbon, 6 %—10 %
hydrogen, 1% sulfur, 5 %—25 % oxygen and higher heating values of
28—37 M] kg, depending on the feedstock and process conditions.
Promising results have been proven by moving the process condi-
tions into the super-critical regime obtaining higher yields and
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better HTL biocrudes quality (higher carbon and hydrogen mass
fraction, higher heating value and lower oxygen mass fraction)
[4-6].

The first attempt to process lignocellulosic biomass in a
continuous HTL system was the Albany project, the largest
continuous liquefaction pilot plant operated from 1978 to 1981. The
technology was implemented in two versions, PERC and LBL,
distinguished by the feedstock pretreatment method used. The
PERC process, developed by Pittsburgh Energy Research Center,
used recycle biocrude as vehicle, to facilitate the wood slurries
pumpability. In this way, slurries containing around 7% mass con-
tent wood particle of 0.42 mm, could be pumped continuously for
up to 572 h. To increase the solids concentration and to avoid the
recirculation of large amount of biocrude, Lawrence Berkeley Lab-
oratory developed the LBL process, that uses sulfuric acid to pre-
hydrolyze the wood in aqueous environment. In this way, 23% mass
fraction of solids could be accommodated but mixtures were
diluted back to 12% to obtain pumpable slurries. The low solid
loadings, the costs related to wood size reduction and pretreat-
ment, together with other technical difficulties and declining crude
oil prices, lead to interruption of the experiments at Albany plant.
Other pumping and pretreatment methods of wood biomass for
HTL application were tested at small scale in several laboratories
around the world like University of Toronto, University of Sher-
brooke, Royal Institute of Technology in Stockholm and Technical
Research Center in Espoo, Finland, where various pump types,
particle sizes and carrier media were tested [1,7]. Despite these
efforts, cost effective solutions to produce pumpable high solid
loading slurries at high pressures, were not formulated yet.

The difficulties related to lignocellulosic biomass pumpability
have drawn the interest to other biomass resources that may be
slurried with water without settling or that are already found in a
liquid form. This concept was applied in processes like STORS
(Sludge to Oil Reactor System), HTU® (Hydro Thermal Upgrading)
and CatLiq® (Catalytic Liquidification). The pumpability issues were
avoided by using non-wood and easy to handle biomass such as
sewage sludge (the STORS process), manure, corn silage, DDGS or
liquid wastes (for example the CatLiq process). Recently, algae were
also processed in smaller scale continuous plants at University of
Sydney and Pacific Northwest National Laboratory (PNNL) [8,9].

Lignocellulosic biomass pretreatment methods are more
developed in the field of biochemical conversion technologies. In
this case, the pretreatment is designed to separate the biomass
components and to facilitate their exposure to bacteria, microor-
ganisms and enzymes. Pretreatment processes using acid hydro-
lysis, lime, liquid hot water, ammonia and steam explosion are the
most studied [10] but their effect on HTL slurries processability is
questionable either because of the chemical environment, costs or
the ability to form pumpable slurries. For the purpose of producing
biocrude through HTL, an alkaline environment is preferable.

Recently, a new HTL technology called Hydrofaction™, was
developed by Steeper Energy. A Continuous Bench Scale (CBS1)
facility was installed at Aalborg University, in a collaborative effort
with the company. The process is carried out at super-critical water
conditions, at 390 °C—420 °C and 30 MPa—35 MPa. The plant is
processing woody biomass and has a capacity of 20 kg h~! feed. A
schematic of the CBS1 process flow is shown in Fig. 1. A pretreat-
ment unit is designed for solid biomass comminution and slurry
preparation. A high pressure piston pump delivers the feedstock at
30 MPa—35 MPa. The stream is further heated and fed to the re-
actors. The product stream is cooled, depressurized and collected
for separation of the biocrude from the water and mineral phase
[11].

This work investigates two pretreatment methods to obtain 20%
solids loading wood-based slurries for HTL applications and for

feeding the CBS1 system in particular. The two pretreatment stra-
tegies are:

o Feedstock pretreatment method 1: Pumping wood biomass using
recycle HTL biocrude as vehicle and,

e Feedstock pretreatment method 2: Wood dissolution in aqueous
medium by thermal treatment with NaOH.

2. Materials and methods

Scandinavian aspen (Populus tremula) and pine (Pinus sylvestris)
sawdust were used to prepare the slurries in this study. The
sawdust samples were obtained from wood chips (free of bark),
milled and supplied by Euromilling A/S, Denmark. When received
in the lab, the sawdust samples were screened and classified in
groups of various particle sizes, 105 °C oven dried and stored in
plastic bags. The chemical and elemental composition of the wood
samples was also determined. The lignin, cellulose and hemicel-
lulose content was determined using a Foss Fibertec™ 1020 Fiber
Analyzer and the C, H, N, O content was measured using a Perki-
nElmer 2400 Series I CHNS/O Elemental Analyzer. Measurements
were repeated in duplicate and the mean value is reported in
Table 1.

For the preparation of the wood-water-biocrude slurries, aspen
sawdust of two different size distributions (SD1 and SD2) and
sawdust of 0.125 mm particle size (S125) were used. The sawdust
size distribution was determined using a Retsch vibratory sieve
shaker. The two size distributions SD1 and SD2 are characterized by
the median diameter, dsp, of 0.063 mm and 0.121 mm respectively.
The sawdust mixtures are distinguished by the concentration of
particles smaller than 0.125 mm; 85% in the case of SD1 and 52% in
the case of SD2. The third sample constitutes of 0.125 mm particles
(between 0.125 mm and 0.250 mm). The bulk density of the
sawdust samples was determined by measuring the mass of
sawdust in a certain volume. Because large variations between
density measurements occurred with this method, tapped
apparent bulk density was measured by applying short time vi-
brations to the sample until the bulk volume reached a stationary
level. The composition and characterization of the sawdust samples
are given in Table 2. According to data in Table 2, the sawdust bulk
density increases with the concentration of fine particles, as
noticed by Refs. [12,13]. This may be explained by the ability of fines
to structure and compact due to higher degree of freedom.

The biocrude used for the preparation of the wood-
—water—biocrude slurries was produced from wood at the CBS1
(Continuous Bench Scale 1) facility and is characterized by water
mass content of 1% and viscosity of 71 mPa s (at 25 °C). The water
used for slurries preparation was HTL effluent water, obtained by
phase separation of the product stream at the CBS1. Slurries were
prepared by first mixing sawdust with water and biocrude was
added after, in mass ratios given in Table 3. Mixing the compounds
in two stages, ensures a faster homogenization and avoids sawdust
dewatering. Proper stirring was provided to ensure uniform dis-
tribution of the solids in the entire volume. Slurries solid mass
content was fixed at 20%.

For the alkali thermal treatment experiments, aspen and pine
sawdust of 0.125 mm, 0.250 mm and 1 mm particle diameter were
used (see Table 5). The cooking liquor was prepared by diluting
sodium hydroxide (NaOH) standard solution of 32% from Sigma
Aldrich. The experiments were carried out in 1 L batch reactor,
electrically heated and equipped with stirrer. In each run, the
reactor was loaded with 50 g sawdust and 200 g NaOH solution of
5%, 10% or 20% NaOH concentration. After mixing the components,
the reactor was sealed, purged with nitrogen, heater and stirrer
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Fig. 1. Schematic of the continuous bench scale (CBS1) unit process flow [11].

Table 1

Chemical and elemental composition of the biomass samples used for slurries preparation.

Scandinavian aspen (Populus tremula)

Scandinavian pine (Pinus sylvestris)

Polymer mass fractions - daf (%):

Cellulose 47.13 £ 0.12
Hemicellulose 19.64 + 0.30
Lignin 22,11 £0.15
Element mass fractions - db (%)

C 47.91 + 0.08
H 6.47 +0.13
N ND

o? 45.61

52.36 + 0.08
16.30 + 0.11
24.79 + 0.06

47.26 + 0.07
6.66 + 0.05
ND

46.08

2 By difference; ND = not detected; daf = dry ash free; db = dry basis.

Table 2

Characterization of sawdust samples used for wood—water—biocrude slurries preparation.

Sawdust Bulk density (kg m—) dsp (mm) Sawdust composition (% mass fraction)

0.250 mm—0.125 mm 0.125 mm—0.063 mm 0.063 mm
SD1 429 0.063 15.00 35.00 50.00
SD2 369 0.121 3298 22.68 28.86
$125 330 - 100.00 0.00 0.00

SD: size distribution, S125: single particles of 0.125 mm.

turned on. When the heater reached the set temperature of 180 °C,
the pressure inside the reactor indicated 0.9 MPa and the reactor
was kept at these conditions for 120 min. When the reaction ended,
the reactor was cooled down to room temperature and the product
collected.

The pumpability tests were performed both at laboratory scale
and in the bench scale continuous plant CBS1. At laboratory scale, a
12 cm? syringe was used for testing the slurries pumpability. The
syringe outlet diameter was 3.38 mm and the inlet to outlet
diameter ratio 4.7. The slurry pumpability was tested by filling the
syringe with feedstock and applying pressure to empty the content.

Table 3
The effect of particle size and biocrude to water mass ratios on wood-
—water—biocrude slurry behaviour.

Wood Water Biocrude SDI1, SD2, S125,

(%) (%) (%) dgs = 0.125 mm ds;5 = 0.125 mm dp = 0.125 mm
Paste  Solid  Paste Solid Paste  Solid

20 70 10 x* X X

20 60 20 X X X

20 50 30 X X X

20 40 40 X X X

20 30 50 X X X

2 Phase separation occurs.

The syringe test was passed if no phase separation or tube blocking
occurred. At the CBS1 unit, a high pressure piston pump was used to
feed the HTL system at 30 MPa. Comparative tests shown that there
is a good agreement between the syringe test and the CBS1 pump
performances thus for research purposes the pumpability test was
performed at laboratory scale due to its simplicity, reduced amount
of materials required and fast results.

The viscosity of the pretreated feedstock was measured using a
Brookfield RV-DV II-Pro rotational viscometer. T-bar spindles were

Fig. 2. T-bar, ULA and SC4 spindles used for slurries viscosity measurements with the
Brookfield RV-DV II-pro rotational viscometer.
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used for the sawdust-water-biocrude slurries and cylindrical
spindles SC4-21 and ULA for thermal treated samples (see Fig. 2).
Because there is no defined shear rate for the T-bar spindles, the
viscosity and rotational speed data were plotted, instead of vis-
cosity against shear rate, to evaluate the slurry flow behavior.

3. Results and discussion

3.1. Feedstock pretreatment method 1: recycling HTL biocrude and
water phase for slurry make-up

Fifteen wood—water—biocrude mixtures were prepared in five
different mass ratios for each of the three sawdust samples SD1,
SD2 and S125. All slurries had solid mass content of 20% and only
the biocrude and water concentration varies, as shown in Table 3.
As described in Section 2, the mixtures were prepared in two stages
in order to avoid separation of the oil and the water phase. Wood
was mixed with water first, allowing the water sorption into the
wood pores, followed by biocrude addition. Thus, the water phase
acts as pores filling material while the biocrude blocks the pores
and fills the interparticle spaces and serves as carrier fluid for the
moist biomass particles.

The effect of the sawdust particle size and the biocrude to water
ratio on the slurry consistency was analyzed using three sawdust
mixtures of different size distribution and five biocrude to water
ratios. The experimental results in Table 3 show that mixtures
prepared had either paste- or solid-like aspect (see also Fig. 3). The
main contribution to the phase transition from paste to solid con-
sistency is assigned to the particle size since there are none or only
few samples that are sensitive to biocrude to water ratio variation,
but their consistency changes readily with the sawdust size
distribution.

According to data in Table 3, sawdust samples with higher
content of coarse particles (SD125 and SD2) form solid-like slurries
at low biocrude and high water concentrations. For these sawdust
samples, the phase transition from solid to paste consistency occurs
when biocrude to water ratio is equal to or higher than 1. The finely
grinded sawdust mixture SD1, is not sensitive to biocrude to water
ratio variations and forms paste-like mixtures at any slurry
composition. From these observations it may be concluded that
coarser particles have higher sorption capacity for both water and
biocrude. A possible explanation is that the volume of internal
voids but also the number of large pores increase with the particle
size. Similar observation was done by other workers when

% particles smaller
than 0.125 mm (do,)

Table 4
Experimental design and pumpability test results for different wood-
—water—biocrude mass ratio slurries.

Exp. no Wood (%) Water (%) Biocrude (%) Pumpability
SD1, dgs = 0.125 mm, p = 429 kg m 3
1 20 70 10 X
2 20 60 20 v
3 20 50 30 v
4 20 40 40 v
5 20 30 50 v
SD2, ds; 5 = 0.125 mm, p = 369 kg m—3
6 20 70 10 X
7 20 60 20 X
8 20 50 30 X
9 20 40 40 v
10 20 30 50 v
S125, dp = 0.125 mm, p = 330 kg m 3
11 20 70 10 X
12 20 60 20 X
13 20 50 30 X
14 20 40 40 X
15 20 30 50 X

comparing the pyrolysis oil absorption into pyrolysis char and
wood [14]. Higher oil absorption capacity occurred for wood
compared to char due to higher amounts of large pores in the case
of wood. This led to lower solid loading of slurries prepared from
wood.

Of all samples prepared, one slurry showed phase separation
when mixing was completed. This occurred in the case of the finest
grinded sawdust mixture (SD1) when mixed with 70% water and
10% biocrude. The phase separation occurred due to the over-
saturation of sawdust with water, the slurry homogeneity being
compromised by the excess water. This experiment indicates that
the sawdust oversaturation with water should be avoided when
wood—water—biocrude mixtures are prepared.

From the discussion above, it can be concluded that coarse
particles have better sorption capacity than fines. They easily form
solid-like mixtures and paste slurries are obtained only at high
biocrude concentration. In contrast to coarse particles, fines form
pumpable paste-like slurries at low and high biocrude concentra-
tions providing the possibility to choose the feedstock composition
that best fits the process requirements.

The effect of the consistency on the slurry pumpability was
tested by subjecting all mixtures prepared to the pumpability test.

dgs=
0.125 mm

dsi 5=
0.125 mm

do=
0.125 mm

B/W=1/7

B/W=2/6

B/W=3/5

Biocrude to
water ratio
(B/W)

B/W=4/4 B/W=5/3

Fig. 3. The effect of particle size and biocrude to water ratio on slurry pumpability.
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The results given in Table 4 show that generally, paste-like con-
sistency ensures the slurry pumpability excepting two cases: slur-
ries that undergo phase separation before pumping and slurries
obtained from single particles of 0.125 mm. In both cases, the
pumpability test failed due to slurry dewatering that occurred
when pressure was applied. This underlines the need to avoid the
sawdust oversaturation but do not exclude the possibility to pump
wood particles of 0.125 mm or coarser. As PNNL suggested in their
study on commercial options for feeding slurries for HTL applica-
tion [15], feedstock pumpability is also a matter of pump design and
scale, thus these factors need to be considered when the particle
size or the solid loading limitations are set.

From Table 4 it can be noticed that the difficulty to prepare
pumpable slurries increases as the particle size increases and the
bulk density decreases. More, the flexibility in terms of slurry
composition is significantly reduced as bulk density decreases. The
correlation between pumping difficulties and low bulk density
biomass was also mentioned by other authors [7,15].

The feedstock prepared according to Experiment 9 (20% wood
with SD1, 40% water and 40% biocrude) was used as feed at CBS1
unit and was fed continuously for several hours. A high pressure
piston pump delivered the feedstock at 30 MPa with a flow rate of
20kg h™L

Apart from the fact that size reduction is a highly energy
consuming process, fine particles are advantageous in any way, for
wood—water—biocrude mixtures pumpability. Due to the small
pores size, they provide flexibility in terms of feedstock composi-
tion and pump choice, possibly higher solid loadings, lower bio-
crude and higher water concentrations.

3.2. Feedstock pretreatment method 2: alkaline thermal treatment

The utilisation of low bulk density biomass for slurries prepa-
ration involves several limitation such as particle size, solids con-
centration or liquid phase composition. Thus, wood dissolution
may reduce these constraints by breaking the lignocellulosic
complex into smaller compounds, soluble in water. Unlike wood-
—water—biocrude slurries, one phase wood-based feedstock may
be obtained with this method. The utilization of recycle biocrude is
avoided.

Unlike paper pulp production, carbohydrates dissolution and
cellulose fibers fragmentation is desired to facilitate the feed-
stock pumpability at high pressure. For this reason sodium
hydroxide was chosen as reactant, being the most aggressive
to polysaccharides dissolution and cellulose fibers degradation
but also a good delignification agent. Pretreatment temperature
and time were chosen beyond or close to the maximum limits
used in soda pulping. Thus, all thermal pretreatment experi-
ments were performed at 180 °C for 120 min. Both aspen and
pine sawdust samples and three classes of particle sizes were
tested. The experimental design and results are presented in
Table 5.

The results show that the consistency of the pretreatment

product changes from wood liquid solutions to thick pastes or even
solid product by decreasing the concentration of the sodium hy-
droxide solution from 20 % to 10 % and ultimately to 5%. This trend
was expected since it is known that sodium hydroxide promotes
the lignin depolymerization and carbohydrates alkaline hydrolysis
reactions. In the same time, a significant proportion of sodium
hydroxide is consumed to neutralize the hydroxy acids formed by
polysaccharides degradation [16]. Thus, it can be concluded that a
higher alkali charge will result in a higher rate of wood degradation
due to the excess of reactant. However, it was not clear what the
boundaries of this process are in terms of sodium hydroxide con-
centration and what the impact of the particle size is on wood
dissolution.

According to the results in Table 5, NaOH concentration is the
most important parameter in this pretreatment method. At 20%
NaOH concentration the effect of particle size on wood dissolution
degree is minor with respect to slurry pumpability. Instead, the
phase transition from liquid to paste-like consistency changes
when NaOH concentration is reduced to 10%. In this case, the 1 mm
wood particles were partially degraded and a two phase but stable
slurry was obtained. Further decrease of the NaOH concentration
reduces more the degradation effect, leading to the formation of a
solid material. The appearance of all five pretreated slurries is
shown in Fig. 4.

Pumpability test for the liquid pulps obtained was not required
since one phase, liquid wood feedstock was obtained. The other
two samples were subjected to the pumpability test. Despite the
amount of undissolved wood fibers, the paste slurry could be easily
pumped. The solid feedstock obtained, consisting almost entirely of
wood fibers, did not pass the pumpability test due to syringe
clogging with wood fibers.

These results indicate that the pumpability of thermal treated
slurries mostly depends on the wood to sodium hydroxide ratio.
For the 1 mm wood particles used, 10% NaOH was the minimum
concentration for which liquid pumpable feedstock was obtained.
This pretreatment method is advantageous because it offers the
possibility of treating a wide range of particle size and most likely
various low bulk density biomass streams. However, feed pump-
ability at 180 °C involves extra costs for pump acquisition. Pre-
treatment optimization to minimize the processing temperature
and the pretreatment costs represents an area for further research.
Another aspect that will be investigated is the impact of pro-
cessing alkaline treated feeds on chemical reaction pathways and
consequently on HTL biocrude product quality. There are few
considerations based on which a positive impact of lignocellulosic
biomass alkaline pretreatment on HTL biocrude production is
expected. One of them is that hydrothermal liquefaction under
alkaline conditions is considered advantageous because it may
increase the biocrude yield and reduce the char formation 3. More,
dissolution of the solid matter prior to the HTL conversion might
contribute to the reduction of the HTL conversion time consid-
ering that the solids dissolution is the rate determining step of
biomass liquefaction [17].

Table 5
Experimental design and pumpability test results for thermal pretreatment of wood with sodium hydroxide.
Exp. no Sawdust NaOH mass fraction NaOH:wood mass ratio Feedstock characterisation Pumpability
Type Size in solution (%) Viscosity at 24 °C* (mPa s) Phase transition
1 S. Aspen 0 mm—0.125 mm 20 0.8:1 76.00 Liquid v
2 S. Aspen 0.250 mm—1 mm 20 0.8:1 82.40 Liquid v
3 S. Pine 1 mm 20 0.8:1 60.96 Liquid v
4 S. Pine 1 mm 10 0.4:1 677.00 Paste v
5 S. Pine 1 mm 5 0.2:1 - Solid X

2 Shear rate = 49 s~
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Fig. 4. Thermal treated wood—water slurries; the effect of particle size, wood type and NaOH concentration on the feedstock consistency.

3.3. Rheological characterization of the slurries

The slurries viscosity was measured to study their flow behavior
and how this is affected by the sawdust particle size and pre-
treatment method. Similar studies were done for sawdust-aqueous
slurries [18,19] or sawdust—biocrude slurries 14 at solid concen-
tration that do not exceed 15%. In this work, viscosity measure-
ments of the sawdust-water-biocrude mixtures and thermal
treated slurries, consisting of 20% solid mass loading are reported.

Fig. 5 and Fig. 6 show the effect of a speed ramp on slurries
viscosity. Fig. 5 shows the tests performed on wood-
—water—biocrude slurries prepared from SD1, SD2 and S125
sawdust mixtures containing 20% solids, 30% water and 50% bio-
crude. Non-Newtonian shear thinning behavior with a steep drop
of viscosity is observed at low rotational speed followed by a slow
decrease of viscosity beyond 0.21 rad s~ (2 rpm). This trend is
specific for very shear thinning fluids and was also noticed in wood-
water mixtures 18. The authors attribute this behavior to the sol-
id—liquid phase interactions which makes the material difficult to
deform at low rotational speeds. There is a limited effect of the

particle size on slurry viscosity. The highest viscosity values
correspond to slurries based on 0.125 mm particles. Slurries vis-
cosity values range between 100 Pa s and 1000 Pa s, measured at
room temperature.

In Fig. 6, the viscosity of the four pumpable thermal treated
slurries (experiment 1—4 in Table 5) is plotted against the shear
rate. As in the case of wood-water-biocrude slurries, non-
Newtonian shear thinning behavior is noticed. The transition
from liquid-to paste-like consistency is marked by the viscosity
increase with about ten times. It can be noticed that the increase of
viscosity is mostly caused by the NaOH concentration and the effect
of wood particle size or wood type is less pronounced. In com-
parison to wood—water—biocrude mixtures, thermal treatment
reduces significantly the slurry viscosity and consequently the
pumpability difficulties.

4. Conclusions

Pumpable wood slurries of 20% solid loading could be prepared
by mixing the wood—water slurry with recycle HTL biocrude or by
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Fig. 6. The effect of particle size, wood type and NaOH concentration on the thermal treated slurries viscosity.

treating the wood—water mixture with NaOH at 180 °C.

Particle size was found to be the most important parameter for
the wood—water—biocrude slurries pumpability. Small particles
are advantageous for this pretreatment method as they form more
easily paste-like slurries. Wood flour with 50% particles smaller
than 0.063 mm (the rest smaller than 0.250 mm) ensures the
pumpability of 20% solid loading slurries at any biocrude to water
ratio between 0.3 and 1.6. The main drawback of this pretreatment
method continues to be the costs related to biomass downsizing to
these size ranges. However, small particle sizes are needed to
prepare high concentrated wood slurries. In the PERC process
0.42 mm wood particles were used to prepare 7% solid loading
feeds. The utilization of particles smaller than 0.125 mm, as shown
in this study, enables the pumpability of 20% solid mass content
mixtures. Thus, there is a trade-off between the benefits of grinding
and the benefits of having higher throughput, in the case of
wood—water—biocrude feeds.

Wood dissolution by thermal treatment with NaOH is less
affected by the wood particle size but is significantly influenced by
the NaOH concentration. Pumpable liquid feedstock could be ob-
tained using 10% NaOH concentration for the treatment of 1 mm
wood particles. These slurries have lower viscosity compared to the
wood—water—biocrude mixtures. This may significantly reduce the
pumpability difficulties. Thermal treatment with alkalis might be
considered a promising pretreatment strategy for wood and other
lignocellulosic biomass, prior to pumping into the HTL system. A
more detailed investigation on the effect of particle size and
pulping conditions on the feedstock pumpability will be carried out
in a future work.
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Abstract Feedstock pumpability is one of the main obstacles
for continuous processing of biomass through hydrothermal
liquefaction (HTL), due to their tendency to form heteroge-
neous slurries. In this work, a novel strategy is proposed to
ensure lignocellulosic feed pumpability in HTL processing,
even while applying elevated biomass loadings. In the first
stage, a pumpable feed is prepared by an alkaline treatment
of coarse wood chips at 180 °C, 120-min reaction time, and
0.35 NaOH-to-wood ratio. In a subsequent stage, the treated
feedstock is converted into a biocrude in a continuously oper-
ated 20 kg/h scale unit. In total, 100 kg of wood paste with
25% dry matter is processed at 400 °C and 30 MPa, demon-
strating the usefulness of this two-stage liquefaction strategy.
An additional advantage liquefaction of such pretreated wood
shows increased biocrude yields with approximately 10%
compared to the case where non-pretreated wood is liquefied.

Keywords Lignocellulosic - Feedstock pumpability -
Alkaline pretreatment - Biocrude

1 Introduction

In the transition from fossil fuels to renewables, biofuels can
potentially replace up to 27% of transportation fuels by 2050,
thus contributing to 7%-point reduction in CO, emissions, in
the 2 °C global temperature increase scenario (IEA, 2012).
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Hydrothermal liquefaction (HTL) is a promising route to
convert non-food biomass into liquid biofuels. The process
operates on an aqueous biomass slurry that is pressurized to
maintain water in its liquid state, and then heated to sub- or
supercritical water conditions (300400 °C). At these condi-
tions, biomass decomposes into its major constituents, which
subsequently undergo further chemical changes such as depo-
lymerization, dehydration, condensation, and cyclization. The
main product of this complex process is the biocrude. The
biocrude oil is insoluble in water and is composed of hundreds
of oxygenated chemical compounds [1]. Depending on pro-
cess parameters and the feedstock used, up to 80% of the
biomass can be converted into biocrude [2, 3]. The rest of
the biomass is converted into water-soluble compounds, gas-
eous products, and a small fraction of solids.

As continuous processing is a prerequisite for implementing
the HTL process at relevant scales, feedstock must be pumpable
at high dry matter loading. This has been and still is one of the
major obstacles that must be overcome. Because most HTL
studies are focused on batch experiments, this problem is often
ignored in literature and poorly understood. When a biomass
feedstock is processed in a continuous HTL system, slurry
dewatering may occur, causing dry processing giving rise to
char deposit formation and even clogging. In small scale sys-
tems, the problem has been tackled by reducing the particle size
below 0.250 mm and/or the solids content below 10% [4—6]. In
larger scale continuous systems, where feedstock biomass load-
ing is important for the process economy, efforts have been
made to increase the dry matter content of the feed stream.
Options tested have been to use an oil vehicle to carry the solid
particles (the PERC process), to decompose the wood into fibers
by acid hydrolysis (the LBL process) [7], or to use biomass
streams that are already in liquid form (e.g., sewage sludge,
manure). Even so, the dry matter content of the feedstock could
not exceed 15% mass fraction in case of lignocellulosic
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materials [8]. To reduce the energy consumption for particle size
reduction and to allow higher biomass loadings, this work pro-
poses a two-stage hydrothermal liquefaction process where ex-
tensive biomass dissolution is achieved in the first stage at 180
to 200 °C followed by conversion of the resulting biomass paste
into biocrude at sub- or supercritical water conditions (see
Fig. 1). The first stage—pretreatment—is performed in
alkaline conditions with excess of alkaline reactant;
thus, the second stage—HTL—will also be carried out
in alkaline environment. Such an alkaline environment
is beneficial for both biomass pretreatment and liquefac-
tion, as it may increase the biomass degradation effect,
the biomass conversion, and the biocrude yield while
reducing the gas and solid products formation [9-16].

Alkaline pretreatment is one of the methods used in the
pulp and paper industry to isolate the cellulose fibers from
the lignocellulosic matrix or in the second-generation
bioethanol production to remove the lignin and to increase
the enzymatic hydrolysis of biomass. The most common al-
kaline reagents used in the alkaline pretreatment of biomass
are sodium hydroxide (NaOH), potassium hydroxide (KOH),
sodium carbonate (Na,CO3), and lime (Ca(OH),) [17].
According to the pretreatment conditions employed and the
alkaline reagent used, the process can be tailored to remove
lignin, hemicellulose, and even cellulose from the lignocellu-
losic matrix. The pretreatment temperature may vary from
room temperature with retention times of hours or days, up
to 200 °C with shorter retention times. NaOH has the most
destructive effect on the lignocellulosic biomass and was used
in the first chemical pulping process in the 1850s [18]. Soda
pulping process was later replaced with more lignin-selective
methods and is scarcely used nowadays for chemical pulp
production. However, a pretreatment process similar to soda
pulping may be effectively used to prepare pumpable feeds for
hydrothermal processing. The aggressive attack of NaOH on
all biomass constituents (lignin, hemicellulose, cellulose) will
lead to biomass dissolution, reducing considerably the diffi-
culty to handle heterogeneous biomass aqueous slurries under
high-pressure conditions. The technical feasibility of using
NaOH to solubilize the biomass as pretreatment method for
HTL feedstocks has not been reported yet in literature.

In this study, wood alkaline hydrothermal pretreatment
followed by hydrothermal liquefaction at supercritical water
conditions was performed. First, laboratory-scale experiments
were carried out to identify the alkaline pretreatment condi-
tions required to obtain pumpable feedstocks. The optimum
pretreatment conditions identified were used to prepare a

batch of 100 kg of wood pulp that was converted in a
bench-scale continuous HTL system with a capacity of
20 kg/h feed. The effect of the first stage—pretreatment on
biocrude oil yield and elemental and chemical composition—
was evaluated.

2 Materials and methods
2.1 Raw material

In the pretreatment experiments, hybrid poplar chips were used,
while in the bench scale, willow chips were converted. Both pop-
lar and willow, provided by Ny Vraa Bioenergi I/S, Tylstrup,
Denmark, were 5-year-old trees cut in the winter of 2014. Bark
and chips from branches were removed so only the wood stem
parts were used. Poplar chips were 20 mm width and were sepa-
rated into three particle size classes, small (3 to 5 mm), medium (5
to 10 mm), and large (10 to 14 mm). The willow was cut into
chunks of 20 to 70 mm long. The chemical and elemental com-
position of poplar and willow is given in Table 1. Different raw
materials were used for the small- and the bench-scale tests due to
the lack of availability of poplar chips in larger quantities. As
shown in Table 1, poplar and willow have similar elemental and
chemical composition. For this reason, it was assumed that the
impact of the raw material type on the pretreatment and HTL
experimental results will not be significant.

2.2 Pretreatment experiments

Small scale pretreatment experiments were performed in a
400 cm® electrically heated batch reactor. The reactor was
equipped with stirrer and cooling coil. For a batch test, 50 g
of wood slurry was prepared from 10 g wood chips and 40 g
NaOH solution. The concentration of the NaOH solution var-
ied between 8 and 10% mass fraction, corresponding to
NaOH-to-wood ratio of 0.32 and 0.40, respectively.
Reaction time, particle size, and temperature were varied as
well. All mixtures contained 20% wood mass fraction on dry
basis (liquid-to-biomass ratio 4:1). After loading and closing
the reactor, a heating period of 30 to 40 min was required to
reach the set temperature. When reactor temperature reached
the set point, the mixture was held at this temperature for
desired reaction time (30 to 240 min). At the end of reaction,
the reactor was cooled down and the product collected. The
reactor, cooling coil, and the stirrer were thoroughly washed
with distilled water that afterwards was filtered to recover the

Fig. 1 Conceptual scheme of the B'I,(;'\;‘T‘ss
two-stage alkaline hydrothermal STAGE 1 01 MPy 30MPa STAGE 2 BIOCRUDE
liquefaction of biomass Hydrothermal :‘I>—@|:> Cont. Hydrothermal
Pretreatment o Liquefaction
igh pressure
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Table 1 Elemental and chemical

composition of the biomass used Element mass fraction Polymer mass fraction Ash (%)
for alkaline pretreatment and HTL
experiments. Values are given as C H N o* Cellulose Hemicellulose Lignin
per dry basis
Poplar 47 6 n.d. 46 60 18 13 1
Willow 48 6 nd. 46 53 15 20 2

n.d. not detected
By difference

solids. The amount of solids dissolved during the pretreatment
was determined by filtering the pretreatment product on
Whatman filter paper (qualitative filter paper grade 413, par-
ticle retention 5—13 pum) under vacuum, followed by drying at
105 °C to constant weight. Dried residue was weighed and the
percent of biomass dissolved was determined gravimetrically
(reported as percent of initial biomass on dry basis).

The objective of the small scale pretreatment experiments was
to select the most significant factors that influence wood dissolu-
tion in the alkaline pretreatment stage. For these tests, a full fac-
torial design with four variables at two levels and three experi-
ments at the center points was used to study the variation of wood
dissolved mass fraction with the process conditions. The process
variables and their levels were (1) reaction temperature 160 and
200 °C, (2) reaction time 30 and 240 min, (3) NaOH-to-wood
ratio 0.32 and 0.40, and (4) wood particle size 3 to S mmand 10 to
15 mm. A total of 19 experiments were carried out for factor
screening. For each experiment, the percent of biomass dissolved
was measured. Statistical interpretation of the results was per-
formed using the Umetrics MODDE software and the effects of
each variable were calculated. For a set of pretreatment conditions
(180 °C, 120 min, 0.35 alkali-to-wood ratio), the impact of the
alkaline reactant type on wood dissolution was also investigated
by replacing the NaOH with Na,COs, KOH, and K,COs.

Bench-scale pretreatment was performed in an 80-L paddle
digester, specially designed for pulping of annual plants under
industry-like conditions. The equipment was provided by
Thiinen Institute of Wood Research, Hamburg. The reactor was
heated with steam indirectly via ajacket. The digester was filled in
the upright position and then was brought in horizontal position
for processing. A central paddle, which can operate at different
speed, provided a good mixing. One hundred kilograms of feed-
stock were prepared in four batches. In each batch, 5 kg of willow
chips were mixed with 20 kg of NaOH solution of 10% mass
fraction (NaOH-to-wood ratio of 0.40) and were processed at
180 °C for 120 min. The heating time was approximately 30 min.

2.3 Pumpability test

The pretreated feedstocks were tested for their pumpability
using the syringe test. The syringe test aims at mimicking the
flow of the feed forced through an orifice, albeit at lower pres-
sures than HTL. The sample is loaded into the syringe tube and

the material is discharged by applying pressure to the plunger.
The feedstock is considered pumpable if the feed behaves like a
homogeneous material, as shown in Fig. 2 and without slurry
dewatering. The advantages of the syringe test are (a) the test is
quick and easy, (b) does not require special laboratory equip-
ment, and (c) can be implemented in laboratory or on site.
However, although good indicative results come from this test,
there are also several drawbacks of the syringe test like (a) the
pressure applied is not comparable to the pressure at which the
feed will be pumped which means that pumpability is only
indicated and (b) the test result depends on the pressure applied,
the volume of sample, and the syringe outlet diameter.

2.4 Hydrothermal liquefaction experiments

Small-scale HTL experiments were carried out in 10-mL stainless
steel tubular batch reactors at 400 °C and 32—33 MPa for 10 min.
In a typical run, approximately 7 g of feedstock was loaded into
the reactor. The reactor was purged with nitrogen for removal of
residual air and pre-pressurized with approximately 2 MPa nitro-
gen. All experiments were performed in triplicates. The reactors
were heated in a pre-heated fluidized sand bath (Techne SBL-2D)
and reached the final temperature in about 2 min. After that, the
reactor was removed from the fluidized sand bath and cooled in a
water bath. After cooling, the gases were released and the liquid
and solid products in the reactor were collected and separated.
First, the water phase was poured out of the reactor and filtered
usinga Whatman filter paper to remove the solids. Afterwards, the
reactor was washed with acetone to recover the biocrude oil. The

|

Fig.2 The syringe test applied to an alkaline pretreated feed showing the
homogeneity of the feed after the test
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acetone-biocrude mixture was filtered and evaporated under re-
duced pressure (0.060 MPa at 40 °C), in a rotary evaporator to
remove the acetone. The biocrude obtained after acetone evapo-
ration was mixed with hydrochloric acid (HC1)—5.12 vol.%—
and centrifuged to separate the oil phase from the remaining water.

Continuous processing of the alkaline-pretreated feedstock
was carried out at 400 °C and 30 MPa. The continuous bench-
scale unit has a capacity of 20 kg/h feed and consists of two
serial heaters (with heating rate of 200-400 °C/min), two 5-L
serial reactors, a cooler, a capillary section for depressuriza-
tion of the product stream, and a product separation section.
The pretreated feedstock was loaded into a 100-kg feed barrel
and fed into the system using a high-pressure piston pump.
After approximately 4 h of continuous operation, the feed
barrel was emptied and the liquid products collected (water
phase and biocrude phase). The biocrude was separated gravi-
metrically from the water phase in a separation funnel and the
biocrude yield was measured. The oil was also analyzed for
elemental and chemical composition. A schematic diagram of
the continuous bench-scale HTL plant is shown in Fig. 3. The
system is described in more detail by Pedersen et al. [19].

A summary of the experimental conditions used for bio-
mass pretreatment and HTL at laboratory and bench scale is
given in Table 2.

2.5 Analytical procedure

The cellulose, hemicellulose, and lignin content of the bio-
mass samples were determined using a Foss FibertecTM

Feed
barrel

Load sensors

Fig. 3 Process flow diagram of the continuous bench-scale HTL plant [20]
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1020 Fiber Analyzer according to the Foss procedure (modi-
fied to eliminate the use of amylase. Elemental analysis was
performed with a PerkinElmer 2400 Series I CHNS/O
Elemental Analyzer. The water content of the biocrude oils
was measured by Karl Fischer titration. Higher heating value
of the biomass was measured with an IKA C2000 Basic cal-
orimeter and the ash content was measured at 575 °C for 6 h.
The Na and K content in the biocrude ash was quantified using
inductively coupled plasma optical emission spectroscopy
(ICP-OES).

The chemical composition of the biocrude oils was ana-
lyzed by gas chromatography-mass spectrometry (GC-MS).
The instrument used was Thermo Scientific Trace 1300 GC
equipped with a single quadrupole MS. The analyses were
carried out in electron ionization (EI) mode, with an Agilent
HP 5-ms column, 30 m long, 0.25-mm ID, and 0.25-um film
thickness. The samples were diluted with dichloromethane
(DCM) and analyzed using the following program: 40 °C
for 2 min, 5 °C/min to 180 °C, and 10 °C/min to 300 °C.

3 Results and discussion

3.1 Stage 1 hydrothermal pretreatment—screening
and optimization tests

Table 3 shows the variation of wood dissolved mass fraction
with temperature, solution alkalinity, reaction time, and wood
chip size. Based on these values, the impact of each variable

Gas analyzer

Capillary
section product

barrel

Gas separator

|
[
|
Main | |
|
[
[

B

Load sensors|
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Table 2 Experimental conditions
used in the laboratory- and bench-
scale experiments

Biomass

Bench scale
Willow chips 20-70 mm

Laboratory scale
Poplar chips 3—-14 mm

Pretreatment conditions
Reactor volume (L)
Liquor-to- biomass ratio
NaOH-to-biomass ratio
Temperature (°C)
Heating time (min)
Reaction time (min)

HTL conditions
System size
Temperature (°C)
Reaction time (min)
Other alkalis

0.4 80

4:1 41
0.32-0.40 0.40
160-200 180
30-40 30
30-240 120

10 mL 20 kg/h
400 400

10 10-15
none K,CO;

on the amount of wood dissolved was calculated and plotted
in Fig. 4.

The results indicate that the pretreatment temperature has
the highest impact on wood dissolution followed by reaction
time and NaOH-to-wood ratio. The mass fraction of wood
chips dissolved increases with about 35% when pretreatment
temperature is raised from 160 to 200 °C. The increase of
wood dissolved mass fraction with the temperature can be
explained by the fact that as temperature increases, more wood
constituents suffer degradation. During the heating period (up
to 150 °C), carbohydrates start to degrade by peeling reactions
of the reducing end groups. As temperature increases to 150—
160 °C, advanced degradation of hemicellulose occurs by
hydrolysis, increasing the number of reducing end groups
and consequently enhancing the polymer chain erosion.
Delignification accelerates significantly in the same tempera-
ture region [21-23]. However, cellulose degradation starts on-
ly around 170 °C [22]. Like hemicellulose, its degradation
occurs by peeling reactions and hydrolysis. Higher tempera-
tures enhance cellulose depolymerization until the reducing
groups are stabilized [21, 23, 18]. This may explain why wood
chips could not be dissolved completely. Even at the most

Table3  The variation of the solid dissolved mass fraction (%) with the
pretreatment conditions and wood chip size. At the central points (180 °C,
0.36 NaOH-to-wood ratio, 135 min), the mass fraction of wood dissolved
on average was 60.7 + 6.2%

NaOH-T-t* Particle size (mm) NaOH-T-t* Particle size (mm)
3-5 10-15 3-5 10-15
0.32-160-30 23 17 0.40-160-30 27 27
0.32-160-240 34 33 0.40-160-240 53 48
0.32-200-30 62 57 0.40-200-30 71 71
0.32-200-240 71 60 0.40-200-240 87 84

#NaOH-to-wood mass fraction-temperature (°C)-reaction time (min)

drastic conditions, a solid fraction mainly consisting of short
fibers could be separated. The formation of the solids (long
chain fibers) may also be related to the high content of bio-
mass in the slurry (20% mass fraction) that may favor the
association between polymer chains [21].

Reaction time and solution alkalinity are the second most
important variables. The impact of increasing the reaction time
from 30 to 240 min or the NaOH-to-wood ratio from 0.32 to
0.40 is about 15% increase of the biomass dissolved. An inter-
action between these two factors is indicated in Fig. 4 (B*D).
This means that the effect of one of the factors on the output
variable (wood dissolved mass fraction) is dependent on the
value of the second factor with which it interacts. For example,
the average wood dissolved mass fraction increases with the
increase of sodium hydroxide concentration by 9% when reac-
tion time is 30 min and by 19% when reaction time is 240 min.

The wood particle size has a negative but relatively low
impact on wood dissolution. An increase of wood particle size
from approximately 5 up to 14 mm can reduce the amount of
biomass dissolved with about 5%. The effect of the alkaline
hydrothermal pretreatment conditions on the product aspect
can be visualized in Fig. 5.

Designed experiments showed that the impact of wood par-
ticle size on biomass dissolved fraction is not significant thus
this factor can be eliminated from a further optimization study.
More, it was determined that the interactions between factors
have a low impact on the output variable which means that the
relationship between variables and the output is approximately
linear. In this context, the utilization of a single-factor design or a
one-factor-at-a-time (OFAT) optimization strategy is appropri-
ate. In this case, the optimization criterion was the pretreated
feedstock response to the syringe test (yes/no).

From Table 4 and Fig. 6, it can be noticed that approxi-
mately 65% of the initial wood needs to be dissolved to pass
the syringe test and that the critical pretreatment conditions are
reaction temperature 180 °C, reaction time 120 min, and
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Fig. 4 The change of wood
dissolved mass fraction (%) when
a pretreatment process variable is
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C: Temperature

NaOH-to-wood ratio 0.35. In Fig. 6d, the effect of NaOH is
also compared with other alkaline bases and salts. Sodium and
potassium carbonates were less effective in wood dissolution
compared to sodium hydroxide. This is because carbonates
have poor nucleophilicity, reducing the biomass
delignification. Potassium hydroxide was less efficient than
sodium hydroxide due to lower molar concentration of KOH
solution compared to the NaOH solution at the same reactant-
to-wood mass ratio.

The pretreatment experiments and the syringe test applied
to the partially dissolved wood-based slurries indicate that
pumpable feeds with 20% dry matter content can be obtained
by treating the wood chips at 180200 °C in NaOH solution
with NaOH-to-wood ratio of 0.35-0.40. To validate these re-
sults, a batch of 100 kg of willow feedstock was prepared at
180 °C with a NaOH-to-wood ratio of 0.40 and 120 min at
maximum temperature. A higher NaOH-to-wood ratio than
the critical value of 0.35 was chosen because for the bench-
scale pretreatment, willow chips with particle size significant-
ly higher than the particles used in the optimization test (up to

The effect of
temperature

Fig. 5 The impact of process
conditions on biomass dissolution
and product aspect. Samples
visualize the resulting pulps

D: Reaction time

0.40 - 160°C - 240min

0.40 - 200°C - 240min
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five times longer and two times thicker) were used. The wood
paste obtained passed the syringe test and was used as feed-
stock for the second stage—HTL in the continuous bench-
scale plant.

3.2 Stage 2 hydrothermal liquefaction of pretreated
feedstock

3.2.1 HTL in continuous bench-scale system—proving

the technological feasibility of continuous processing
wood-based feeds with high dry matter content by two-stage
hydrothermal liquefaction

Besides liquefaction of alkaline pretreated wood, a baseline
test with non-pretreated wood was carried out into the contin-
uous bench-scale system. To pump the non-pretreated wood,
biomass grinding to fine powder was necessary as well as the
addition of an oil vehicle into the feedstock composition. The
same amount of oil vehicle was added to the pretreated wood
slurry to obtain a feedstock with similar composition as the

The effect of
reaction time

The effect of
particle size

The effect of
NaOH-to-wood ratio

0.40 - 160°C - 240min
3 to 5 mm particles

0.32 - 200°C - 30min

I
0.40 - 200°C - 30min 0.40 - 160°C - 240min

10 to 14 mm particles

0.32 - 160°C - 240min
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Table 4 Alkaline hydrothermal
pretreatment condition Temperature (°C) '
optimization using the one-factor- ratio

NaOH-to-wood

Wood dissolved
mass fraction (%)

Time at Tmax
(min)

Feed pumpability
(syringe test)

at-a-time (OFAT) strategy.
Designed experiments previously
performed showed that factor
interactions have a low impact on 180 025
the output and the factor particle

size can be eliminated. For the 180 0.30
optimization tests, medium size (5 180 0.35
to 10 mm) wood chips were used 180 0.40

Variable factor: NaOH-to-wood ratio

Fixed factors: temperature 180 °C, reaction time 120 min

Fixed factors: temperature 180 °C, NaOH-to-wood ratio 0.35

Variable factor: reaction time

180 0.35
180 0.35
180 0.35
180 0.35
180 0.35

Fixed factors: NaOH-to-wood ratio 0.35, reaction time 120 min

Variable factor: temperature

160 0.35
180 0.35
200 0.35

120 28 X
120 55 x*
120 65 v
120 72 v
30 56 x*
60 62 Ve
120 65 v
180 68 v
240 71 v
120 54 X
120 65 v
120 88 v

 The product consisted of softened wood chips that required maceration

baseline. Upon mixing the pretreated wood with oil, the feed
viscosity was reduced which allowed the addition of fresh
wood powder. Thus, the biomass loading of the feed contain-
ing pretreated wood was increased from 20 to 25% mass frac-
tion. The composition of the two feedstocks is given in
Table 5. Batches of 100 kg of each feedstock were prepared
and pumped at 30-32 MPa using a high-pressure piston pump
and were continuously processed for about 4 h into the HTL
system.

Alkaline hydrothermal liquefaction of wood in a two-stage
process is advantageous because it allows processing of feeds
with high biomass loading and reduces the need for mechan-
ical downsizing of the biomass. As shown in Table 5, wood
chips instead of wood powder were used in the two-stage HTL
strategy. More, the biomass loading of the feed in the two-
stage process was increased from 18 to 25% mass fraction due
to wood dissolution and co-processing with raw biomass.
Continuous processing of feedstock based on woody biomass,
with such high dry matter content was not reported yet.
However, the high amount of NaOH used, between 35 and
40% of the biomass weight, represents the main disadvantage
of the alkaline pretreatment process. Methods to reduce the
NaOH consumption, e.g., by combining the chemical pretreat-
ment with mechanical operations or alkali reactant recovery
by water phase recirculation, need to be further investigated in
order to make the pretreatment process economical.

Despite the high fraction of alkalis in the feedstock, the ash
content in the biocrude is between 3.9 and 5.3% mass fraction.
Na and K represent about 34% of the biocrude ash content,

i.e., that less than 5% of the elemental Na and K added into the
feedstock was transferred into the biocrude. Therefore, most
of the inorganic matter in the feed is transferred into the water
phase and is involved in the solid formation. This confirms
that water phase recirculation could be an option to recover the
alkaline reactant used in the pretreatment stage.

The results given in Table 5 indicate that the yield, the
elemental composition, and the heating value of the biocrude
oils were not significantly affected by the pretreatment stage.
It is worth to mention that the biocrudes analyzed were not
obtained under steady-state conditions which are usually
achieved after processing 400 kg of feedstock or more. The
main focus of the bench-scale test was to demonstrate that by
pretreating the wood prior to HTL, pumpable feeds with im-
proved biomass loading can be obtained. To further investi-
gate the effect of wood pretreatment on the biocrude yield and
composition, comparative HTL experiments in micro reactors
were carried out.

3.2.2 HTL in micro reactors—the effect of biomass
pretreatment stage on biocrude yield and composition

The alkaline pretreated wood paste was liquefied at 400 °C
and 30 MPa in 10-mL batch reactors without the addition of
other additives. A baseline test with non-pretreated wood and
identical alkaline reactant concentration was carried out. The
feed composition, the yield, and the elemental composition of
the biocrudes obtained after the HTL conversion of the two
slurries are given in Table 6.
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Fig. 6 Identification of critical alkaline pretreatment conditions. The effect of NaOH loading, reaction time, temperature, and reactant type on wood
dissolved mass fraction (%); 5—10 mm poplar wood chips were used in all experiments

Unlike the results obtained in the continuous HTL system,
the alkaline pretreatment of wood determined an increase of
the biocrude yield with about 10%. This may confirm the
hypothesis that due to the addition of raw wood in the
pretreated feedstock, the effect of the first stage pretreatment
on biocrude yield was reduced. The increase of biocrude yield
may be due to several reasons: (a) initial biomass dissolution
created a more homogeneous medium for the HTL reactions
ensuring a better distribution of reactants and higher mass
transfer rates and (b) due to biomass dissolution, which is
considered the rate determining step in biomass liquefaction
[24], the rates of the reactions generating oil compounds were
increased.

Like the biocrude oils obtained in the continuous system,
the elemental composition was not affected by the pretreat-
ment stage. Lower oxygen fractions were measured for the
oils obtained in micro reactors. This might be related to the
oil separation procedures applied in the two cases. Unlike the
oils obtained in the bench-scale system that are separated
gravimetrically, small scale liquefaction requires oil
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separation with solvents. During the solvent evaporation pro-
cess, some of the oil compounds may be lost affecting the
elemental composition of the sample. The oil separation pro-
cedure may explain also the lower biocrude yield obtained in
batch experiments in the case of non-pretreated wood.

From Table 7, it can be noticed that only small variations
between the peak areas of the compounds identified by GC-
MS exist suggesting a very similar chemical composition of
the two biocrudes. The volatile compounds identified were
mainly oxygenated aromatic and cyclic structures, typical for
HTL biocrudes based on lignocellulosic biomass. Most com-
mon compounds were ketones and phenols but alcohols and
other compounds were also identified. The small variations in
elemental and chemical composition of the biocrudes obtained
by one-stage and two-stage HTL suggest that the biocrude
quality is not affected by the pretreatment stage, considering
that the oils were obtained from the same substrate—wood.
However, it is important to mention that the characteri-
zation of the biocrudes chemical composition is based
only on the volatile fraction of the oil which represents
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Table 5 Feedstock composition,
biocrude yield, and biocrude
elemental composition from
continuous HTL of pretreated and

Continuous bench-scale system

One-stage HTL Two-stage HTL

non-pretreated wood at 400 °C in
20 kg/h feed capacity system Feed

Biomass

Non-pretreated wood Alkaline pretreated wood chips

powder and raw wood powder

Total biomass in feed (% db) 18 25
Water-to-biomass ratio 29 1.8
Alkaline-to-biomass ratio (NaOH and K,CO3) 0.27 0.30
Oil medium (%) 18 18
Other additives (ethanol, thickeners) (%) 5.0 5.0
Biocrude

Yield (% db) 44 44
HHV (MJ/kg) 36 36
C (% db) 72 77
H (% db) 9.6 8.9
N (% db) 0.85 1.1
o* 18 13
H/C 1.6 1.4
o/C 0.19 0.13
Na (%) - 12
K (%) - 0.58
Ash (%) 39 53

By difference (100-C-H-N)

about half of the sample weight. Characterization of the
non-volatile fraction of the biocrude would provide a
complete understanding of the effect of biomass alkaline
pretreatment on the biocrude chemical composition and
will be covered in a future work.

4 Conclusions

This work proves the technological feasibility of preparing
pumpable wood feedstocks with high dry matter content by apply-
ing atwo-stage hydrothermal liquefaction strategy. In the first stage,

Table 6 Feedstock composition,
biocrude yield, and biocrude
elemental composition from HTL
of pretreated and non-pretreated

Batch micro reactors

One-stage HTL

Two-stage HTL

wood at 400 °C in 10-mL micro
reactors [25] Feed

Biomass
Total biomass in feed (% db)
Water-to-biomass ratio
Alkaline-to-biomass ratio
Other additives
Biocrude
Yield (% db)
C (% db)
H (% db)
N (% db)
o
H/C
o/C

Non-pretreated wood powder
20

3.6

0.40

none

31
84
9.4
1.6
5.3
1.3
0.05

Alkaline pretreated wood chips
20

3.6

0.40

none

42
82
9.0
1.6
7.2
1.3
0.07

“ By difference (100-C-H-N)
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Table 7

Classification of chemical compounds detected by GC-MS in biocrude oils obtained from HTL of non-pretreated (one-stage HTL) and

pretreated wood (two-stage HTL) in batch micro reactors (HTL conditions 400 °C, 32-33 MPa, 10 min) [25]

Chemical compound Formula MW Peak area (%)
One-stage HTL Two-stage HTL
Alcohols 3-penten-2-ol C5H100 86 5.0 34
4-methyl-2-pentanol C6H140 102 23 1.8
S-octen-1-ol C8H160 128 1.5 1.5
2-methyl-1-hexadecanol C17H360 256 1.6 1.5
Ketones Cyclopentanone CSH8O 84 0.43 0.46
2-methyl-cyclopentanone C6H100 98 1.8 1.5
4-hydroxy-4-methyl-2-pentanone C6H1202 116 2.8 2.7
3-methyl-cyclohexanone C7HI120 112 19 13
2-methyl-2-cyclopenten-1-one C6H8O 96 0.42 0.5
2,3-dimethyl-2-cyclopenten-1-one C7H100 110 0.36 0.5
3-methyl-2-cyclopenten-1-one C6H80 96 0.00 0.00
3 4-dimethyl-2-cyclopenten-1-one C7H100 110 1.0 047
2,3-dimethyl-2-cyclopenten-1-one C7H100 110 0.43 0.70
3 4-dimethyl-2-cyclopenten-1-one C7H100 110 0.00 0.47
2,3-dimethyl-2-cyclopenten-1-one C7H100 110 1.0 12
2,3 4-trimethyl-2-cyclopenten-1-one C8HI120 124 1.1 12
3-isopropyl-2-cyclopenten-1-one C8HI120 124 0.0 0.82
2,3,4,5-tetramethyl-2-cyclopenten-1-one C9H140 138 0.6 0.75
3-isopropyl-2-cyclopenten-1-one C8HI120 124 0.0 0.00
2,2-dimethylcyclohexyl methyl ketone C10H180 154 34 34
Phenols Phenol C6H60 94 0.66 0.83
m-cresol C7H8O 108 0.55 0.79
p-cresol C7H8O 108 0.52 0.63
2-methoxy-phenol C7H802 124 1.3 1.8
2,3-xylenol C8H100 122 0.60 0.72
2-methoxy-4-methyl-phenol (creosol) C8H1202 138 3.0 2.7
2,3,6-trimethyl-phenol CY9H120 136 0.93 0.84
4-ethyl-2-methoxy-phenol(p-ethylguaiacol) C9H1202 152 0.59 0.47
2,6-dimethoxy-phenol C8H1003 154 0.47 0.51
2-methoxy-4-propyl-phenol CI0H1402 166 0.00 0.00
4-methoxy-3-(methoxymethyl)-phenol C9H1203 168 0.00 0.46
Butylated hydroxytoluene CI15H240 220 11 11
Esters 2-propenoic acid, 3-(1-acetyl-2,2-dimethylcyclopentyl)-,methyl ester C13H2003 224 0.82 1.0
Terephthalic acid, bis(2-ethylhexyl)ester C24H3804 390 0.00 0.00
Others 2-chloro-2-methyl-butane CSHI1ClL 106 18 13
2,5,8-trimethyl-1,2,3,4-tetrahydro-1-naphthol C13H180 190 0.00 0.00
9-hexadecenoic acid C16H3002 254 0.63 0.65
Total 64 60

pumpable feedstocks are prepared by alkaline hydrothermal pre-
treatment of biomass at 180 to 200 °C and NaOH-to-biomass ratio
of 0.35 to 0.40. The pretreatment dissolves more than 65% of the
biomass, improving significantly the feed pumpability.
Comparative studies show that alkaline pretreatment stage has no
significant impact on biocrude elemental and chemical composi-
tion or heating value. Small-scale batch studies indicate that wood

@ Springer

pretreatment prior to HTL increase the biocrude yield with approx-
imately 10% but the continuous bench-scale tests are less conclu-
sive and more data from continuous processing are needed. The
wood-based slurry containing 25% dry matter content was success-
fully pumped at 30 MPa using a high-pressure piston pump. For
lignocellulosic biomass, continuous processing of feedstocks with
such high solid loading is a first breakthrough.
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Tulia M. Sintamarean,” Thomas H. Pedersen,” Xueli Zhao,” Andrea Kruse,” and Lasse A. Rosendahl*'"
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ABSTRACT: This work proposes a novel strategy to improve
the continuous processing of wood slurries in hydrothermal
liquefaction systems by coprocessing with algae. Of all algae
tested, brown seaweeds and microalgae perform best in
preventing slurries dewatering, the main reason for pump-
ability issues with wood slurries. Rheological tests (viscosity—
shear rate profile) indicate that the addition of these two algae
to the wood slurry causes the highest increase in viscosity,
which coincides with improved wood slurries stability and
pumpability. Hydrothermal liquefaction of wood-algae slurries

MACRO MICRO
ALGAE ALGAE ALGAE
Batch
mode
‘WOO gae
WILLOW CHIPS 'WOOD AND

(5-15 mm) MACROALGAE POWDER

(<250 pm)

Continuous
mode v

High pressure
pump

at 400 °C and 15 min in 10 mL tubular batch reactors shows that macroalgae slightly decrease the biocrude yield from 28.5 to
21.6—25.5 wt %, while microalgae increase the biocrude yield by more than 40% relative to pure wood liquefaction due to the
lower biocrude yields from macroalgae carbohydrates and higher fractions of lipids and proteins in microalgae. Another benefit of
microalgae addition is that the total biomass loading and the organic mass fraction of the slurry can be increased by 100% and
90%, respectively. Therefore, when coprocessed with wood, microalgae can improve the wood feedstock pumpability, biomass

loading, organic matter, and biocrude yield.

1. INTRODUCTION

Macroalgae have been used for centuries for the extraction of
polysaccharides with thickening and gelling properties. Today,
brown and red seaweed extracts together represent about 18%
of the total market value for food hydrocolloids." Algae are also
considered as an important resource for bioenergy production.
The high growth rate, high CO, absorption capacity, cultivation
on nonarable land, and versatility in terms of chemical
composition represent important advantages of marine biomass
over terrestrial biomass.”” For these reasons, algal biomass was
intensively investigated for the suitability to produce a new
generation of biofuels, known as third generation biofuels.*
Second generation biofuels are those obtained from
lignocellulosic biomass such as wood, straw, and other plant
biomass. These materials are challenging for conventional
biomass-to-biofuel conversion technologies (fermentation,
digestion) due to their recalcitrance to biological treatments.>°
The chemical structure of lignocellulosic materials can be more
easily disrupted under thermochemical treatments such as
hydrothermal liquefaction (HTL).” In this case, a combination
of high pressure (20—30 MPa), high temperature (300—400
°C), and water catalytic properties leads to fast conversion of
biomass into biocrude oil compounds. However, in case of
HTL processing, another challenge arises from the low density
of lignocellulosic matter that limits the dry matter content of
the feedstock and promotes phase separation between the solid
biomass and the liquid water during pressurization. The phase
separation represents a major obstacle to pump aqueous

v ACS Publications © XXXX American Chemical Society

slurries at pressures of 20—30 MPa. Previous work shows that
fine milling, chemical pretreatment, or slurry makeup with
various additives are compulsory for continuous processing of
wood in HTL systems where slurries with a maximum wood
concentration of 17 wt % were processed.” ' While wood and
other lignocellulosic materials require special treatment to
obtain pumpable aqueous slurries, continuous liquefaction of
algae pastes can be implemented quite easily."' ™ As described
by Elliott et al., algae form “puree-like” feedstocks either simply
after mixing of dried algae with water or after dewatering and
wet milling of the raw algae.'""?

To improve the processability of lignocellulosic aqueous
slurries, this work proposes coprocessing wood with materials
that have thickening and water binding properties, in this case
algae. Microalgae were previously used as costream in HTL of
rice husk,'* manure,"> coal,'® macroa.lgae,17 or synthetic
polymers.'® These studies, except the case of algae-manure
coprocessing, showed that the addition of microalgae into the
feedstock has a positive effect on the biocrude yield due to
lower thermal resistance and higher conversion into biocrude of
microalgae compounds. Coprocessing of wood with macro- and
microalgae has not yet been reported. Moreover, the
coprocessing of algae and lignocellulosics with the purpose to

Received: January 23, 2017
Revised:  March 29, 2017
Accepted: March 31, 2017
Published: March 31, 2017

DOI: 10.1021/acs.iecr.7b00327
Ind. Eng. Chem. Res. XXXX, XXX, XXX—XXX



Industrial & Engineering Chemistry Research

Table 1. Chemical Composition, Elemental Composition, and Ash Content of Algae Samples (wt %, Dry Basis)

willow (genus Salix) green seaweed Ulva spp.

proteins 7.8 £ 0.0
lipids 6.8 + 0.0
carbohydrates 68.1¢ 54.8"

C 479 £+ 0.0 41.7 £ 08
H 6.1+ 0.0 63+ 02
N 0.01 £ 0.0 1.7 £ 00
S nd 12 + 1.7
O 44.1 18.6

ash 19 £ 0.1 30.5 £ 0.5

brown seaweed L. digitata

red seaweed P. palmata microalgae C. vulgaris

10.5 + 0.0 204 + 0.0 403 + 0.0
101 + 12 9.1+08 163 + 02

444" 47.6" 354"

365+ 16 371+ 07 50.1 + 02
S.1+0.1 55+ 03 7.1 + 0.4
23 £ 00 45+ 00 8.8 + 0.0
22£05 12 £ 0.1 L1£11
189 28.8 249

350 + 04 229 + 0.1 8.0 + 0.5

“Represents the sum of cellulose and hemicellulose. bBy difference (100-ash-proteins-lipids). “By difference (100-C-H-N-S-ash); nd = not detected.

improve the feedstock texture and flow behavior is a novel
approach in HTL feedstock pretreatment and also an
unexplored topic in the literature.

Microalgae are the most investigated marine biomass for
hydrothermal liquefaction, probably due to the fact that
microalgae contain higher mass fractions of lipids and proteins
and have lower ash content as compared to macroalgae. Higher
biocrude yields from microalgae as compared to macroalgae are
in general obtained, although large variations are noticed in
both cases. For microalgae, the biocrude yields reg)orted in the
literature range between 18 wt %'° and 83 wt %°” (on dry ash
free basis) and for seaweeds between 4 wt %' and 36 wt %
(on dry ash free basis). The higher biocrude yields from
microalgae liquefaction are in general explained by the higher
fractions of lipids and proteins in microalgae as compared to
seaweeds, but the hydrothermal liquefaction conditions
(temperature, reaction time, and catalyst) also play an
important role. Tem’pera_tures in the vicinity of the critical
temperature of water> > and short reaction times (up to 15
min)***” were found to be the most advantageous with respect
to biocrude yield. Alkaline catalysts are advantageous for algae
with a high content of carbohydrates such as macroalgae,
because it reduces char formation and increases the biocrude
yield."”?® The most frequent solvent used for the extraction of
algae-derived biocrude is dichloromethane, but acetone,
chloroform, or diethyl ether was also reported.

This work investigates the technical feasibility of using
seaweeds (green, brown, and red) and microalgae to improve
the processability of wood aqueous slurries. The main reason
for using algae as wood slurries stabilizers is that macro- and
microalgae contain polysaccharides with thickening and water
binding properties. These properties could prevent feedstock
dewatering and solids settling. Four different algae species are
compared in terms of thickening properties, water holding
capacity, and the ability to improve wood slurries pumpability
as well as the variation of these properties in alkaline
conditions. The impact of wood and algae coprocessing on
the biocrude yield, elemental composition, and boiling point
distribution is also studied.

2. MATERIALS AND METHODS

2.1. Raw Material. Brown seaweeds, L. digitata (cultivated
in open ocean), and red seaweed, P. palmata (wild harvested),
were provided by Ocean Rainforest, Faroe Islands. The algae
were collected in March 2016. Green seaweed Ulva spp. and
microalgae Chlorella vulgaris were obtained from commercial
sources (Porto-Muifios S.L. and Algomed). Fresh algae were
dried at room temperature for 3 days and then in an oven at 60
°C. Willow (genus Salix) was collected at Ny Vraa Bioenergi I/

S, Tylstrup, Denmark. Trees were harvested at two years old, in
winter 2014. The chemical composition of the algae is given in
Table 1. Willow consists of 53.3 wt % cellulose, 14.8 wt %
hemicellulose, 20.3 wt % lignin, and 1.9 wt % ash, on dry
basis.”

The seaweed and the willow were milled using a laboratory
scale cyclone mill to obtain a powder that passed through a 60
mesh (250 pm). The size distribution of the willow and the
seaweed powders is given in Table 2. For the analysis of lipid

Table 2. Size Distribution of Willow and Algae Powders

size distribution (wt %)

dsy (mm) 0.250—0.125 mm  0.125—0.050 mm  <0.050 mm
willow 0.130 38.0 23.0 252
seaweeds 0.115 38.7 34.7 20.3

content, microalgae and seaweed powders were further milled
with a Retsch CryoMill to a particle size below 100 ym to
facilitate the extraction (the extraction procedure is described in
section 2.2).

2.2. Analytical Methods. Proximate Analysis. The ash
content of biomass was measured at 575 °C according to the
standard procedure ASTM E1755-01.%°

Elemental and Chemical Analysis. The carbon, hydrogen,
nitrogen, and sulfur content of the biomass and the biocrude
oils was measured with a vario MACRO cube Elementar
analyzer. Measurements were performed in duplicate, and the
average values are reported. The oxygen content was
determined by difference. The content of protein in algal
biomass was derived from the elemental analysis using the
nitrogen-protein conversion factor (N-factor) of 4.58.' The N-
factor was determined as an average of 10 marine microalgae
species with a standard deviation of 0.11. The content of lipid
in algal biomass was determined by extraction with a
chloroform—methanol mixture in a Soxhlet extractor.’>*
Approximately 2 g of algae was weighed into a 37 mm X 130
mm  single thickness cellulose thimble. The lipids were
extracted with 350 mL of solvent (chloroform—methanol 2:1
v/v) for 5—6 h until a total of 16—18 cycles were completed.
The solvent was removed in a rotary evaporator at 35 °C, and
afterward the samples were dried for 1 h at 105 °C. The
content of lipid was determined gravimetrically. Lipid content
was performed in duplicate, and mean values are reported. The
carbohydrates were determined by difference. The results
presented in Table 1 are similar to the values reported in the
literature; the seaweeds are rich in carbohydrates (between 44
and 55 wt %) and less abundant in proteins (between 8 and 22
wt %) and lipids (between 7 and 10 wt %).”*>* Microalgae have
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Figure 1. Syringe test applied to a mixture containing 15 wt % wood and 85 wt % water (feed A) and a mixture containing 10 wt % wood, 10 wt %

brown seaweed, and 80 wt % water (feed B).

higher fractions of proteins (40 wt %) and lipids (16 wt %) and
a lower fraction of carbohydrates (35 wt %) as compared to
seaweeds.'”*?

Thermogravimetric analysis (TGA) was performed with a
PerkinElmer STA6000 TG/DSC instrument in nitrogen
atmosphere. The samples were heated from 50 to 1000 °C
with a heating rate of 10 °C/min. The gas flow rate was 20 mL/
min.

Functional Properties of Biomass. The water holding
capacity (WHC) of biomass was determined by the
centrifugation method as described by Sosulski*® and Yaich et
al.** Wood and algae solutions with 12 wt % biomass loading
were prepared in preweighed centrifuge tubes. The samples
were left to rest at room temperature for 60 min followed by
centrifugation at 3000g for 25 min at 25 °C. The supernatant
liquid was removed, and the tubes were placed mouth down at
an angle of 15—20° in a drying oven at 50 °C for 25 min. The
percentage of water absorbed was determined gravimetrically
and was expressed as the amount of water retained by 1 g of dry
solid sample.

The viscosity of the algal slurries was measured with a
rotational viscometer Brook RV-DV II-Pro, according to the
standard procedure ASTM D2196-86,” at 20 °C. Appropriate
spindles were used according to the viscosity range measured.

2.3. Slurry Preparation. The wood—algae mixtures were
prepared by first mixing the algae powder with the liquid agent
(water or NaOH 1 M) followed by the addition of wood. The
mixtures were left to rest for 60 min before any test.

2.4. Slurry Stability Tests. The stability of the wood, algae,
and wood—algae slurries was evaluated according to the syringe
test” and the centrifugation test. The syringe test evaluates if
dewatering occurs when the slurry is passed through an orifice.
The test sample is loaded into a 12 cm® syringe with outlet
diameter of 3.38 mm and inlet to outlet diameter ratio of 4.7.
Dewatering of the slurry is visually monitored while the slurry is
discharged. Mixtures that pass through the syringe homoge-
neously are considered stable, and those that separate into two
phases, that is, a liquid phase that is discharged and a solid cake
that remains in the syringe tube, are considered unstable.
Examples of stable and unstable slurry evaluated with the
syringe test are illustrated in Figure 1. The centrifugation test
reproduces the conditions used to determine the water holding
capacity of biomass (3000g, 10 min). Stable and unstable
slurries according to the centrifugation test are illustrated in
Figure 2. Comparative studies showed that there is a high
probability for successful feedstock pumpability if both the
syringe and the centrifugation tests are passed. The comparison
between the laboratory scale pumpability tests and the
performance of a high pressure piston pump is based on the

Figure 2. Samples after centrifugation at 3000g for 10 min; feed A
contains 15 wt % wood and 85 wt % water, feed B contains 10 wt %
wood, 10 wt % brown seaweed, and 80 wt % water, and feed B+NaOH
contains 10 wt % wood, 10 wt % brown seaweed, and 80 wt % solution
NaOH 1 M.

experience gained from operating the continuous bench scale
HTL plant installed at Aalborg University, described else-
where.'® The continuous HTL system includes a high pressure
piston pump that pressurizes the feedstock to 35 MPa.

2.5. Hydrothermal Liquefaction Experiments. HTL
experiments were carried out in 10 mL stainless steel tubular
batch reactors at 400 °C for 15 min. In a typical run,
approximately 7 g of feedstock was loaded into the reactor. The
biomass was mixed with NaOH 1 M solution to obtain feeds
containing 15 wt % wood-based slurries, 20 wt % wood-
seaweed slurries, and 30 wt % wood-microalgae mixture.
Detailed composition of the feedstock used for the HTL
experiments is given in Table 6. The reactor was purged with
nitrogen for oxygen removal and prepressurized with 2 MPa of
nitrogen. All experiments were performed in duplicate. Two
reactors were inserted simultaneously into a preheated fluidized
sand bath (model: Techne SBL-2D) and reached the final
temperature in about 2 min. After 15 min, the reactors were
removed from the sand bath and rapidly cooled in a water bath
followed by products deparation according to Figure 3. After
being cooled, the reactor content was poured into a vessel and
thoroughly rinsed with acetone. The liquid poured from the
reactor was mixed with the acetone used to wash the reactor
and filtered for solids separation. The solids were further
washed with distilled water to dissolve the water-soluble
inorganics and dried overnight at 105 °C. The acetone filtrate
was evaporated under reduced pressure in a rotary evaporator
to remove the acetone. The biocrude was redissolved with
dichloromethane (DCM), and the mixture was transferred into
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Figure 3. Schematic representation of the HTL product separation
procedure.

a separation funnel. A layer of water phase separated from the
biocrude—DCM mixture, which was then removed, and the
biocrude—DCM mixture was poured into a preweighed
collection tube. The DCM was evaporated at atmospheric
pressure until the sample reached a constant weight. The
biocrude was analyzed for moisture content and elemental
analysis. The biocrude yield was expressed as the ratio between
the biocrude on dry basis and the biomass on dry ash free basis.

3. RESULTS AND DISCUSSION

3.1. Utilization of Algae as Wood Slurries Stabilizers.
The difference in density between wood and water is the main
reason for wood slurries separation. Wood particles separate
either by settling or by floating as shown in Figure 4 (left).
Small wood particles (<100—200 ym) have a large number of
open, accessible pores that are rapidly filled with liquid, causing
the wood particle density to increase and thereby settling. The
sinking of small wood particles is possible due to the fact that
the density of the wood cell wall is higher than the density of
water, 1.5 g cm™>.*” Coarse particles contain a larger number of
internal inaccessible pores; thus the density of these particles
will not increase significantly when immersed in water. These
particles will have a tendency to float. To avoid settling or
floating wood particles, the viscosity of the liquid phase can be
increased. This will restrict the mobility of wood particles and
will ensure a uniform distribution of the solids in the slurry.

Slurry dewatering that occurs under high pressure conditions
due to the low interactions between the biomass and the liquid
phase can be avoided by adding materials with a high water
binding capacity. Usually, materials with water binding capacity
also have thickening properties. Examples of such materials are
some carbohydrates contained in algae. Algae addition into
wood slurries may cause both viscosity and water holding
capacity increases, and consequently improve the wood slurries
stability (see Figure 4, middle and right).

The ability of algae to develop viscosity, change the slurry
texture, and prevent dewatering might be related to the
presence of hydrocolloids in algae. Hydrocolloids are long-
chain hydrophilic polysaccharides that form dispersions and
have a common property: thickening. Some hydrocolloids are
also able to provide stickiness or to form gels.** Polysaccharides
such as ulvans (green seaweeds), alginates (brown seaweeds),
fucoidans (brown seaweeds), carrageenan (red seaweeds), or
agar (red seaweeds) are common thickeners and gelling agents
used in the food industry and other sectors. In some seaweed
species, these hydrocolloids represent the main fraction of
polysaccharides, which makes the algae a good source of natural
thickeners and gelling agents." For example, alginates may
constitute between 10 and 47 wt % of the dry weight of brown
algae,*" carrageenan up to 50 wt % and agar between 20 and 30
wt % of the dry weight of some red seaweeds species,*"*> and
ulvans between 8 and 29 wt % of the green seaweeds.”> The
thickening mechanism is based predominantly on nonspecific
entanglement of polymer chains. This requires that the
polymers are in contact, and hence their concentration in
solution needs to be sufficiently high.** Other factors that affect
the thickening effect are the polymer chain leild'gth, molecular
weight, type of solvent, temperature, and time.

In Table 3, wood slurry containing 15 wt % dry matter is
compared to algae slurries of identical solid loading in terms of
texture, stability under the syringe, and the centrifugation test
and viscosity. With respect to the slurry texture, seaweeds and
microalgae form with water pastes with homogeneous aspect,
unlike wood that forms two-phase, noncohesive mixtures with
water. The type of algae also affects the slurry aspect; green
seaweeds form yield stress fluids (that flow only when stress is
applied), thicker than brown- or red seaweeds slurries that form
with water free-flowing, thin pastes. Microalgae slurries with 15
wt % dry matter content even have a lower viscosity than those
obtained with brown or red seaweeds. The transition of
microalgae from a liquid-like to a paste-like consistency occurs

I -
[R) . Coarse waad
g particles
Fine woad
Soluent particles
Algas
particles

Typical behavior of wood particles
in water: settling and floating
[T —

Wood-zlgae slurries
with low content of algae

Wood-algae slurries
with high content of algae

Catpee 2 Coond

Figure 4. Schematic representation of phase separation in wood aqueous slurries and stabilization with algae hydrocolloids; a high concentration of
algae in the slurry is needed to ensure the contact and the entanglement of hydrocolloids.
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Table 3. Characterization of Wood and Algae Slurries in Water and NaOH 1 M Solution: Effect of Biomass Type, Biomass
Loading, and Solution pH on the Slurries’ Stability, Viscosity, and Texture

dewatering
dewatering  centrifugation
slurry texture syringe test” test” viscosity” (Pa s)
solids dry matter content
biomass type (wt %) H,0 NaOH H,0 NaOH H,0 NaOH H,0 NaOH
wood 15 two-phase material, nonflowing, thick paste, yes yes yes yes
noncohesive noncohesive
green 15 nonflowing, thick paste, flowing, thin paste, cohesive no yes yes yes 22 1.7
seaweed cohesive
brown 15 flowing, thin paste, nonflowing, thick paste, no no yes no 29 ~300"
seaweed cohesive cohesive
red seaweed 15 flowing, thin paste, flowing, thin paste, cohesive no no yes yes 5 30
noncohesive
microalgae 15 flowing, liquid flowing, liquid yes yes ~0.09” ~0.16"
microalgae 30 nonflowing, thin paste, nonflowing, very thick paste, no no no no 65
cohesive cohesive

“Dynamic viscosity measured at a shear rate of 2 s~ at 20 °C. "Values predicted by extrapolation of the viscosity measurements performed at shear

rate values below or above 2 s~

. “yes = dewatering occurs, no = dewatering does not occur.

—@— Microalgae Chlorella Vulgaris, 30 wt%, H,0

—A— Red seaweed, 15 wt%, NaOH 1M

SR 50
120 4 —4&— Brown seaweed, Laminaria Digitata, 15 wt%, H,0 = A Red seaweed, 15 wt%, H,0
= Green seaweed, Ulva spp., 15 wt%, H,0 & 40 -
>
—A—  Red seaweed, Palmaria Palmata, 15 wt%, H,0 § 20
100 - 2
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80 o
w 0 i
© o 1 2 3 a 5 6 7 8
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>
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Figure 5. Viscosity of the algae pastes in water and sodium hydroxide solution against the shear rate.

at around 30 wt % dry matter content. At this concentration,
the microalgae slurry is a thin instead of a free-flowing paste.
With respect to slurry stability (solids dewatering), there is a
clear distinction between wood and algae slurries. With water,
all algae form stable mixtures (according to the syringe test),
while the wood slurry separates when passed through the
syringe, as shown in Figure 1. Under centrifugal forces, 15 wt %
wood, 15 wt % seaweed, and 15 wt % microalgae slurries
undergo dewatering, while the 30 wt % microalgae slurry resists
dewatering, as shown in Table 3. The presence of NaOH
prevents brown seaweed slurries dewatering under centrifuga-
tion despite the fact that for both brown and red seaweed
slurries the viscosity increases in the presence of NaOH. A
thickening effect is also noticed for the 30 wt % microalgae
slurry in the presence of NaOH. For the green seaweeds,
alkaline conditions have a negative impact on the slurry stability
and also a thinning effect. The results in Table 3 show that,
unlike wood, algae form cohesive mixtures (stick together) and
are less prone to dewatering. In general, alkaline conditions
determine an increase of algae slurries viscosity and improve
the stability of the brown seaweeds slurry. The results in Table
3 can be summarized by two main observations: (1) algae
slurries have better stability than wood slurries, and (2) the

most stable feeds are the 30 wt % microalgae and the 15 wt %
alkaline brown seaweed slurries.

The viscosity—shear rate profiles of the 15 wt % seaweed
slurries and the 30 wt % microalgae slurry are shown in Figure
S. All algae slurries show a shear thinning (pseudoplastic) flow
behavior, typical for most thickeners above the critical overlap
concentration.”® Figure 5 (left-hand side) shows that the 30 wt
% microalgae slurry has the highest viscosity followed by the
brown seaweed, green seaweed, and red seaweed slurries. From
Figure S (right-hand side) and Table 3, it can be noticed that
NaOH increased the viscosity of all algae pastes, except the
green seaweed. For brown seaweed and microalgae, the slurry
viscosity in alkaline conditions increases more than 10-fold as
compared to neutral conditions, while for the red seaweed the
slurry viscosity increases about 6-fold. Green seaweed Ulva spp.
shows a significant decrease in viscosity in the presence of
alkalis, 12—14-fold lower than in neutral conditions. The
variation of slurries viscosity with the algae type may be related
to the chemical structure, molecular weight, chain length, and
linearity of the algae polysaccharides. Ulvans, the main
polysaccharides of green seaweeds, are water-soluble and
develop low viscosity due to the branched structure and short
chain length.* The decrease of green seaweed slurry viscosity
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in 1 M NaOH solution may be related to the formation of the
sodium form of ulvans that are not able to form gels."* Brown
seaweeds are rich in alginates (gelling agent) and fucoidan
(viscosifier). Fucoidan is soluble in both water and alkaline
solutions,” but for alginates only the sodium salt is water-
soluble.* The addition of alkalis to an algae aqueous solution
generates sodium-alginates,’” which may explain the increase of
brown seaweed viscosity in NaOH solution. Red seaweeds are
abundant in agar and carrageenans, well-known and exploited
gelling agents. Agar is not soluble in cold water, while of the
three types of carageenans (kappa, iota, and lambda) only the
lambda carrageenan and the sodium salts of kappa and iota are
soluble in cold water.** Like brown seaweed, the formation of
sodium salts of carrageenan may explain the increase of the red
algae slurries viscosity in NaOH solution. The thickeners in
microalgae are not well described in the literature; thus it is not
clear which are the compounds that develop viscosity in
Chlorella vulgaris slurries.

The next question of this study was how much wood can be
coprocessed with algae without affecting the algae slurry
stability. For this purpose, brown seaweeds were mixed with
wood in different ratios, to prepare mixtures with 20 wt % dry
matter content. The slurries stability was evaluated according to
the syringe test. As shown in Figure 6, the minimum ratio at

Solid-like
non-separable

Algae
Paste-like

non-separable

Stable, potentially
pumpable feeds

Paste-like
separable

Wood

Feed consistency and stability

Two-phase
material

T T T T T
0/1 1/3 1/1 3/1 1/0
Algae-to-wood mass ratio

Figure 6. Variation of feed stability (according to the syringe test) with
the increase of algae mass fraction; a study case for mixtures of willow
and brown seaweed Laminaria digitata; total dry matter of wood—algae
slurries is 20 wt % and of wood slurry is 15 wt %.

which wood-brown seaweed slurries are stable is 1/1, which
was defined as the critical algae-to-wood ratio (R*). Below this
point, the mixtures undergo separation, and above the critical
ratio the slurries stability and consistency do not change. Using
the algae-to-wood ratio of 1/1, mixtures of wood and other
algae types in both water and NaOH solution were prepared.

The results in Table 4 show trends similar to those observed
for the pure algae pastes (Table 3): all wood—algae mixtures
are stable according to the syringe test, except the wood—green
seaweed mixture. There are also important differences between
the single-component and the two-component wood—algae
slurries. One of them is the observed instability of the wood—
microalgae slurry in water, when subjected to the centrifugation
test. Apparently, the presence of wood particles in microalgae
pastes reduces the ability of microalgae to bind the water.
However, in the presence of NaOH, the stability of the wood—
microalgae slurry is regained. Another difference is the
improved stability of the red seaweed slurry in NaOH solution

Table 4. Effect of Algae Type and Solution pH on the
Stability of Wood—Algae Slurries According to the Syringe
and the Centrifugation Test

dewatering syringe dewatering
test” centrifugation test”
solids dry
matter
content
biomass R” (wt%) H,0 NaOH1M H,0 NaOH 1M
wood— 1/1 15 yes yes yes yes
green
seaweed
wood— 1/1 20 no no yes no
brown
seaweed
wood—red 1/1 20 no no yes no
seaweed
wood— 1/1 30 no no yes no
microalgae

“R: wood/algae mass ratio. byes = dewatering occurs, no = dewatering
does not occur.

when coprocessed with wood. This might be related to the fact
that wood absorbs the liquid in the system. Therefore, the
concentration of the algae in the solvent increases, enabling the
hydrocolloids entanglement.

Figure 7 shows the water holding capacity (WHC) of the
algae measured in neutral and alkaline conditions. The amount
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Figure 7. Water holding capacity of wood and algae measured by the
centrifugation method and the maximum biomass loading of the
wood—algae—water slurries with the composition given in Table S;
materials with high WHC yield slurries with low solids content.

of water held by 1 g of algae represents the sum of capillary
water, water bound to the polysaccharides, and water trapped in
the fiber matrix.* Wood and green seaweed Ulva spp. show
similar WHC values. Also, for both of them, the WHC
decreases in alkaline conditions. Brown and red seaweed
species have similar WHCs in neutral conditions and lower as
compared to green seaweed and wood. In alkaline conditions,
the WHC of brown seaweed increases by 28% and by 8% for
red seaweed, relative to the values in neutral conditions. The
microalgae show the lowest WHC capacity that increases with
32% in alkaline conditions. Because microalgae have unicellular
structure and no porosity, it can be assumed that all water held
by microalgae is chemically bound. This is in contrast to wood,
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which has a highly porous structure and establishes mainly
weak interactions with water.’’ Therefore, seaweeds fall
between these two extremes, and it can be considered that
their WHC is a combination of water absorbed by physical
means and water bound chemically.

From the above, it can be concluded that the water holding
capacity of biomass is not a good parameter to predict the
ability of biomass to form stable, pumpable slurries. However,
the water holding capacity can be used to approximate the
maximum biomass loading of the slurry. Considering that the
WHC of the biomass represents the maximum amount of water
or solution that can be absorbed by 1 g of biomass, the amount
of biomass that can absorb 100 g of water can be derived
(equals 100/WHC). From here, the theoretical maximum dry
matter content in slurry (C*) prepared with 100 g of water can
be calculated according to eq 1:

Mpiomass

C* (wt%) = X 100
Mpiomass + Mo
100
_ _I00/WHC 140
100/WHC + 100 (1)

According to this definition, a slurry with the maximum dry
matter concentration C* contains no free water (all of the
water being absorbed by the solid phase). This determines a
change of the slurry aspect from paste-like to very thick paste or
solid-like consistency. Slurries with dry matter content bellow
the critical C* values are more likely to be pumpable. In Table
S, the calculated C* values are compared to the experimental
C* values determined by visual observation of the slurry aspect.

Table S. Theoretical and Experimental Maximum Biomass
Loading of Single Component Wood and Algae Slurries
Prepared with Water”

C* (wt %)
WHC (8i120/8piomsss) ~ caled with eq 1 exp
willow 55+03 154 15.0
green seaweed 5.5+02 154 15.0
brown seaweed 4.0 £ 0.1 20.0 20.0
red seaweed 37 +01 213 20.0
microalgae 22 +01 313 35.0

“The experimental values were obtained by visual observation of the
point where the mixture consistency changes from paste-like to solid-
like.

3.2. Hydrothermal Liquefaction of Wood—Algae
Slurries. Alkaline wood—algae slurries were converted under
supercritical water conditions. A reference feed containing
wood only was also converted. In Table 6, the chemical
composition of the feeds, the product distribution, and the
biocrude elemental composition are given. With respect to feed
composition, the wood slurry biomass loading was increased by
5% by coprocessing with seaweeds and by 15% by coprocessing
with microalgae. However, the organic fraction of the wood-
seaweed slurries is only slightly increased as compared to the
wood slurries, while in the microalgae—wood feed the organic
matter fraction is 63—75% higher than that in the wood—
seaweed slurries. This clearly underlines the advantage of
utilizing microalgae as costream for wood over macroalgae. The
microalgae are advantageous due to the low ash content and
the lack of a porous structure, which contributes to the increase

of the organic matter fraction and the biomass loading in the
feedstock.

Coprocessing of wood with macroalgae is detrimental for
biocrude yield. As shown in Table 6, the lowest biocrude yields
were obtained from wood—seaweed mixtures with the lowest
value for the willow—red seaweed, 22 wt % oil yield as
compared to 29 wt % from willow alone. The highest biocrude
yield was obtained from the willow—microalgae feed, 42 wt %.
Also, the carbon recovery in biocrude has lower values for
willow—green seaweed and willow—red seaweed derived oils as
compared to willow based oil. Despite the decrease of the
biocrude yield for the case of willow—brown seaweed mixture,
the carbon recovery value is similar to that of the pure willow
case. The highest carbon recovery corresponds to the willow—
microalgae mixture due to the higher biocrude yield obtained
from this mixture. The low biocrude yields from seaweeds can
be explained by the fact that they contain high fractions of
carbohydrates that are converted into water-soluble com-
pounds, solid, and gaseous products. Studies on model
compounds showed that, in general, the carbohydrates have
low conversion into biocrude: 5 wt % from algae carbohydrates
(280 °C, no catalyst),”" 15 wt % from corn starch (350 °C, no
catalyst),*” or between 8 and 20 wt % from glucose (350 °C,
without and with Na,CO;)."’ Higher conversion of glucose and
xylose into biocrude was obtained at supercritical conditions,
between 28 and 30 wt % (400 °C, with Na,CO;).>* Most of the
polysaccharides are converted into water-soluble compounds
(61 wt %), gas phase (25 wt %), and solids (9 wt %).>" During
HTL conversion, the polysaccharides are broken into various
polar soluble compounds such as carboxylic acids, ketones, or
alcohols. These will remain in the water phase product or will
be further converted into gaseous product. The presence of
alkalis may reduce the formation water-soluble compounds
probably due to decarboxylation reactions that are promoted in
alkaline conditions. At the same time, a reduction of solid
products formation and an increase of the biocrude yield from
carbohydrates are noticed when alkalis are used.'”** Proteins, a
major constituent of microalgae, generate slightly higher
biocrude yields, between 16 and 30 wt %.”"*> A large fraction
of the proteins, between 35 and 80 wt %, will form water-
soluble compounds, and only small amounts will be converted
into gases or solids.”>*” The highest conversion into biocrude
corresponds to lipids, 80 wt %. The oil yield from lipids may
decrease in the presence of alkalis due to the formation of
soluble compounds.” Thus, the high biocrude yield from
microalgae containing feedstock can be explained by the higher
protein and lipid content in microalgae and lower fraction of
carbohydrates (see Table 1). Temperature also impacts the
conversion of algae into biocrude. A study showed that the
biocrude yield from various streams of microalgae can increase
from 18—45 wt % to 46—58 wt % by increasing the liquefaction
temperature from 250 to 375 °C.”> In the current study, an
even higher temperature of 400 °C was used to benefit from
the special properties of water at supercritical conditions such
as high dielectric constant and high ionic product. These
properties enhance the dissolution of biocrude molecules into
the liquid phase and suppress the radical reactions that favor
char formation.*®

The elemental distribution of biocrude oils is given in Table
6. Willow-based oil shows the highest carbon content and
relative low oxygen. The highest oxygen content was identified
in the willow—green seaweed biocrude, which in consequence
leads to the lowest carbon content. Relative high content of
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Table 6. Feed Composition, Average Yields of the Biocrude, Water-Soluble Organics, and Solids (wt %), and Biocrude

Characterization”
willow willow+green seaweed

Feed Composition
total biomass (wt %, db) 15.3 20.0
organic matter (wt %, daf) 15.0 16.8
NaOH (wt % of total feed) 34 32
water/biomass ratio 5.7 4.0
algae/wood ratio 0.0 1.0
Product Yields (wt %, db)
biocrude 285+ 1.0 243 £ 1.0
char 6.6 + 13 162 + 1.7
WSO + gas (by diff) 649 595
Biocrude
C (wt %, db) 81.0 + 1.0 713 £ 53
H (wt %, db) 78 + 1.6 6.7 + 09
N (wt %, db) 12 + 0.0 2.1+ 02
S (wt %, db) 0.06 + 0.0 0.18 + 0.0
o’ 9.9 197
carbon recovery (%) 48.2 38.7

willow+brown seaweed willow+red seaweed willow+microalgae
20.0 20.0 30.0
16.3 17.5 285
32 32 2.8
4.0 4.0 2.3
1.0 1.0 1.0
255 £ 09 21.6 £ 2.1 418 +£ 0.1
10.5 £ 0.7 125 + 04 92 + 05
64.0 659 49.0
79.5 £ 1.0 798 £ 1.9 740 £ 1.5
7.6 £ 0.6 7.8 £ 04 8.0 £ 0.1
2.0 £ 0.0 31+£03 4.8 + 0.0
023 + 0.0 031 + 0.0 0.26 + 0.0
10.7 9.0 12.9
48.0 40.6 63.1

“HTL conditions: 400 °C, 15 min reaction time, solvent NaOH 1 M solution. bBy difference (100-C-H-N-S); WSO = water-soluble organics.
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Figure 8. TGA curves of HTL biocrude oils obtained from willow and willow—algae liquefaction (TGA performed in nitrogen atmosphere, with gas

flow rate 20 mL/min, and heating rate 10 °C/min).

Table 7. Boiling Point Distribution of the Biocrude Oils Obtained from Willow and Willow—Algae Liquefaction (wt %)

distillate range willow willow+green seaweed
gasoline <180 °C 18.4 183
jet and diesel fuel 180—-360 °C 45.6 45.8
fuel oil 360—550 °C 14.2 14.2
coke and ash >550 °C 21.8 21.7

willow+brown seaweed willow+red seaweed willow-+microalgae
14.3 174 224
46.0 46.3 45.6
17.7 14.3 16.2
22 22 15.8

oxygen was also measured in the willow—microalgae mixture,
which also showed the highest nitrogen fraction 4.8 wt % as
compared to 1.1 wt % in the wood-based biocrude. Sulfur and
nitrogen were found in all algae derived biocrude oils. Sulfur is
mainly originating from sulfated carbohydrates specific for algae
and the nitrogen from proteins. The presence of sulfur and
nitrogen heteroatoms in algae biomass is a common drawback
in using them for biocrude production.

Figure 8 shows the mass loss of the oil samples with
temperature, and Table 7 shows the mass fraction of the
distillate ranges. As can be noticed from Figure 8, the
degradation of the oils occurs in one step, beginning around

100 °C. Until 550 °C, between 78 and 84 wt % of the biocrude
is volatilized. The remaining nonvolatile fraction, between 16
and 22 wt %, represents the coke and the inorganic matter.
About one-half of the biocrude was evaporated between 180
and 360 °C. This distillate range corresponds to the jet and
diesel fuels, suggesting the potential use of the biocrude oils in
transportation sector. However, this would require the removal
of oxygen, sulfur, and nitrogen heteroatoms that can be
achieved by intermediate hydrotreating of the biocrude.’”
Despite the differences in the chemical composition of willow
and seaweeds, the biocrude oils derived from these feedstocks
have very similar distillation curves. This suggests that
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carbohydrates and proteins generate compounds with similar
boiling properties. Previous studies showed that carbohydrates
and proteins generate various types of cyclic ketones and
phenols with boiling point below or around 180 °C.">** Lipids
are converted in compounds like hexadecane or heptadecane,
which have the boiling point around 300 °C." High boiling
point compounds are also derived from lignin. The biocrude
derived from the willow—microalgae mixture has a slightly
higher fraction of volatiles with boiling point below 180 °C and
between 360 and 550 °C as compared to the oils derived from
willow and willow—seaweed slurries. The reason for this
deviation is unclear, but one explanation could be the higher
content of lipids that favor the formation of oil compounds
with high boiling point and probably different structures of
carbohydrates in microalgae that favor the formation of oil
compounds with low boiling point. A detailed analysis of the
composition of biocrude oils and the distillate fractions is
necessary for better understanding the differences between
microalgae and seaweeds derived biocrudes.

4. CONCLUSIONS

Wood slurries are one of the most difficult feedstocks to handle
in continuous HTL. Solids dewatering, particles settling, and
low biomass loadings are the main disadvantages of woody
biomass. These challenges can be tackled by coprocessing wood
with algae. The most suitable algae to improve wood slurries
pumpability are brown seaweeds and microalgae mixed with
wood in an algae-to-wood ratio of 1/1 or higher. The results
indicate that wood—brown seaweeds mixtures with 20 wt %
biomass loading and wood—microalgae mixtures with 30 wt %
biomass loading could be suitable for continuous processing in
HTL systems. Added benefits of coprocessing wood and
microalgae are increased biomass loading and increased
biocrude yield. The main disadvantage of using algae as
cosubstrate is the introduction of sulfur and nitrogen
heteroatoms into the biocrude. The high ash content of
seaweeds is also a major drawback because it reduces the
fraction of organic matter in the feedstock. Coprocessing of
wood and algae is a novel approach in lignocellulosic biomass
pretreatment for continuous HTL.
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A major challenge for the implementation of hydrothermal liquefaction (HTL) as a continuous process is
the formulation of lignocellulosic feedstock, which is prone to phase separation into water and biomass
parts when pressurized. One approach to remedy such phase separation is to reduce the dry matter
content; however, as this approach is detrimental to process cost efficiency, designing an appropriate
pretreatment step to ensure pumpability at high dry matter content is preferable. This paper evaluated
the effect of various pretreatment methods on product distribution and composition resulting from
the HTL of willow and proposes short rotation coppice as an alternative biomass feedstock for biofuels
production. Alkaline-thermal pretreatment, besides making high dry matter pumpable feedstock
slurries, also led to an increase in the production of the bio-crude product with an oxygen content lower
than 8 wt% and a higher concentration of aromatics and phenolic compounds.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrothermal liquefaction (HTL) is a thermochemical process
that utilizes the properties of water at temperatures higher than
553 K and pressures of up to 35 MPa (Elliott et al., 2015; Toor
et al,, 2011) to convert the main components of lignocellulosic
materials (cellulose, hemicellulose and lignin) into its monomers
through a series of complex chemical reactions, which are still
not fully understood. This process is still under development and
will have to compete with a crude oil price below US $50 per barrel
and unconventional oil and gas as well as other biofuel technolo-
gies. The environmental effects of second-generation (2G) biofuel
technologies are internalized in the cost, whereas those of
fossil fuels are not; thus, competition arises with other biofuel

* Corresponding author.
E-mail address: lar@et.aau.dk (L.A. Rosendahl).

http://dx.doi.org/10.1016/j.biortech.2017.01.056
0960-8524/© 2017 Elsevier Ltd. All rights reserved.

technologies. In this context, a continuous HTL process is a prereq-
uisite for commercializing the technology.

For this purpose, the efficient preparation of biomass feedstocks
with high dry matter content has been a challenge because of the
difficulty of injecting the biomass feedstock into the HTL reactors
at high pressures (Daraban et al., 2015; Elliott et al., 2015; Lappa
et al.,, 2016). The phase separation between the biomass particles
and aqueous phase can be avoided by reducing the particle size
to microns with or without the addition of an oil component
(Berglin et al., 2012; Daraban et al,, 2015); however, such fine
milling of woody biomass is energy intensive. To avoid excessive
reductions in the particle size, chemical pretreatment can be
employed to destroy the lignocellulosic matrix and dissolve the
substrate. Acid, neutral or alkaline pretreatment can be applied
for this purpose.

Liquid hot water (LHW) pretreatment or auto-hydrolysis is usu-
ally carried out in aqueous medium at 453-473 K aiming to break
down the hemicellulose into sugars and organic acids to create a
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paste product with 20-25% biomass loading (Goudriaan and Naber,
2015; Goudriaan and Peferoen, 1990). The produced organic acids
decrease the pH of the liquid phase, thus favoring the degradation
of the hemicellulose and sugar conversion into furfurals. Lignin
rearrangements in the lignocellulosic matrix and reductions in
cellulose degree of polymerization and crystallinity after this kind
of pretreatment have also been reported (Mosier, 2013; Mosier
et al., 2005). However, these changes are not sufficient to dissolve
the woody biomass to an extent that allows for the formation of
homogeneous pumpable feedstock slurries, which is why Shell
failed to produce a pumpable woody feedstock for the hydrother-
mal upgrading (HTU) process.

Using acids as a medium to create pumpable feedstocks is not
desired from a material cost perspective (high amounts of alkalis
are required to neutralize the acidic feed) and due to the mismatch
of reaction conditions between the pretreatment and HTL conver-
sion stage (e.g., the LBL process developed by the Lawrence
Berkeley National Laboratory). In contrast, alkaline conditions are
imperative to enhance bio-crude yield and reduce char formation
by avoiding the re-polymerization of the cellulose and hemicellu-
lose degradation products. Alkaline hydrothermal (AHT) pretreat-
ment has a considerable impact on biomass, dissolving the
lignocellulosic substrate and converting the biomass-water mix-
ture into a pumpable paste or liquid (Daraban et al., 2015). Under
alkaline conditions, all lignocellulosic biomass components are
affected. The main decomposition products are organic acids
resulting from carbohydrates and phenolic compounds derived
from lignin (Hendriks and Zeeman, 2009; Ramirez et al., 2013;
Sjostrom, 1993).

In this study, LHW and AHT pretreatments have been proposed
as methods to prepare pumpable wood pastes to address the
pumpability issue in HTL continuous systems. Thus, the effect of
biomass degradation on the ensuing HTL product distribution
and chemical composition is investigated. To this end, willow has
been subjected to pretreatment methods—neutral and alkaline
media with and without thermal treatment—and then tested under
supercritical water conditions. The main objective in this work is to
identify an effective pretreatment method aligned with the overall
process scheme for continuous HTL processing, favoring the pro-
duction of bio-crude characterized by chemical compounds that
can be easily upgraded in a subsequent refinery stage.

Short rotation coppice (lignocellulosic biomass), including
willow, miscanthus, poplar or switchgrass could be considered
alternative feedstocks to wood for biofuels production. These
perennial crops do not require a considerable amount of fertilizer
to grow; thus, the land used is protected. The crops could also be
used for wastewater cleaning, balancing of nutrients or phyto-
extraction of hazard metals, such as cadmium (Cd) from agricul-
tural soils (Greger and Landberg, 2015). Additionally, willow can
be harvested on cycles as short as two to three years and repre-
sents a suitable crop to be grown on marginal lands. A fast growing,
low fertilizer intake and high density biomass such as willow
would represent an important biomass feedstock for biofuels pro-
duction and it is the aim of this study to investigate how this short
rotation crop could be formulated (pre-treated) for high-pressure
pumpability purposes and delivery of a petroleum substitute pro-
duct through HTL.

2. Materials and methods
2.1. Materials
Samples of willow—genus Salix—were collected at NyVraa

Bioenergi 1/S in Tylstrup, Denmark. Trees were harvested at two
years old and were cut into chips with a width of 14 mm and

length of 20-70 mm. The elemental and ash content of willow is
given in Table 1. All chemicals used in this study, including sodium
hydroxide (NaOH), acetone, dichloromethane (DCM) and the gas
standards were purchased from Sigma Aldrich. Distilled water
was used in all experiments.

2.2. Pretreatment

Four pretreatment methods were investigated in this work,
which resulted in four pretreated feedstocks for the HTL process-
ing. Feedstock A represented a mixture of milled willow and water,
whereas Feedstock C was a mixture of milled willow and NaOH
solution with a mass fraction of 0.1. Willow was milled to a particle
size smaller than 0.10 mm using a laboratory scale FOSS Cyclotec™
mill. Feedstocks B and D, the LHW and AHT pretreated feeds
respectively, were prepared in a 400 mL stainless steel autoclave.
In each batch, 10 g of willow chips were mixed with 40 g of water
for the LHW pretreatment or with sodium hydroxide solution in
the case of AHT pretreatment. The pretreatment temperature of
453 K was reached in 25 min, whereupon the willow was pre-
treated for 2 h. All four mixtures contained a wood mass fraction
of 20% on a dry basis. The pH of the pretreated feedstocks was mea-
sured prior to the liquefaction process. Feedstocks A and B were
characterized by an acidic pH (pH =4.00 and 3.00, respectively),
whereas Feedstocks C and D were alkaline (pH = 13.50 and 12.50,
respectively).

2.3. Hydrothermal liquefaction

HTL experiments were conducted in 10 mL stainless steel tubu-
lar batch reactors. In a typical run, approximately 7 g of prepared
feedstock was loaded into the tubular reactor. The reactor was
purged with nitrogen (N,) for air removal, pre-pressurized with
approximately 2 MPa N, and then inserted into a pre-heated flu-
idized sand bath. The initial pressure was necessary to maintain
all compounds in the liquid phase while heating the reactors from
room temperature to the desired HTL conditions; however, it does
not affect the final pressure in the reactor. After each experiment,
the reactor was removed from the fluidized sand bath and
quenched in ice water. All experiments were performed in tripli-
cate. Each feedstock was converted at 673 +2 K and 32-33 MPa
under three HTL reaction times: 0, 10 and 20 min.

After the HTL conversion, the gas products were collected in
small bottles fitted with crimp butyl caps similar to the ones
described by (Glatzel and Well, 2008). After gas collection, the
water phase was poured out of the reactor and any solids were
filtered out. Afterwards, the reactor was thoroughly rinsed with
acetone to collect a mixture of bio-crude and solids. The mixture
was further filtered for separation of the solids, which were dried
at 378 K for 24 h. The bio-crude-acetone mixture was evaporated
in a rotary evaporator to remove the acetone. Any component
characterized by a boiling point below the atmospheric equivalent
temperature (AET) of 330 K was lost from the bio-crude during the
solvent evaporation. The remaining product—a mixture of bio-
crude and residual water—was further mixed with hydrochloric
acid (HCl)—5.12 vol%—and centrifuged to separate the oil phase
from the residual water (and also to break down any formed
emulsions). Following centrifugation, the residual water and acid
were separated from the bio-crude gravimetrically. Thus, the HTL
process produced four products: the bio-crude, aqueous phase,
solids and gases.

The yields of the bio-crude and solid fractions were calculated
with Egs. (1) and (2), respectively. The gas yield was quantified by
GC analysis. Egs. (3) and (4) represent the carbon and hydrogen bal-
ance, respectively. In these equations, Cproqucr and Hproauee TEPresent
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Table 1
Elemental, water and ash contents of Willow and HTL products derived from conversion of willow-based feeds at a reaction time of 10 min.
Properties Willow Feed A Feed B Feed C Feed D
Biocrude Solids Biocrude Solids Biocrude Solids Biocrude Solids
Elemental analysis (wt% db)
C 47.9 £0.03 69.2+0.5 69.1+2.0 69.1+4.7 76.2+4.2 74.7+1.9 25.7+5.6 739+5.9 30.1+3.1
H 6.0+0.01 83+0.2 3.8+0.6 8.8+0.1 3.5+0.2 9.6 £0.03 14+05 9.2+0.1 1.95+0.03
N 0.01 £0.02 1.7+0.1 0.8+0.2 15%0.1 0.7+0.1 1.4+0.03 0.0+0.0 14202 0.0+0.0
Bound water (wt%) 0.00 11.5+55 0.00 9.6+0.8 0.00 108+1.6 0.00 1695+ 1.1 0.00
Ash/metals content (wt%) 1.90 +0.08 n.d. 0.30 n.d. 0.22 n.d. 2.55 n.d. 2.69
Ash composition (mg/g) n.d. nd. nd. nd. nd.
Al 0.086 0.034 0.026 0.079
Ca 1.300 0.639 0.812 1.185
Fe 0.351 0.371 0.141 0.807
K 0.123 0.423 0.401 0.522
Mg 0.166 0.149 0.108 0.166
Na 0.155 0.179 23.852 23.347
P 0.648 0.251 0.171 0.667
S 0.121 0.104 0.030 0.084

the amount of carbon and hydrogen (in grams), respectively, deter-
mined by using the elemental content measured according with the
applied analyses as described in the next section. The carbon and
hydrogen balances reveal how much of the initial carbon and hydro-
gen, respectively, present in willow end up in the HTL products. The
Cwt% and H wt% for the aqueous phase was not calculated.

Yieldyiocrude = Weightyiocruge/ Weight sy wirow % 100 1)
Yieldsoias = Weightsyiqs/ Weight e, winow % 100 (2)
C W% = (Coroduct/Cleea) x 100 3)
H wt% = (Hproduct /Heed) x 100 4)

2.4. Feed and product analyses

The elemental content of willow was measured according to the
ASTM D5373 method, whereas the ash content was determined
following the ASTM D3174 method.

Components in the gaseous product such as carbon dioxide
(CO,), methane (CH,4), propane and butane, were analyzed on an
Agilent model 7890A gas chromatograph (GC) equipped with a
thermo-conductivity detector (TCD) and two columns—HP-
Molesieve (30 m long, 0.32 mm ID, 25 um film thickness) and
HP-PLOT/Q (30 m long, 0.53 mm ID, 40 um film thickness). Hydro-
gen (Hy) was separated in a ShinCarbon ST column installed on a
Chrompack CP9002 GC-TCD. The detector and injector temperature
was 573 K, whereas the oven temperature was constant at 353 K.
The mole fractions of the gas products were determined from sin-
gle point calibration obtained by analysis of gas standards of
known composition.

The aqueous phase and bio-crude samples were extracted with
dichloromethane (DCM) and analyzed by gas chromatography-
mass spectrometry (GC-MS). No internal standard was used to
calibrate these samples. The peak area (%) was used instead to
represent the comparative and semi-quantitative content of each
component in the bio-crude and aqueous phase samples. The
applied GC-MS was a Thermo Scientific Trace 1300 GC equipped
with a single quadrupole MS. The analyses were performed in elec-
tron ionization (EI) mode, with compounds being separated in an
Agilent HP 5-ms column (30 m long, 0.25 mm ID, 0.25 pm film
thickness). The detector temperature was 573 K, while the injector
was held at 553 K and a split ratio of 20:1 was applied. The follow-
ing program was used for analyzing the HTL products: 313K

isothermal for 3 min, 313-598 K at a temperature ramp of
5 K/min, and held at 598 K for 3 min. The liquid phase resulting
from the thermal pretreatments (LHW and AHT) of willow was
analyzed by GC-MS using the same program and solvent for
extraction as in the case of the HTL aqueous phase. The detected
compounds were identified by searching for compounds with sim-
ilar mass spectra in the 2014 National Institute of Standards and
Technology (NIST) library.

Moreover, infrared (IR) data was obtained at room temperature
for the solid products on a Perkin-Elmer Spectrum One instrument
coupled with a horizontal ATR accessory (MIRacle, Pike Technolo-
gies) with a diamond crystal as the internal reflection element.

Furthermore, the elemental analysis of bio-crude oils was per-
formed according to the ASTM D5291 procedure, whereas the ele-
mental content of solids was determined following the ASTM
D5373 method. The percentages of residual water were measured
in the bio-crude samples by Karl Fischer titration following the
ASTM E203 method.

Additionally, the ash composition of solid samples was ana-
lyzed by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). The small sample size was the reason for not
being able to carry this type of analysis for bio-crude samples.

3. Results and discussion

Pretreatment efficiency on biomass deconstruction depends on
the slurry pH and pretreatment temperature. The changes occur-
ring in the raw biomass structure while subjected to the four pre-
treatment methods considered in this study are addressed in
Section 3.1. A first novelty in this study is to bring to light what
kind of chemical compounds should be expected in the HTL
products after a certain pretreatment was applied to the biomass
feedstock prior to the HTL process and how easily is it to upgrade
the resulting bio-crude to a finished fuel. More details in Sections
3.2 and 3.3. A reaction time study was conducted to determine
how the product distribution and composition is affected, as this
influence becomes critical for process optimization when process-
ing the biomass in continuous mode (Section 3.4).

3.1. Effect of pH and thermal treatment on the raw biomass prior to
HTL

The feedstock slurries prepared for HTL conversion varied in
composition according to the pretreatment method employed.
There were no changes in the biomass structure or composition
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occurring in Feedstock A with the exception of some possible dis-
solution of extractives, which could explain the decrease in pH.
The pH of this slurry decreased from neutral to a value of approx-
imately 4.00 only by soaking the willow particles in distilled
water. This value might vary as the raw biomass changes accord-
ing to a study published in Nature (Campbell and Bryant, 1941),
becoming either more acidic or closer to neutral pH depending
on the type of species involved.

When heat was applied to such a feedstock (LHW pretreat-
ment)—Feedstock B—sugars and derived organic acids were
generated by hemicellulose hydrolysis. Qualitative GC-MS data
revealed the production of furfurals and 5-methyl-2-
furaldehyde, which have likely resulted from the hydrolysis of
hemicellulose and subsequent reactions involving its monomers,
including xylose, mannose, and glucose. Phenol, 2-methoxy-
phenol and
2,6-dimethoxy-phenol have been identified as well, which may
be a result of lignin degradation during the pretreatment.
Complete dissolution of lignin was not achieved in Feedstock B
(pH =3.0), likely because of the low pretreatment temperature
or reaction time or even the acidic conditions, which were not
strong enough to break down the lignin backbone.

In contrast, the dissolution of lignin and polysaccharides was
promoted in alkaline conditions. In the case of cold alkaline pre-
treatment—Feedstock C—some of the hemicellulose compounds
dissolved, resulting in a feed with increased viscosity and
water-holding capacity.

The most dramatic alteration of the willow structure occurred
during the AHT pretreatment, in which approximately 70% of the
initial solid matter was dissolved in the alkaline solution. The
result was a slurry with a paste consistency and a complex mix-
ture of biomass-derived compounds. Hemicellulose and cellulose
generated a range of organic acids, whereas lignin provided a
large spectrum of phenolic compounds, including 2-methoxy-
phenol, 4-ethyl-2-methoxy-phenol, 2,6-dimethoxy-phenol, and
5-tert-1,2,3-benzenetriol.

The major components of biomass started to degrade under
alkaline and thermal pretreatment at 453 K with the formation
of monomers and smaller compounds depending on the pH of
the medium (either acidic or basic). The resulting compounds
are expected to undergo various conversion pathways depending
largely on the reaction medium. These variations make it impor-
tant to study the effect of a pretreatment method when process-
ing biomass for biofuel production; this effect on product
distribution and composition is addressed in the following two
sections.

3.2. Effect of slurry pH and thermal treatment on the HTL product
distribution and elemental content

HTL conducted in an acidic medium promotes char formation
and suppresses bio-crude production. These effects were also
observed in this study as the bio-crude yield resulting from the
conversion of Feedstock B (pH=3.00) was the lowest (see
Table 3). This low conversion could be explained by the increased
concentration of organic acids produced during the thermal pre-
treatment, which favored formation of gases and solids (see
Table 3). Unlike Feedstock B, Feedstock A generated a higher
bio-crude yield, likely because of smaller particle size of biomass,
which increased the surface area for water attack and also due to
a decreased concentration of organic acids.

In contrast, alkalis, such as NaOH, or potassium carbonate
(K2CO3), are used in the HTL process as char reduction agents
and bio-crude yield enhancers (Karagoz et al., 2005; Yin et al.,
2011a,b), promoting retro-aldol reactions/cleavage and conden-
sation reactions (Mazaheri et al., 2010) and preventing

Table 2

Mass, carbon and hydrogen balances of HTL products resulting from conversion of the four feedstocks at three reaction temperatures: 0 min, 10 min and 20 min.

Feed D

Feed C

Feed B

Feed A

10 min 20 min 0 min 10 min 20 min 0 min 10 min 20 min 0 min 10 min 20 min

0 min

31.8+04 327+18 40.5+4.7 37.1+£49 40.3+2.2
43.0+19

31.0£0.2
15.2+0.8

155+0.9 19.0+1.7 20.3+0.1 216+23 226+19 26.0£4.0
345+44 285+26
184+4.1

142+1.1

Solids

Mass balance (wt% db)

402+6.4

442+39

29.8+0.6

39.0+£5.3

30.1+4.3
16.7+0.3
35.7+1.6

293+4.0

384+23

49.8+2.1

Biocrude
Gas

16.1+1.6
26.1+19

17.8+3.6
222+13

146 0.7
26.1+£09

61.7+1.7

19.0+5.0

11.2+03
18.4+4.0

56.6+1.8

149+4.4
32.8+46
393+54
10.7+3.3
11916
39.4+3.0

245+40 15229
304+04
9.8

214+34

19.6+1.3

17.8+2.0
46.5+0.9

19.1+13 224+19 26.9+09

69.0+2.4

Solids

Carbon balance (wt% db)

58.8+3.3

586+1.2

482+13

43.5+7.0

49.7+49 55.1+5.6 414+53
15.7+2.1

Biocrude
Gas

11.7+09
12.7+2.1

125+25
129+14

9.7+0.4

14.8+4.2

7.8

109+0.4
79+3.0

73+0.1

99+16

13.0+08
11.9+04

43.0+53

9.6+1.4

148+ 14
9.8

123+1.0

15.0+0.7
64.7+6.0

+04

+1.1 11915 108+ 1.1

8.1+0.6
68.0+2.9
49

Solids

Hydrogen balance (wt% db)

62.7+11.3

653+24

49.1+0.1 475+1.8

57.5+2.8
9.3

39.8+5.1

55122

74+09

47.1+53

Biocrude
Gas

13.6+1.7 +0.7 140+1.7 18.0+28 11.8+03 143+2.7 16.8+2.4

+3.2

41+1.0

103+1.7

+13

dry basis.

db=

* Gas measured by GC.

119
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Table 3

Classification of the chemical compounds detected by GC-MS in bio-crude products derived from the conversion of the four feedstock slurries under supercritical water

conditions (673 K, 32-33 MPa, 10 min).

Chemical compound Formula MW Peak area (%)
Feed A Feed B Feed C Feed D
Alcohols 3-Penten-2-ol CsH100 86 2.94 6.85 4.98 3.39
4-Methyl-2-pentanol CeH140 102 0 3.09 2.30 1.75
5-Octen-1-ol CsgHy60 128 0.67 0.75 1.47 1.49
2-Methyl-1-hexadecanol Cy7H360 256 1.55 1.06 1.58 1.45
Ketones Cyclopentanone CsHgO 84 0.98 0.86 0.43 0.46
2-Methyl-cyclopentanone CgH100 98 0 1.73 1.77 1.51
4-Hydroxy-4-methyl-2-pentanone CeH120, 116 6.47 1.45 2.78 2.69
3-Methyl-cyclohexanone CsH20 112 0 0 1.89 134
2-Methyl-2-cyclopenten-1-one CgHgO 96 2.07 0.90 0.42 0.48
2,3-Dimethyl-2-cyclopenten-1-one C7H;00 110 0.68 0.49 0.36 0.51
3-Methyl-2-cyclopenten-1-one CgHgO 96 3.65 0 0 0
3,4-Dimethyl-2-cyclopenten-1-one C7H100 110 0.96 035 1.00 0.47
2,3-Dimethyl-2-cyclopenten-1-one C7H,00 110 0.97 0.56 0.43 0.70
3,4-Dimethyl-2-cyclopenten-1-one C7H100 110 0.87 0.49 0 0.47
2,3-Dimethyl-2-cyclopenten-1-one C7H,00 110 3.65 148 1.01 1.24
2,3,4-Trimethyl-2-cyclopenten-1-one CgH120 124 0.56 0.33 1.11 1.22
3-Isopropyl-2-cyclopenten-1-one CgHq20 124 0.57 037 0 0.82
2,3,4,5-Tetramethyl-2-cyclopenten-1-one CoH;140 138 0.42 0 0.55 0.75
3-Isopropyl-2-cyclopenten-1-one CgH;,0 124 0.58 0 0 0
2,2-Dimethylcyclohexyl methyl ketone CioH180 154 0.99 1.65 3.43 3.44
Phenols Phenol CgHgO 94 1.98 0.65 0.66 0.83
m-Cresol C7Hg0 108 0.88 0.5 0.55 0.79
p-Cresol C7HgO 108 1.51 0 0.52 0.63
2-Methoxy-phenol C;HgO, 124 2.01 0.78 1.26 1.84
2,3-Xylenol CsH;00 122 0.38 0.63 0.60 0.72
2-Methoxy-4-methyl-phenol (creosol) CgH1,0; 138 1.25 1.67 3.04 2.69
2,3,6-Trimethyl-phenol CoH;,0 136 0 0 0.93 0.84
4-Ethyl-2-methoxy-phenol(p-ethylguaiacol) CoH 1,0, 152 0.90 0.38 0.59 0.47
2,6-Dimethoxy-phenol CgH1003 154 0.85 0 0.47 0.51
2-Methoxy-4-propyl-phenol Cy0H1402 166 0.39 0 0 0
4-Methoxy-3-(methoxymethyl)-phenol CoH 1,03 168 0.56 0.46 0 0.46
Butylated hydroxytoluene C15H240 220 2.11 6.71 11.06 10.86
Esters 2-Propenoic acid, 3-(1-acetyl-2,2-dimethylcyclopentyl)-,methyl ester Cy3H2003 224 041 0.36 0.82 1.04
Terephthalic acid, bis(2-ethylhexyl)ester Cp4H3504 390 2332 11.01 0 0
Others 2-Chloro-2-methyl-butane CsHyqCl 106 8.43 22.50 17.70 13.11
2,5,8-Trimethyl-1,2,3,4-tetrahydro-1-naphthol C13H;150 190 0.32 0 0 0
9-Hexadecenoic acid C16H3002 254 0.65 0.42 0.63 0.65
(2)-9-Octadecenamide Cy5H35NO 281 6.31 8.56 2.89 10.46
Total 80.84 77.04 67.23 70.08

re-polymerization reactions (Li et al., 2015; Liu et al, 2014;
Minowa et al., 1998). In Table 3, the solid yield for the results from
alkaline pretreatment was higher if compared to the results from
the acidic study as it contained the ash which was formed mainly
of Na. Analysis of ash by ICP included in Table 1 confirmed this fact.
More than 23 mg/g Na was measured in the ash of solids resulting
from Feeds C and D as compared to only 0.15-0.18 mg/g in the case
of solids from Feeds A and B, most likely derived from willow
(1.9 wt% ash). Some of the Na derived from the alkaline agent is
expected to end up in the bio-crude composition as well, but no
ICP analysis can support this statement, as the sample size for
these samples was not enough to conduct this type of analysis.
The AHT pretreatment also led to a decrease in the gas yield from
approximately 19.6-24.5 wt% to 14.6-17.8 wt% (Table 3).
Feedstock D produced a bio-crude yield higher than 40 wt%,
which could be explained by the increased reaction rates during
the HTL process due to biomass dissolution. Additionally, the liquid
homogeneous phase created by this pretreatment method could
also have played a role in the enhancement of the oil productivity
and be related to the decomposition of lignin to low-molecular-
weight (LMW) compounds in the liquid phase. This alkaline
solution might have shifted the reactions toward the formation
of oil compounds rather than going under condensation or
re-polymerization reactions. However, this was not the case of

Feedstock C, as the bio-crude yield was about the same as it was
in the case of Feedstock B. This might be related to the initial slurry
alkalinity as reported by (Yin et al., 2011a,b), which can change the
reaction pathway during hydrothermal conversion such that the
reactions can involve both alkaline and acidic pathways. Thus, an
increase in the alkalinity of solutions might lead to a decrease in
the bio-crude yield.

Moreover, the solvent used in the extraction of the liquid pro-
duct is important because the polarity of certain components, such
as hydroxy-methyl-furfural (HMF), is weaker than those of e.g. car-
boxylic acids, and thus, certain components are more soluble than
others and can be more easily extracted as bio-crude. The applied
extraction solvent—in this case, acetone—could have had an influ-
ence on the bio-crude yields. The aqueous phase comprised of
many compounds similar to the ones in the bio-crude product
(see Section 3.3). Furthermore, some low molecular components
with boiling points lower than 330 K might had been lost from
the bio-crude during solvent evaporation. The applied separation
procedure might have had an effect on bio-crude yields as well.

An alkaline reaction medium (attached to a thermal treatment
or not of the raw biomass) is preferable when comparing the ele-
mental content in the bio-crudes and solids (see Table 1). The car-
bon content in the bio-crudes increased from 69 wt% (Feed A and
B) to 75 wt% (Feed C and D), whereas in the solids decreased from
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70 wt% (Feed A and B) to 30-25 wt% (Feed C and D). Solid forma-
tion occurs during the HTL process because of re-polymerization
and condensation reactions. Carbohydrate conversion into solids
is enhanced in acidic media and suppressed in the presence of
NaOH. The hydrogen content in these products followed a similar
path. The nitrogen content does not depend on the reaction med-
ium and/or pretreatment method. Nitrogen content in bio-crude
is dependent on the biomass composition, as it is derived from
willow.

Carbon and hydrogen balances showed that about 60% and 65%
of the initial carbon and hydrogen, respectively present in willow
was transferred to the bio-crude when subjected to an alkaline
and thermal treatment. The situation was similar in the case of
bio-crude derived from Feed A.

Performing an AHT pretreatment on the raw biomass to pro-
duce a pumpable feedstock slurry for continuous HTL seems to
be a plausible option because it enhances the bio-crude productiv-
ity. However, recycling of sodium from the solid fraction has to be
considered for reduction of processing costs. Willow pretreatment
by fine milling led to similar results, so a study on processing costs
could reveal which one of these two options is better for continu-
ous HTL. In addition, the effect of such a pretreatment on the com-
position of bio-crude is of high interest in the upgradability of the
product to a finished fuel; this topic is discussed in the next
section.

3.3. Effect of slurry pH and thermal treatment on the HTL product
composition

GC/MS results of the bio-crude fractions revealed a significant
difference in chemical composition as a function of the reaction
medium. Thus, the volatile compounds detected by GC-MS were
distributed in the same classes of compounds, but their relative
abundance varied with the reaction medium, and in the case of
experiments conducted in acidic medium, their relative abundance
varied significantly with the thermal treatment of the raw biomass
as well.

The majority of the chemical compounds identified in the bio-
crude products were oxygenates: ketones, phenols and alcohols.
More details about the nature of these compounds is given in
Table 2.

A major difference in composition was represented by the near
complete disappearance of the esters from the composition of bio-
crude products resulting in an alkaline medium. This might be
related to the neutralization of the organic acids resulting from
hydrolysis of polysaccharides during alkaline pretreatment. The
di-ester of terephthalic acid was identified in the composition of
bio-crude products obtained from conversion of Feeds A and B.
The presence of these high molecular weight (HMW) organic esters
is expected to increase the total acid number (TAN) of the bio-
crude products. Such compounds are undesirable because of the
difficulty of storing products with a high TAN number and because
of the downstream processing; de-esterification of two ester
groups is typically achieved in two steps (Furimsky, 2013). Another
effect of the reaction medium was an increase in the relative abun-
dance of phenolic compounds and alcohols in bio-crude products
as the pH of the feed slurry became alkaline. This fact was also
noticed by (Ogi et al., 1985) and (Akhtar et al., 2010). Such a behav-
ior would be preferable as the formation of heavy organic acids is
inhibited under these conditions. Furthermore, alcohols and
ketones are easy to upgrade because they require only one hydro-
gen molecule to convert into hydrocarbons. Most of the phenolics
in bio-crude samples were substituted phenols, and they are more
difficult to handle during a hydro-deoxygenation process com-
pared to simple phenols (Furimsky, 2013).

The pH measurements of the HTL aqueous products indicated
that a large fraction of the alkaline agent (NaOH) added to the feed-
stock prior to conversion was found in the water phase product;
the pH values for cases C and D were 9.65 and 9.50, respectively,
whereas the values for cases A and B were 3.75 and 3.95, respec-
tively. This result indicates that any organic acid produced after
the pretreatment process was neutralized by the NaOH. This fact
was also confirmed by the GC-MS analysis, where the distribution
of the classes of compounds depended on the reaction medium and
the thermal treatment applied to the raw biomass. The distribution
showed a slightly different classification of the compounds as
compared to the bio-crude product, comprising of alcohols,
ketones and aldehydes, phenols, furans and carboxylic acids (see
Supplemental Material).

The aqueous products resulting from conversion under an
acidic medium (Aqueous phase Feed A) were rich in furans, acids,
ketones and phenolic compounds, in contrast to the products
resulting from alkaline conversion (Aqueous phase Feed C), which
were predominantly composed of ketones and small percentages
of alcohols and phenolic compounds. This result highlights that
under the action of an alkaline agent, furfurals and acids, which
are typically formed in acidic medium, might be directed to form
ketones and alcohols. The phenolic compounds were also affected
by alkalinity; their percentage area decreased in aqueous products
obtained from alkaline conversion. Moreover, the aldehydes pre-
sent in Aqueous phase Feed A vanished when an alkaline agent
was employed in the HTL process. Their disappearance could be
explained by the Cannizzaro reaction, by which they form alcohols
through disproportionation. When a thermal treatment was
applied to the feedstock slurry (Feedstock B) prior to HTL conver-
sion, the furan abundance in the aqueous product increased while
the relative abundance of phenolic compounds and ketones
decreased, suggesting an enhancement in the hydrolysis of
hemicellulose under the thermal treatment to form furfurals.

A challenge in the continuous processing of such biomass feed-
stock slurries to produce biofuels would be to optimize the process
such that the majority of these organic compounds in the HTL
aqueous products become part of the bio-crude product. Gravimet-
rical separation of the aqueous and bio-crude products or by using
membranes would be the preferable options from an industrial
point of view and not by employing a solvent, which would
increase the operation costs.

Another important aspect in terms of continuous operation is
the recycling of the water phase because it contains the majority
of the alkaline agent. Zhu et al. (2015) demonstrated that aqueous
phase recirculation enhanced the bio-crude yield when converting
barley straw through HTL in a batch process but also increased the
solid residues with the number of recycling cycles, highlighting
that the dissolved organic compounds in the aqueous phase could
play a role in re-polymerization reactions to form solids.

Pedersen et al. (2016) demonstrated that recirculation of the
aqueous phase can also impact the quality of the bio-crude in
terms of the effective carbon-to-hydrogen (C/H) ratio, which
increased when processing a mixture of aspen wood and glycerol
continuously under supercritical water conditions. Water is a com-
modity that is expected to become expensive in the future; thus,
recirculation of aqueous products in such a process and recovery
of the alkaline agent are necessary to minimize operation costs.

The gaseous products obtained from conversion of all four feed-
stocks consisted mainly of CO, (see Fig. 1). CO, accounted for more
than 75% of the produced gases in the case of gas derived from con-
version of feedstocks in acidic medium. The higher concentrations
of CO,, in the gas produced from Feed A and Feed B indicate that the
acidic medium promoted decarboxylation reactions involving
organic acids derived from the lignocellulosic biomass. (Eager
et al., 1981) found that CO, could be released from carbohydrates
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Fig. 1. Gas composition as function of the HTL reaction time.

during the formation of certain intermediates. These reactions
appear to be inhibited when a thermal treatment is applied
(Feedstock B); the solid yield increased significantly, indicating
that re-polymerization reactions are favored. Residual carbon
could also be formed through the disproportionation of carbon
monoxide (CO) into carbon and carbon dioxide (2CO « C + CO,).

Analysis of the gas phase produced in alkaline conditions illus-
trates that dehydrogenation reactions are enhanced. The presence
of higher concentrations of hydrogen in the gas phase obtained
from alkaline-pretreated feeds might be due to the higher fractions
of CO generated and converted to H, and CO, through the water
gas shift reaction. Ethane, ethylene, propylene and CO are other
gases expected to result from the HTL process, but they could not
be quantified in this study.

The IR data of solid fractions showed that the peaks for the C-C
ring stretch (1570 cm™'), C-0 stretch (1420 cm™') and C-C ring
bend or aromatic C-H bend (870 cm~') were more intense in the
case of solid particles procured from alkaline feedstock slurries.
All of these bands indicate the aromatic character of the ‘alkaline’
solids.

3.4. Effect of reaction time on the HTL product distribution and
composition

Reaction time plays an important role in the optimization of the
HTL process. The results indicated that a longer reaction time
indeed affects the product distribution: the bio-crude production
was negatively affected, whereas the solid and gas production
increased. This result demonstrates that re-polymerization and
gasification reactions are favored at longer reaction times. As the
reaction time is prolonged, water-soluble compounds are also
subjected to re-polymerization and/or gasification reactions. The
observation that the bio-crude production is the highest at shorter
reaction times (in this case, 0 min) demonstrates that the com-
pounds from the biomass convert into oil compounds first and
then either become soluble in the aqueous phase or produce the
gases and solids with the increasing reaction time. Thus, it will
be important from an optimization perspective to identify the
stage at which these compounds start to become soluble into the
aqueous phase or react to form gases and solids.

The change in composition with increasing reaction time will
impact the subsequent step (upgrading); thus, knowing the types

of compounds in the bio-crude becomes significant. The elemental
composition of the bio-crude products exhibited a slight increase
in the hydrogen contents at longer reaction times, whereas the
oxygen content was reduced. As addressed in the previous sec-
tions, hydro-deoxygenation is a preferred route in the upgrading
stage of the bio-crude products. As a result, the occurrence of such
reactions during HTL conversion is desired.

In the case of solids, the analysis of elemental distribution did
not suggest that the reaction time had any impact; the composition
remained fairly constant. The IR spectra exhibited peaks for the
same functional groups as explained in the previous section.

The final pH of aqueous products was not influenced by the
reaction time either. The composition of gaseous products was
influenced by the reaction time, as the contents of all gas compo-
nents increased with longer reaction times in all cases (see
Fig. 1). Carbon and hydrogen balance showed that as the reaction
time was prolonged, more of the initial carbon and hydrogen in
the biomass was transferred to solids and gases. Compared to all
other gas components identified by GC analysis, propane was not
formed at 0 min, or the concentration was so low that the equip-
ment could not detected. Propane might have likely formed at
longer reaction times only.

In terms of composition, a longer reaction time had an influence
on the component distribution. If the relative abundance for alco-
hols and alkanes increased in the case of bio-crude samples result-
ing in an acidic medium, an opposite effect was observed for the
samples derived in an alkaline medium. A similar effect was
observed for phenolic compounds and ketones. In the case of
organic compounds in aqueous phase derived from Feedstocks A
and B, a longer reaction time favored the formation of ketones
and acids while the relative abundance for furans, aldehydes, alco-
hols and phenolics decreased. In the case of water soluble organics
derived from Feedstocks C and D, the reaction time was only
observed to impact the relative abundance of ketones, which
decreased, whereas the relative abundance for alcohols and pheno-
lics increased.

From a bio-refinery perspective, a shorter reaction time during
the HTL process is preferable as the bio-crude production is
enhanced, but it might negatively influence the quality. Having a
process that can convert biomass residues in short reaction times
would be ideal if the bio-refinery was placed adjacent to the petro-
leum refinery so that the liquid product being separated from the
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residual streams (gases and solids) could be directly transferred to
the upgrading unit in the petroleum refinery. In such a situation,
organic compounds soluble in the aqueous phase, such as furans,
ketones and phenolics, could also be hydro-deoxygenated and
converted into hydrocarbons, but this case will most likely be
impossible to apply in the future because of many challenges that
must be considered, including building the bio-refinery next to an
oil refinery, transportation of biomass to the bio-refinery (an extre-
mely expensive step), and efficient and immediate separation of
the liquid product from the residual streams. Additionally, water
is undesirable in an oil refinery.

4. Conclusions

The effect of biomass pretreatment on the HTL product distribu-
tion and composition was evaluated in this work to identify an
effective pretreatment method of short rotation coppice aligned
with the overall process scheme for continuous HTL processing.
The AHT pretreatment was the most effective on the bio-crude
production and composition, improving the yield and reducing
the production of oxygenates, but increasing its aromatic charac-
ter. Recovery of the alkaline agent from the solid and/or aqueous
phases, recycling of the aqueous phase, and utilization of gaseous
and solid products are challenges that remain to be addressed in
the near future.
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« Biocrude compounds from woody biomass can be classified into two groups: cyclopentenones and oxygenated aromatics.
« Biocrude quality can be predicted based on the feedstock model compound composition.

« Elemental composition is almost invariant to feedstock composition.

« Reaction scheme from model compound, through intermediates, to biocrude is proposed.

« Residual oxygen in the biocrude is mainly positioned in ketones and phenolic alcohols.
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Hydrothermal liquefaction is a promising technology for the conversion of a wide range of bio-feedstock
into a biocrude; a mixture of chemical compounds that holds the potential for a renewable production of
chemicals and fuels. Most research in hydrothermal liquefaction is performed in batch type reactors,
although a continuous and energy-efficient operation is paramount for such process to be feasible. In this
work an experimental campaign in a continuous bench scale unit is presented. The campaign is based on
glycerol-assisted hydrothermal liquefaction of aspen wood carried out with the presence of a homoge-

Iéfgfvzgfm: neous catalyst at supercritical water conditions, 400 °C and 300 bar. Furthermore, in the experimental
Continuous processing campaign a water phase recirculation step is incorporated to evaluate the technical feasibility of such
Biocrude procedure. In total, four batches of approximately 100 kg of feed each were processed successfully at
Biomass steady state conditions without any observation of system malfunctioning. The biocrude obtained was

characterized using several analytical methods to evaluate the feasibility of the process and the quality
of the product. Results showed that a high quality biocrude was obtained having a higher heating value of
34.3 MJ/kg. The volatile fraction of the biocrude consisted mostly of compounds having number of carbon
atoms in the Cg-C;, range similar to gasoline. In terms of process feasibility, it was revealed that total
organic carbon (TOC) and ash significantly accumulated in the water phase when such is recirculated
for the proceeding batch. After four batches the TOC and the ash mass fraction of the water phase were
136.2 [g/L] and 12.6 [%], respectively. Water phase recirculation showed a slight increase in the biocrude
quality in terms on an effective hydrogen-to-carbon ratio, but it showed no effects on the product gas
composition or the pH of the water phase. The successful operation demonstrated the technical feasibility
of a continuous production of high quality biocrude.

Hydrothermal liquefaction
Sustainability

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrothermal conversion of biomass in hot-compressed water
is a viable, scalable, and energy-efficient thermo-chemical route

* Corresponding author.
E-mail address: lar@et.aau.dk (L.A. Rosendahl).

http://dx.doi.org/10.1016/j.apenergy.2015.10.165
0306-2619/© 2015 Elsevier Ltd. All rights reserved.

for converting biomass into synthetic solid, liquid, or gaseous fuels
and chemicals. At near and supercritical water conditions, biomass
fragments into a bulk liquid phase, better known as biocrude. It
consists of low molecular weight and deoxygenated chemical
species compared to the original biomass macromolecules. The
biocrude may be further processed into platform chemicals or
infrastructure-compatible fuels. Hydrothermal conversion of
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biomass has been widely studied experimentally, mostly in batch
reactors and less so in continuous systems, and has been reviewed
in the many process aspects, such as near-critical water synthesis
properties [1,2], the effects of various process conditions [3],
effects of biomass composition [4-7], process developments
[8-10], and upgrading of the biocrude [11-13].

Although the vast majority of research is carried out in batch
reactors, development of continuous operation and technology
upscaling of near-critical water technologies has been ongoing
since the mid-seventies - but has not yet reached commercializa-
tion [9]. The continuous process was first demonstrated at a bench
scale system at the Pittsburgh Energy Research Center (PERC)
which was later scaled to the Albany plant, Oregon [14]. The pro-
duction facility utilized a recycle concept in which wood (Douglas
fir) was slurried in recycled process water and initially in anthra-
cene oil and eventually in recycled biocrude as it became available.
The following three aspects of the process were identified as criti-
cal: (1) the energy intensive pre-drying and grinding step required
for wood flour preparation, (2) wood-biocrude-water slurries
could not be fed at concentrations greater than 10% without caus-
ing system plugging, (3) high recycle ratios of biocrude (up to 19:1)
required excessive heat [15]. Many process improvements have
since been done, and it is believed that the critical aspects can be
overcome or greatly reduced to an extent for the process to
become feasible. One aspect of the process optimization is to
maximize the biocrude whilst decreasing the amount of solid
byproducts. During liquefaction, reactive biomass fragments rear-
range to biocrude compounds through condensation, cyclization,
and re-polymerization, and for prolonged process severity a solid
fraction insoluble in most solvents is formed, which is generally
termed char.

In a lignocellulosic context, char formation results primarily
from two counteracting mechanisms; (1) dehydration reactions
of free sugars favored at intermediate temperatures, high feed
concentrations [16], and acidic conditions [17] and (2) radical
formation during lignin degradation leading to retrogressive
char formation [18]. Char formation from carbohydrates can be
suppressed by applying high heating rates to reach high reaction
temperatures, preferably above supercritical conditions, and alka-
line conditions [16,19,20]. Lignin radical formation purely a ther-
mal effect, hence supercritical conditions tends to enhance lignin
char formation [21]. Means of overcoming these counteracting
thermal effects includes the addition of a reducing agent such
hydrogen or carbon monoxide, or by the addition of a stabilizing
co-solvent acting as a radical scavenger through hydrogen dona-
tion. Alcohols may undergo thermal scission causing hydrogen
abstraction in the form of ‘H, ‘OH, or ‘CH,OH radicals, amenable
to cap lignin radicals and hence preventing lignin repolymerization
[22-24]. Low molecular weight co-solvents such as phenol [25],
propanol [26], ethanol [27,28], methanol [29], and glycerol
[30,31] have been applied, and are preferable in order to obtain
low molecular weight product compounds, when transport fuel
precursors are targeted.

Among co-solvents, glycerol is of particular interest since it is
already produced in large quantities. Today, glycerol is mainly a
refined bio-based by-product from biodiesel production, and its
market value has been declining since the market entry of biodie-
sel production, making it economically interesting. Xiu et al. inves-
tigated in batch the potential of utilizing crude glycerol, the
unrefined by-product, as a co-substrate in hydrothermal process-
ing of swine manure. It was found that crude glycerol enhanced
both the yield and the quality of the biocrude based on the elemen-
tal composition [32-37]. In the same studies it was attempted to
understand the conversion chemistry involved through model
studies using pure glycerol, methanol, and fatty acids as model
co-substrates, but the reaction mechanisms of the different organic

compounds in the crude glycerol on the biocrude production were
not fully established. Moreover, in house, but yet unpublished,
model studies in batch reactors have shown that by hydrother-
mally liquefying aspen wood in the presence of glycerol or crude
glycerol, char formation can be significantly reduced whilst main-
taining a high yield of high quality biocrude [38].

The objective and novelty of the present study is to investigate
and demonstrate continuous co-liquefaction at bench scale condi-
tions of aspen wood and glycerol as a co-solvent as a viable route
to process lignocellulose at high organic concentrations in the feed.
The technical feasibility of process water phase recirculation is
incorporated to evaluate benefits and eventual complications of
such procedure. The process is evaluated based on system perfor-
mance, recirculation effects on phase characteristics, and a product
assessment to examine the quality of the obtained biocrude.

2. Materials and methods
2.1. Materials

Supercritical co-liquefaction of aspen wood and glycerol was
demonstrated in the continuous bench scale reactor unit (CBS1)
at the Department of Energy Technology, Aalborg University. In
total, four batches of approximately 100 kg of feed each were
processed, all prepared from the same recipe. Table 1 shows the
properties of the aspen wood. Glycerol (99.5%), potassium carbon-
ate (K»COs3), and carboxymethyl cellulose (CMC) were purchased
from Brenntag Nordic A/S.

2.2. Process feed composition

Table 2 shows the feed composition used in the experimental
campaign. Aspen wood and glycerol were mixed in nearly 50/50
ratios in recycled water phase together with K,CO; and CMC. In
the absence of product water phase, the feed for Batch #1 was
prepared using distilled water.

2.3. Description of the Continuous Bench-Scale Unit (CBS1)

A process flow diagram (PFD) of the CBS1 is presented in Fig. 1.
Pretreatment and feed slurry preparation is done in a stand-alone
mixer, where aspen wood, glycerol, water phase and catalyst are
mixed. Steady state conditions at the preset operating conditions
are reached by circulating hot-compressed water (HCW) through

Table 1
Elemental and chemical analysis of aspen wood used in continuous hydrothermal
liquefaction.

Elemental and chemical analysis® (%, daf)

c 50.39 (+0.86)
H 6.19 (£0.08)
N 0.19 (+0.02)
S N.D.

O (by difference)
Fibre mass composition (%, db)"

43.23 (+0.08)

Cellulose 47.14 (+0.86)
Hemicellulose 19.64 (+0.11)
Lignin 2211 (+0.17)
Extractives (by difference) 6.63 (+0.01)
Ash® 0.46 (+0.02)

daf = dry, ash-free. N.D. = Not Determined.

¢ Ultimate analysis was carried out in a Perkin Elmer 2400 Series Il CHNS/O
system.

b Fibre composition was determined by the Van Soest method in a FOSS Fibertec
M6 unit.

¢ Ash content measured by heating a sample to 850 °C and held isothermally for
2h.
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Table 2
Feed slurry composition of the four batches.

Feed composition

Compound Aspen Glycerol ~ Water K»COs3 CMC SUM
wood phase
Mass fraction [%] 16.9 15.7 62.3 42 0.8 100

the plant. Once reached, the water is replaced by a batch of the pre-
pared feed and continuous biocrude production commences. After
each batch of approximately 100 kg, HCW is again recirculated to
maintain process conditions. The feed barrel is reloaded with
new premixed feed and processed continuously, and so on. Small
amounts of CMC are added to the feed slurry (0.8% on a mass basis)
to prevent feed slurry sedimentation while processing a batch. In a
single stage, the feed slurry is pressurized to process pressure
(300 bar) by a high pressure piston pump. Hereafter the feed is
heated in two serial heaters to process temperature (400 °C) with
a heat ramp in the range of 200-400 °C/min. Two 5L, heat-
traced, serial reactors accommodate the reaction residence time.
Reactor effluent phases are pre-cooled in a concentric-tube heat
exchanger prior entering two parallel high-pressure filters. Depres-
surization and feed slurry mass flow is controlled by serial capil-
lary tubes of various lengths and various diameters. Finally, the
product phases are cooled to ambient conditions in a secondary
cooler before separation.

2.4. Process conditions for liquefaction experiments
Process conditions were kept constant at 400 °C and 300 bar.

Mass flow rate was approximately 9 kg/h for Batch #1 and approx-
imately 14 kg/h for Batch #2, #3, and #4. During each batch run,
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mass balance samples were collected to evaluate process yields.
In total, 14 mass balances were collected over the four batches.

2.5. Product separation procedure

Product phases (water phase and biocrude phase) were
separated gravimetrically in a separation funnel. In contrast to
small scale lab-experiments, using only a gravimetric separation
procedure alleviates the need for expensive solvents and provides
a more realistic picture of economically viable yields. The biocrude
and water phases were left to settle (30-60 min) before the water
phase was tapped from the bottom of the funnel. Biocrude yields
were measured right after the gravimetric separation. Product
gases were collected and analyzed online for H,, CO,, CO, CHy,
and O,.

2.6. Methods for biocrude and water phase analyses

Prior to biocrude analyses, the biocrude was centrifuged in a
Sigma 6-16 HS centrifuge (2153 RCF) for 60 min to extract free
water. Bound water was determined by Karl Fischer titration using
a TitroLine 7500 KF. Elemental composition was measured using a
Perkin Elmer 2400 Series I CHNS/O system (ASTM D5291). Calori-
fic values were measured using an IKA C2000 oxygen combustion
calorimeter (ASTM D2015). Qualitative analyses of all biocrude
samples were carried out on a Thermo Scientific Trace 1300 ISQ
GC-MS system, using a TG-SQC column (Length: 15m, i.d.:
0.25 mm, film: 0.25 um film). Prior to analysis, all samples were
diluted in diethyl ether (DEE) and subjected to the following oven
temperature profile: 40 °C was held for 3 min, then ramped to
325°C at 8 °C/min and finally kept at this temperature for 4 min.
Injector and ion source temperatures were 280 °C, split ratio was
1:20, and flow rate of the carrier gas (helium) was 1.0 mL/min.

Main
product
barrel

product
barrel

——— Main productf low

— —— 9 Main productf low, not part of continuous loop

_ Physical process separation

Compressed air

|
|
|
|
|
! —» Secondary productf low
|
|
|
|
|

Fig. 1. PFD of the CBS1 unit.
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Compounds were identified by mass spectra comparison with the
NIST mass spectral data library. Identification of all compounds
by GC-MS is challenged by the complexity of the mixture and
due to the fact only the volatile fraction is identifiable (roughly
50% of the bulk biocrude). The identification of the reported com-
pounds on the specific instrument was confirmed by a round robin
test. Total organic carbon (TOC) and potassium analyses of the
water phases were performed on a Hach Lange Spectrophotometer
with RFID.

Energy Recovery (ER), Carbon Recovery (CR), and the effective
hydrogen-to-carbon ratio (H/C.y) were calculated according to
Eqgs. (1)-(3):

HHV of biocrude - mass of biocrude

ER = HHV of feedstock - mass of feedstock M
~ mass of Cin the biocrude @)
" mass of C in the feedstock
H-20
H/Cr = 3)

3. Results and discussion
3.1. CBS1 performance

The performance and process stability in terms of process
temperature, pressure, and mass flow rate of the CBS1 system is
illustrated in Fig. 2. The figure displays trend curves for a typical
batch run, operating at a flow rate of approximately 14 kg/h. It is
readily observed that process conditions remains stable through-
out the entire batch. Small pressure fluctuations in the beginning
and in the end of a batch are observed, but these are explained
by viscosity changes when feed is pumped into the system instead
of HCW, and vice versa. The tiny oscillations in the pressure profile
are due to the use of a piston pump.

For each mass balance sample roughly 20 kg of product (bio-
crude and water phase) was loaded into the funnel and left to
separate gravimetrically before the water phase was tapped off
at the bottom of the funnel. Fig. 3 clearly shows a resulting
hydrophobic supernatant biocrude. The yields of biocrude were
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Fig. 2. Process conditions, temperature, pressure, and feed barrel weight during a
continuous batch run.

based on this initial gravimetric separation, where bound water
was not included. Furthermore, later centrifugal runs of the bio-
crude samples revealed yet unsettled water which naturally intro-
duced unaccounted experimental errors on the biocrude yields.
Fig. 3 shows the yield calculations based on the mass balance
samples obtained from the four batches. Due to significant yield
variations within each batch, effects of water phase recirculation
on the biocrude yields are somewhat inconclusive. As a result it
is concluded that the separation procedure was not adequate for
producing reliable yield results and a more robust and standard-
ized separation procedure is under evaluation. Based on analysis
of variations (ANOVA) calculations, it can only be concluded that
yields from Batch #3 are statistically higher than the yields from
Batch #4 (on a 95% confidence interval). During the liquefaction
process water-soluble organics (WSO) are formed and contained
in the aqueous phase. For Batch #1, for which the feed slurry
was prepared using demineralized water, it appears from Table 3
that the total organic carbon (TOC) content of the aqueous phase
reaches a value of 54.1 g/L. after the first batch. Due to the recircu-
lation procedure adopted, commenced after Batch #1, it is
observed that the TOC of the aqueous phase increases almost lin-
early to 136.2 g/L after the last batch. As the fraction of WSO in
the aqueous phase increases, the biocrude and aqueous phase sep-
aration weakens since WSO act as co-solvents, leading ultimately
to a single phase mixture, as it was found by Oasmaa et al. in a
study on pyrolysis biooil separation [39]. As the amount of WSO
increases, biocrude compounds become more soluble in the aque-
ous phase which could explain the tendency to a lower biocrude
yield. The yield fluctuations also cause fluctuations in the energy
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Fig. 3. Biocrude yields obtained from mass balance samples during the four
batches. Mean value of all the mass balance samples are presented. In the plot;
display of a typical supernatant biocrude and water phase sample. The hydrophobic
biocrude readily separates gravimetrically.

Table 3
Aqueous phase analyses: mass fraction of ash, total organic carbon (TOC), pH and
potassium (K) content of the four different batches.

Batch #1 Batch #2 Batch #3 Batch #4
Ash [%] 6.20 9.41 10.7 12.6
TOC [g/L] 54.1 96.9 106.3 136.2
pH 5.28 5.91 6.02 5.35
K [g/L] 27.2 50 56.4 61.7
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(ER) and carbon recovery (CR) in the biocrude. In the present
experiments, biocrude ER and CR ranges from 39% to 62% and
42% to 66%, respectively. Due to the fact that glycerol forms mostly
WSO or gaseous products, the ER and CR are generally penalized
when including the co-solvent fraction in the ER and CR calcula-
tions, which is only measured with respect to the biocrude.

Table 3 also shows that accompanying the accumulation of
WSO in the aqueous phase, ash is likewise observed to accumulate
as an equal amount of K,CO3 is added for each batch. Starting at an
aqueous phase ash content of 6.2%, resembling that of the original
feed composition, the ash content is increasing linearly to a final
value of 12.6% after three recycles. Tracing the potassium in the
water phase, it is observed that potassium accumulates linearly
in the water phase. The mass fraction of potassium to the total
water phase is almost half of the mass fraction of the TOC to the
total water phase. It is also evident that after four batches (3 recy-
cles) steady state values of the water phase has yet not been
reaches. During hydrothermal processing of glycerol, glycerol is
mainly converted into WSO and hence the observation of WSO
accumulation is likely to be a contribution from the high amount
of glycerol added for each batch. Méller and Vogel investigated
hydrothermal conversion of glycerol at 400°C [16]. Even after
60 min, more than 10% of the glycerol was unconverted. During
the present experiments, product analysis showed intact glycerol,
but it was not clear how much glycerol was actually converted dur-
ing processing. For continuous industrial operation with water
phase recycling, ash accumulation presents an operational chal-
lenge to be addressed, as failing to do so may lead to operational
malfunction. It has yet not been investigated, if the WSO contain-
ing water phase possess similar effects as glycerol on retardation
of char formation. If so, glycerol may gradually by phased out as
a feed additive as a work around for limiting the accumulation of
WSO and still obtaining a stable process. The polarity of water as
a solvent is known to diminish as it approaches near and supercrit-
ical water conditions, leading to solubility reduction for some salts,
causing precipitation and ultimately plugging of the system. For
the experiments reported here plugging was not experienced, nor
did the campaign show signs of impending blockage, which would
manifest itself as an increased pressure drop across the system.
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Fig. 4. H/C.y of the biocrude obtained from mass balance samples during the four
batches. Mean value of all the mass balance samples are presented.

Table 3 shows that after conversion the water phase is noticed
to be acidic despite of the significant addition of alkaline catalyst.
Lignocellulose and glycerol are known to form acidic compounds
under hydrothermal processing, especially under alkaline condi-
tions, which first neutralizes the K,COs, then later acidifies the
water phase [16,40]. Over the four batches the water phase pH
appears almost invariant to the recirculation of aqueous phase.

To investigate if the aqueous recirculation affects the quality of
the obtained biocrudes, an effective hydrogen-to-carbon ratio
(H/Cey) was calculated as a quality measure. Fig. 4 shows the
results. Like for the biocrude yields, some variations within
the individual batches are noticed blurring a clear trend to be
observed. However, when excluding Batch #1, it seems as the qual-
ity in terms of H/Ce is increasing as water phase is recirculated.
The improvement in biocrude quality by aqueous phase recycling
has also been demonstrated by Elliott et al. [10]. A hypothesis is
that WSO act as hydrogen-donors. By aqueous phase recirculation,
the concentration of WSO increases, which in turn increases the
concentration of hydrogen-donors.

Gas phase composition was monitored continuously for carbon
dioxide, hydrogen, methane, carbon monoxide, and oxygen
throughout each batch. Fig. 5 displays typical gas trends. Initially,
oxygen is diluted by producer gases and ultimately vanishes. It
must be stated that the gas composition measured prior and in
between batches is not precise, since gas detectors are calibrated
only in a narrow band resembling process gas composition. It is
noticed that the volume fractions CO, and H, reach steady state
values of approximately 62% and 30%, respectively, and hence
being the most abundant gases. The volume fractions of CH4 and
CO are 4-5% and 2-3%, respectively. During each mass balance
samples, product gases are involuntarily exposed to surrounding
conditions, allowing air to enter the gas stream. This is observed
by an increased oxygen concentration, followed by decreasing pro-
duct gases. After each mass balance sample steady state process
conditions are reestablished as soon as the system is resealed.
The gas mass flows were registered to approximately 0.6-0.7 kg/h,
amounting to a mass fraction of approximately 12-15% of the
input organic fraction. In terms of energy and carbon recoveries,
this corresponds to approximately 2.4% and 8.8% in the gas phase.

Gas phase volume fractions [%)]

Time [Hrs]

Fig. 5. Continuous process gas composition. Initiations of mass balances are
indicated in the figure.
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Table 4
Normalized gas composition of CO,, CO, CHy4, and H.

Gas phase volume fractions [%]

CO; co CH4 H;
Batch #1 62.1 29 4.6 30.5
Batch #2 62.1 29 4.6 30.5
Batch #3 60.8 2.7 4.5 32.0
Batch #4 63.6 33 4.2 288

At best, the carbon balance across input and output phases was
established at a 96% closure.

Gas compositions obtained from the four batches are presented
in Table 4, where the gas compositions have been normalized to
exclude oxygen. It appears that the gas compositions are relatively
invariant over the four runs and hence not affected by the water
phase recirculation, although ashes and WS are observed to accu-
mulate. The significant and insignificant shares of H, and CO,
respectively, relative to uncatalyzed hydrothermal processing of
lignocellulosic materials, indicate alternative chemical pathways
[41-43]. Alkali catalysts have previously been found to enhance
water-gas shift reactions, which can explain the high and low
shares of H, and CO, respectively [44]. Steam reforming reactions
may also be secondary contributors, but they proceed usually at
much higher temperatures and in the presence of a transition
metal catalyst [45]. A more speculative explanation is hydrogen
abstraction reactions catalyzed by alkaline conditions. Glycerol
deprotonation derives dihydroxyacetone, glyceraldehyde, and
lactic acid, commonly observed WSO compounds, in addition to
gaseous hydrogen [46].

3.2. Analyses of the biocrude

The biocrude was analyzed for determining the system perfor-
mance in terms of biocrude quality. Table 5 compiles the bulk
analysis obtained. First of all, it is observed that the mass fraction
of oxygen in the biocrude (15.8%) is significantly lower as
compared to that of the feedstock (47%, aspen wood plus glycerol).
Secondly, the course of deoxygenation resulted in a hydrophobic,
easily separable biocrude, with an increased gross calorific value
(34.3 MJ/kg). The hydrophobicity of the biocrude is quantified by
the low mass fraction of bound water in the biocrude (3.8%). It is
further observed that the ash content of the biocrude is fairly
high. The recycling effect of the ash content in the biocrude was
not evaluated, but following the trends of the water phase, it is
expected to increase from each aqueous phase recycle. A mass frac-
tion of 0.48% of undesirable inorganics poses a potential challenge,
as inorganics mount a concern from a downstream point of view. A
significant part of the inorganics is alkali metals, carried over by
the high amount of K,CO; added for each batch cycle. If the
biocrude is to be refined, inorganics may decompose and deposit
in refinery hardware or even poison expensive refining catalysts.

Table 5
Elemental mass analysis, higher heating value (HHV), mass fractions of ash and bound
water of the biocrude, and biocrude ash composition.

Elemental analysis [% (daf)] Metals [mg/g]

C 75.2 Al 0.054
H 8.2 Cr 0.035
N 0.5 Fe 0.037
S 0.3 K 1.78
[0} 158 Mg 0.136
HHV [M]/kg] 343 Zn 0.01
Ash content [%] 0.48 P 0.015
Bound water [%] 3.8 Ca 0.97

S 0.1

If the biocrude is to be combusted directly, inorganics can cause
corrosion, wear, and deposit in pumps, injectors, burners, turbines,
etc. Hence, if the aqueous phase is to be recycled, procedure
amendments have to be implemented. Accumulation of inorganics
is of particular concern, which is why an inorganic removal step of
the aqueous phase may have to be implemented downstream. A
supercritical salt separator has previously been proposed as a
means for precipitation various salts with high separation effi-
ciency [47]. Furthermore, the accumulation of WSO in the aqueous
phase must be investigated in greater details to understand, (1) the
impact of WSO on the conversion mechanisms in terms of yields
and product quality and (2) the impact of WSO on the phase
separation of the aqueous phase and the biocrude.

The volatile fraction of the biocrude was further characterized
to investigate the chemical composition. Table 6 presents the
identified compounds by GC-MS analysis together with their

Table 6

List of compounds identified in the biocrude by gas chromatography-mass spec-
troscopy. The table includes compound name, formula, relative peak area, and
number of carbon atoms (C#). No standards were used for compound verification.

RT Identified compound Chemical Peak  C#

(min) formula area
(%)

2.06 Cyclopentanone CsHgO 0.30

2.59 3,5,5-Trimethyl-2-hexene CoHis 0.39

294 2-Methyl-cyclopentanone CgH100 228

3.37 Ethylbenzene CgHio 0.39

3.56 p-Xylene CgHio 0.62

3.87 2,5-Dimethyl-cyclopentanone
4.04 3,4-Dimethyl-3-penten-2-one
438 2-Methyl-2-cyclopenten-1-one CgHgO 1.58
5.04 1-Cyclohexylethanol CgHy60 2.84
5.19 1,2-Dimethyl-cyclohexene CgHyg 1.26

CoHis0  0.86
CGHR0 151

5.56 3-Methyl-2-cyclopenten-1-one CgHsO 1.83
6.93 2,3-Dimethyl-2-cyclopenten-1-one C7H;,0 433
7.37  2,3,4-Trimethyl-2-cyclopenten-1-one CgHi20 432
7.65 p-Cresol C7HgO 1.75
8.12  2,3-Dimethyl-phenol CgH100 2.71

8.50 2-Ethyldienecyclohexanone
8.81 3,5-Dimethyl-phenol
9.15 2,4,6-Trimethyl-3-cyclohexen-1-
carboxaldehyde
9.35 4-Methyl-1-(1-methylethyl)-cyclohexene
9.44 4-Methyl-1-(1-methylethyl)-cyclohexene
9.62 2,4,6-Trimethyl-3-cyclohexen-1-
carboxaldehyde
9.82  4-Ethyl-3,4-dimethyl-2,5-cyclohexadien-
1-one
10.14 24,6-Trimethyl-3-cyclohexen-1-
carboxaldehyde
10.71 2,6-Dimethoxytoluene
11.07  2,3-Dihydroxy-3-methyl-1H-inden-1-one
11.33  Duroquinone
11.71 2,6-Dimethyl-1,4-benzenediol
12.13  4-Ethylcatechol
12.42  2,5-Dimethyl-1,4-benzenediol
12.76  5-Methoxy-2,3-dimethyl-phenol
12.90 4-Ethylguaiacol
13.68 2,3,5-Trimethyl-1,4-benzenediol
13.97 3-Tert-butyl-4-hydroxyanisole
14.19 4-Butoxybenzyl alcohol
14.81 2,3,5,6-Tetramethyl-1,4-benzenediol
15.30  2,6-Dimethoxy-4-(2-propenyl)-phenol
16.32  6-Tert-butyl-2,4-dimethylphenol
16.44 Benzaldehyde, 3-hydroxy-4-methoxy-2-
(2-propenyl)-
16.63  4-(2,4,4-Trimethyl-cyclohexa-1,5-dienyl)-
but-3-en-2-one
18.82 Methyl dehydroabietate
19.79 10,18-Bisnorabieta-5,7,9(10),11,13-
pentene
20.82 Retene

CsHi 0 134
CsHio0 469
CioHis0  1.25

O ®WWMONONNDOTIDNOOHDOW

CioHis 132 10
CioHs 173 10
CioHig0 162 10

CioHis0 131 10
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Fig. 6. Relative distribution (by relative peak area) in numbers of carbon atoms in
the compounds obtained from the identified in the biocrude. The relative
abundance is calculated based on summed relative peak areas. The ranges of
number of carbon atoms in conventional fuels are included.

chemical formulas, relative peak area, and number of carbon atoms
(C#). It is readily observed that the biocrude is a complex mixture
of chemical compounds for which the majority of compounds are
oxygenated cyclic structures having carbon atoms in the range of
Ce-Cy1. Unsaturated hydrocarbons compounds with higher num-
ber of carbon atoms, including fused ring structures, were also
identified but in minor quantities. The major denominators for
all of the compounds are cyclic Cs or aromatic Cg backbones,
substituted with various functional groups (ketonic, aldehyde,
phenolic). Ketonic functionalities are mainly observed on pentane
and pentene backbones having only single heteroatoms, and are
believed to be formed by condensation reactions between Retro-
Aldol derived carbohydrate intermediates. A broad collection of
aromatics are also observed having mainly phenolic functionalities
with single, double or even triple heteroatom formulas. Despite the
fact that the compound mixture is complex and diverse, the range
of numbers of carbon atoms is relatively narrow. The distribution
of number of carbon atoms based on the identified compounds
has been calculated semi-quantitatively by total ion count. The
distribution is plotted in Fig. 6, together with the common number
of carbon atom ranges of conventional gasoline, kerosene-type jet
fuel, and diesel. It appears that the majority of compounds lump
into the Cg-Cy, region, mainly representing gasoline range and
‘low cut’ jet fuel. Based only on carbon range, the diesel range is
hardly represented in the biocrude.

4. Conclusion

Continuous co-liquefaction of aspen wood and glycerol at
supercritical water conditions was demonstrated successfully.
High organic content feeds were prepared and processed for which
a water phase recycling procedure was implemented. High process
stability in terms of temperature, pressure, and mass flow rate was
obtained and steady state conditions were achieved throughout all
experiments. High hydrophobicity of the resulting biocrudes
allowed for a simple, but commercially realistic, gravimetric
separation between biocrudes and water phases. Unfortunately,

significant yield variations obtained from mass balance samples
within each batch obscured the identification of clear effects of
the water phase recirculation on the biocrude yields, but a slight
decreasing tendency is observed. Conversely the biocrude yield
trend, the biocrude quality in terms of an effective hydrogen-to-
carbon ratio was observed to increase slightly when the water
phase is recirculated. Gas phase yields and compositions were
found almost invariant to the water phase recirculation. Some pro-
cess inconveniences were observed with respect to water phase
recirculation; TOC and ash contents of the water phase were
observed to increase significantly with water phase recirculation,
which may eventually lead to system failure due to salt precipita-
tion. Moreover, the mass fraction of ash in the biocrude was found
relatively high (0.48%). From the biocrude analysis it was found
that the major biocrude compounds were cyclic Cs or aromatic
Cs backbones, substituted with various oxygenated functionalities.
The number of carbon atoms range of the biocrude compounds is
distributed mainly in the C4—C;, range similar to gasoline. In con-
clusion, the experimental campaign demonstrated an auspicious
platform for continuous operation of hydrothermal liquefaction
for the production of high quality biocrudes.
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