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Abstract

The utilisation of biomass instead of fossil resources is an important alternative for
the transition into a sustainable society. Biomass, owing to its primary
constituents—cellulose, hemicelluloses and lignin—has the potential to replace
many products that are produced from fossil resources today, including plastics,
textile fibres and fuels. To fully exploit this potential, all of the components in the
biomass matrix need to be used. To this end, efficient and environmentally friendly
fractionation processes must be developed.

In the work that is described in this thesis, a two-stage process was examined for the
fractionation of hardwood chips into cellulose, hemicelluloses and lignin. This
process consists of an initial stage of steam explosion, in which hemicelluloses are
recovered in the liquid fraction, and an extraction step, whereby lignin is removed
from the solid fraction using a hydrotropic agent. Sodium xylene sulfonate, an
environmentally friendly chemical that is commonly used in everyday products, such
as shampoos and soaps, was used as the hydrotrope.

During the hydrotropic extraction, lignin was extracted into the liquid fraction,
generating a solid fraction that was enriched in cellulose. Next, the lignin was
recovered from the liquid fraction by diluting the solution with water, causing the
lignin to precipitate. Over 70% of the hemicelluloses and approximately 50% of the
lignin were recovered from the liquid fractions after steam explosion and hydrotropic
extraction respectively. More than 90% of the cellulose was recovered in the solid
fraction after hydrotropic extraction.

Next, the influence of process conditions during steam explosion and hydrotropic
extraction was studied. Based on the findings, hydrotropic extraction could be
performed even at ambient temperature with a short residence time, provided that
the feedstock had been steam-pretreated prior to the hydrotropic extraction. The
recycling of sodium xylene sulphonate was examined, and the results demonstrated
that it could be reused several times without losing its efficiency. This property could
be advantageous, because the regeneration of the used hydrotropic agent can be
expensive and energy-demanding. Furthermore, it was shown that nanofiltration
could be used to recover the diluted sodium xylene sulphonate solution, thus
reducing the heat-energy demand of evaporation, which is commonly used for
concentration.



Populirvetenskaplig sammanfattning

I framtiden ska fornybar ravara frin jordbruk och skog inte bara forse jordens
vixande befolkning med f6da utan dven anvindas for att ersitta brinsle, kemikalier
och andra produkter som idag framstills ur fossila ravaror. For att den fornybara
ravaran ska ricka till allt detta maste vi inte bara ateranvinda och dtervinna anvinda
produkter utan ocksi utveckla metoder si att vi kan ta till vara och dra nytta av alla
biomassans olika bestdndsdelar. Hur man kan gora detta pa ett bide miljovinligt och
resurseffektivt sitt har studerats i detta arbete.

Anvindandet av fossila rdvaror leder till en 6kad koncentration av vixthusgaser i
atmosfiren vilket leder till att medeltemperaturen pa jorden nu 6kar snabbare dn
normalt. Fér att vinda pd denna trend behéver vi hitta andra mer miljévinliga
alternativ till fossila ravaror. Genom att ersitta fossila ravaror med révaror frin
vixtriket kan vi hélla kolets kretslopp intakt eftersom vixter binder koldioxid genom
fotosyntesen och ir en del av det naturliga kretsloppet av kol. 70% av Sveriges yta ir
tickt av skog vilket gor skogsravara till ett naturligt alternativ i Sverige f6r processer
baserade pd biomassa. Inte bara ved utan alla vixter innehéller tre dominerande
bestdndsdelar; cellulosa, lignin och hemicellulosa. Forskning har visat att de kan
anvindas som révaror for att ersitta oljebaserade produkter som brinslen, plaster och
textilier om vi bara kan utveckla kostnads- och energieffektiva metoder att separera,
rena och koncentrera dem, vilket ir precis vad jag gjort i detta arbete.

Jag har anvint en tvastegsprocess for att dela upp vedens huvudkomponenter i olika
fraktioner. I processens forsta steg anvinds vattendnga for att 16sa ut hemicellulosan.
Det aterstdende materialet behandlas sedan i en process dir en billig och miljévinlig
kemikalie (en hydrotrop), som linge anvints i vanliga hushallsprodukter som tval
och schampo, utnyttjas for att 16sa ut ligninet. Kvar blir d4 till slut cellulosan. Mitt
arbete har frimst varit inriktat pd ate klarligga hur olika processparametrar i det
andra processteget, den hydrotropa extraktionen, paverkar utbytet av lignin.
Parametrar som jag undersoke var uppehillstid, temperatur, mingd biomassa i
forhallande till miangd hydrotrop samt hydrotropens koncentration. Resultat fran
mina forsdk visar att hydrotrop extraktion kan anvindas for att separera
hemicellulosa, lignin och cellulosa i bjork- och bokved. Genom att behandla triflis
med dnga under en kort tid kan man dessutom utféra den efterfljande hydrotropa
extraktionen vid rumstemperatur vilket gor att energibehovet i processen dirmed

blir lagt.



For att erhilla ligninet spads den hydrotropa losningen ut med vatten varpa ligninet,
som i vanliga fall inte 4r l6sligt i vatten, faller ut. Nir ligninet har filtrerats bort frin
16sningen maste hydrotropen koncentreras vilket enligt tidigare forskning har gjorts
med indunstning. I denna avhandling visas att membranfiltrering skulle kunna
anvindas for att ta bort 50% av vattnet frin den utspidda hydrotropen. Vidare
undersoktes ocksd om man kunde ateranvinda hydrotropen till flera pa varandra
efterf6ljande extraktioner utan att regenerera den. De erhéllna resultaten visar att det
ir mojligt och att hydrotropen kan ateranvindas flera ginger utan att tappa sin
effektivitet. Detta innebir i sin tur att dyra kostnader for rening och regenerering
kan minskas.
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Design of experiment
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1 Introduction

In December of 2015, parties to the United Nations Framework Convention on
Climate Change accepted the Paris Agreement, which aims to strengthen and
coordinate the global response to climate change. These activities are to be performed
by keeping the global temperature rise below 2°C in comparison with pre-industrial
levels, to avoid the irreversible effects of climate change. To achieve this goal, all
parties will strive to reduce their CO; levels and greenhouse gas (GHG) emissions

rapidly [1].

To implement the Paris Agreement, the European Union presented its new strategy
for addressing climate change at the end of 2019. The European Green Deal aims
to shift the European economy into one that is circular and bio-based and to make
Europe the first climate-neutral continent by 2050 [2]. To this end, a new legislation
proposal, called the European Climate Law, was presented in March of 2020. The
climate law includes, among other mandates, a framework to assess the progress and
render net-zero GHG emissions legally binding by 2050 for all member states [3].

As of January 2018, Sweden’s Climate Act was enacted as a result of a new climate
policy framework that was adopted in 2017. The framework builds upon three
pillars: the Climate Act, specific climate goals and a climate policy council. To reach
the goals in this framework, the Swedish government is obliged to present a climate
report in the budget bill every year and a new action plan every fourth year [4]. The
long-term climate goal in the framework stipulates that Sweden reach net-zero GHG
emissions by no later than 2045. This target should be attained by cutting emissions
by 85% compared with the levels in 1990 and thereafter through supplementary
measures. One such suggested approach is to increase the CO, uptake by forests.

Approximately 70% of the Swedish land area is covered by forest, corresponding to
28 million hectares, of which 23.6 million is productive forest land [5]. Annually,
70 million m? of timber is harvested for the production of wooden goods, fibre-based
products and renewable energy [6]. By substituting products that are made from
fossil resources with ones that are derived from the forest, Swedish CO, emissions
are estimated to decrease by 42 million metric tonnes of CO, equivalents yearly.
Further, the rising growth of Swedish forest accounts for an increase in the annual



CO; uptake of 55 million metric tonnes of CO; equivalents. As stated in the Swedish
climate policy framework, the CO, uptake by forests will play a key role in Sweden’s
road toward being the first country to reach net-zero emissions by 2045. To exploit
the full potential of the forest in replacing fossil-based products, it is vital to utilise
all of the components of wood, necessitating access to cost- and energy-efficient
separation methods that make it possible to purify and concentrate these
constituents.

1.1 Aim and outline of the thesis

The aim of the work in this thesis was two-fold: i) to evaluate the performance of a
two-stage biomass fractionation process, consisting of pretreatment by steam
explosion (STEX), followed by hydrotropic extraction (HEX), and ii) to study the
influence of the operating conditions on the recovery of lignin during HEX.
Hardwood was used in the experimental studies, and sodium xylene sulphonate
(SXS) was the hydrotrope that was used during HEX.

A brief overview of the main components of wood is presented in Chapter 2. In
Chapter 3, processes that are used to extract lignin are presented. The equipment
and analytical procedures that were used in the experimental studies is described in
Chapter 4. In Chapter 5, the results of the fractionation of hardwood using the two-
stage process are presented (Papers I and II). The findings of the study of the
influence of temperature, residence time and biomass loading during HEX (Paper
I1I) and the concentration of SXS (Paper IV) are also summarised in Chapter 5. The
conditions for reusing SXS in repeated extraction (Paper V) and for concentrating
the diluted SXS solution by nanofiltration (Paper VI) are discussed in Chapter 6. In
Chapter 7, the influence of operating conditions on the properties of the wood
components are discussed. Finally, concluding remarks and suggestions for future
work are provided in Chapters 8 and 9.



2 Lignocellulosic biomass

Lignocellulosic biomass is the most abundant renewable feedstock on earth, with an
estimated annual production of approximately 180 billion tonnes [7], which can be
compared with the total global production of crude oil of approximately 5 billion
tonnes in 2020 [8]. Lignocellulosic biomass can be found everywhere throughout
the planet, from forests and agricultural residues to energy crops and grasses. The
three main components of lignocellulosic biomass are cellulose, lignin and
hemicellulose, together accounting for roughly 95% of the total composition.
Lignocellulosic biomass also contains small amounts of extractives and inorganics.
Depending on the species, there are differences in the ratio of these components.
The chemical compositions of a few lignocellulosic materials are presented in Table

1.

Table 1. Composition (%) of different lignocellulosic materials [9].

Material Cellulose Hemicelluloses Lignin Extractives
Softwood 40-44 25-29 25-31 1-5
Hardwood 43 - 47 25-35 16 — 24 2-8
Bagasse 40 30 20 10
Wheat straw 30 50 15 5

2.1 Cellulose

Cellulose constitutes most of the cell wall in plants. It is a linear polymer that
comprises D-glucose units that are linked by B-(1-4)-glycosidic bonds (Figure 1). A
single cellulose molecule can have a chain length of roughly 10,000 glucose units
[10]. In plants, single cellulose chains are arranged in so-called microfibrils, which
consist of cellulose chains that are held together by hydrogen bonds between the
hydroxyl groups in the cellulose molecule. The structure within and between
microfibrils causes cellulose to form a rod-like structure, which aids the stability of

the plant.
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Figure 1. Schematic illustration of cellulose.

2.2 Hemicelluloses

Hemicelluloses are polysaccharides that add rigidity to the plant cell wall [10].
Hemicelluloses, unlike cellulose, are heteropolymers and can be both linear and
branched. They are derived primarily from hexoses, such as glucose, mannose and
galactose, and pentoses, such as xylose and arabinose [11]. Either monosaccharide
can function as the backbone with various side groups. Hemicelluloses are smaller
than cellulose, with a typical degree of polymerisation of approximately 40 to 200
[12].

In hardwood, xylan is the most predominant hemicellulose, with a backbone that
consists of D-xylopyranose units that are irregularly arranged and mainly substituted
by glucuronic acid groups [13]. Other side chains in hemicelluloses include acetic
acid and hexuronic acids. Such side chains are responsible for the solubility of
hemicelluloses in water or alkali [14].

2.3 Lignin

Lignin is the polymer that provides mechanical strength and facilitates
transportation of water and nutrients in plants [15]. It is an aromatic heteropolymer
that comprises primarily three phenylpropane units—p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol [10, 15], as shown in Figure 2, differing in the number
of methoxy groups that are attached to the aromatic ring, ranging from zero in p-
coumaryl alcohol to two in sinapyl alcohol [16]. When these monolignols are
polymerised through a reaction between phenoxyradicals [16] to form lignin, they
are referred to as p-hydroxyphenyl, guaiacyl and syringyl lignin, respectively [17].
The ratio of the building blocks in the three-dimensional lignin polymer differs
between species [17]. For example, hardwood contains both G- and S-units, whereas
softwood is mainly composed of G-units [10].
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Figure 2. Coumaryl alcohol, coniferyl alcohol and sinapyl alcohol.

Single monolignols are linked together by covalent bonds, such as ether bonds,
which appear somewhat randomly. The most common bond in hardwood lignin is
the 3-O-4 ether bond, followed by the B-5 bond [18], with the former reportedly
accounting for 50% to 70% of the total bonds in lignin [15], versus 35% to 60% in
softwood lignins. Other common bonds include a-O-4 and -, which appear at
various ratios, depending on the source of the lignin [17].

The lignin molecule also contains several functional groups that affect its reactivity
and offers various possibilities for chemical modifications [16, 19]. Such groups
include hydroxyl groups, carbonyl groups, methoxyl groups and sulfonic acid [17].
Due to its versatility, lignin is a potential raw material for a variety of high-value-
added products and chemicals, such as dispersants [20, 21], vanillin [22, 23],
thermoplastics [24, 25] and fuels [26, 27].






3 Fractionation of lignocellulosic
biomass

Sustainable utilisation of biomass requires that all components of the raw material
are utilised. Hence, the fractionation of lignocellulosic biomass is an important step
in many well-established processes around the world. However, many existing
processes do not utilise the entire biomass, instead targeting one or two components.
One such example is the most common pulping method, the kraft process, in which
cellulose fibres with high mechanical strength have historically been the primary
focus and the dissolved lignin has been burnt due to its excellent heating value.
However, lignin can be used as a raw material for a wide variety of value-added
products, as discussed, rendering this biopolymer a notable source of revenue.
However, to utilise the lignin in biomass, cost- and energy-efficient methods of
extracting it from biomass must be implemented. The most common methods for
such purposes are presented below.

3.1 Pulping processes

Pulping processes are used to generate a fibrous mass (pulp) from lignocellulosic
biomass. They are broadly classified as chemical or mechanical [28]. The aim of
chemical pulping is to remove lignin, whereas mechanical pulping defibrillates wood
using mechanical forces. Approximately 50% of the raw material (mainly lignin and
some hemicelluloses) is dissolved in the cooking liquor during chemical pulping
whereas only about 2% to 10% is dissolved in mechanical and thermomechanical
pulping [18, 28]. Chemical pulping accounts for roughly 75% of the pulp that is
produced worldwide [29]. The two most common chemical pulping processes are
the kraft (sulphate) process and the sulphite process. They include an extraction stage
in which a cooking solution is used at elevated temperatures to dissolve the lignin
molecule to produce a lignin-weak pulp [18, 29]. The spent pulping liquors
(containing cooking chemicals, dissolved lignin and hemicelluloses) are burnt in the



recovery boiler, salvaging cooking chemicals and the heat value of dissolved organic
substances.

3.1.1 The kraft process

In the kraft process, wood chips are treated with a mixture of sodium hydroxide
(NaOH) and sodium sulphide (Na,S) as cooking chemicals, making this process
alkaline [30]. The cooking step is carried out in a pressurised digester at temperatures
of 150-175°C [18] for 1-2 hours [30]. Next, the resulting pulp is washed and often
bleached, and the cooking chemicals are regenerated and reused in the process. The
pulp that is generated from the kraft process has high mechanical strength and can
be bleached to obtain high-quality paper, such as white paper for printing [31].

The cooking chemicals and the lignin that is dissolved from the biomass are
collectively called black liquor. This fraction is normally burnt in the recovery boiler
to produce heat and electricity. However, utilising the lignin in this fraction is an
important step toward converting a pulp mill into a biorefinery. One commercial
process that targets this is the LignoBoost process. In this process, the black liquor is
treated (preferably) by the addition of CO,, causing the lignin to precipitate under
acidic conditions. The lignin is then filtered off and re-suspended in H,SO4 before
it is washed and dried [32]. Because it is applied commercially, LignoBoost-
generated lignin is often used as a model compound for further upgrading and
processing, for example, into liquid biofuels [33].

3.1.2 The sulphite process

Compared with kraft pulping, sulphite pulping utilises sulphurous acid and
bisulphite ions, such as magnesium or calcium, as the cooking chemicals [34, 35].
This process is flexible in comparison to the kraft process, because it can be
performed in a wide span of pH conditions, ranging from acidic sulphite pulping
(pH 1-2) to neutral sulphite cooking (pH 7-9). The pulps from kraft and sulphite
pulping have different properties—the pulp from the kraft process has higher
strength, whereas sulphite pulp requires less bleaching [36]. Both pulping methods
have a low pulping yield, although that of sulphite pulping is normally slightly higher
than the corresponding value for kraft pulping [18, 34]. Due to the lower strength
of sulphite pulps, they are typically used for the production of tissue and newspaper
[31].



3.1.3 Dissolving pulp

Pulp is used primarily for paper and packaging, but the application of using cellulose
to produce textile fibres has increased in recent years. When used to produce textile
fibres, the cellulose must be free of not only lignin but also of hemicelluloses.
Dissolving pulp can be produced through an acidic sulphite process or by adding an
acidic prehydrolysis step to the kraft process [31]. Acidic conditions are applied to
remove hemicelluloses, which stabilise somewhat under alkaline pulping conditions,
from the pulp [34]. The resulting pulp, which is rich in cellulose, can be used for the
production of regenerated cellulose fibres, such as rayon, viscose and lyocell [31, 37].

3.2 The organosolv process

Initially, organosolv processes were developed as an alternative to traditional
chemical pulping processes due to issues with pollution from the bleaching stage and
to avoid the need for expensive recovery boilers [38]. This process has also become
an interesting option for the removal and recovery of lignin in biorefineries while at
the same time making the remaining cellulose-rich fraction more susceptible to
further processing, for example, by enzymatic hydrolysis [39, 40]. The fractionation
is performed by treating lignocellulosic biomass with an organic solvent, such as
ethanol or methanol, with or without a catalyst, such as organic [41] or inorganic
acids [42-44]; one of the most common combinations being an ethanol/H>SOx
mixture [45]. Depending on the exact process, the temperatures and residence times
during the extraction can vary greatly, from room temperature to 240°C [46] and

30-90 minutes [44].

During the extraction, the lignin and hemicelluloses in the material are degraded
and dissolved in the solvent [46]. In the second stage, lignin is recovered by
precipitation, often by the addition of water [47], and subsequently dried to form a
high-quality lignin fraction [46]. There are several commercial processes using
organosolv techniques, such as the Alcell process, which uses ethanol for
fractionation [48], and the CIMV process, in which wheat straw is treated with a
mixture of acetic acid, formic acid and water at proportions of 55:30:15 (w/w/w)
[49] for 3.5 hours at 105°C [50]. Further research has also been put into combining
organosolv with other pretreatment processes, such as steam explosion (STEX) [40].
When treating birch with the combined process, a solid fraction containing 78%
cellulose, 9% hemicellulose and 7% lignin was produced [51]. The combined
process was also reported to improve saccharification yields when treating the
cellulose-rich fraction with enzymes [51].



3.3 lonic liquids

Ionic liquids (ILs) are considered to be green solvents that, based on the discovery
that they can be used to dissolve lignocellulose [52], have received increasing interest
due to their unique properties. ILs are defined as organic salts with melting points
below 100°C [53] and have several benefits compared with organic solvents, such as
their low vapour pressure and high thermal stability [54]. ILs typically consist of a
large organic cation and an inorganic or organic anion and can be designed to exist
in a liquid state at room temperature [55]. Based on the possibility of tuning the
properties of ILs by choosing various combinations of ions, they can be produced to
target a specific molecule, such as lignin, in the biomass matrix. For example, Yan et
al. found a group of amine-sulphonate ILs that, at a concentration of 5mM, can
dissolve lignin in a model solution at 100°C, but did not dissolve either xylan or
cellulose under the same conditions [56]. However, lignin that is embedded in the
biomass matrix might be harder to extract. Furthermore, this group also showed that
the same type of selective behaviour was seen when extracting lignin from bark at

120°C for 10 hours but with slightly higher dissolution of the hemicelluloses [56].

There are other ILs that have shown promising results with regard to the dissolution
of kraft lignin in a model solution. For example, it has been reported that the
solubility of lignin using pyridinium formate is as high as 70 wt% in a temperature
range of 20-140°C [57]. To recover ILs, several processes are used, depending on the
properties of the IL, including distillation, extraction with an organic solvent and
separation using membranes [58].

3.4 Deep eutectic solvents

Deep eutectic solvents (DESs) are defined as solvents that, when mixed together,
have a considerably lower melting point than the individual components [59]. DES
are generally prepared by mixing a hydrogen bond donor (such as an acid, alcohol
or amine) [60] or metal salt with a hydrogen bond acceptor, such as a quaternary
ammonium or phosphonium salt [60, 61]. The first DESs were mixtures of urea and
ammonium salts [59].

DESs have a number of similar physical properties to ILs, such as low flammability
and vapour pressure, and it is possible to tune the DES by choosing the individual
components [61, 62]. The major advantage of using DESs as compared to ILs is that
they can be prepared easily from inexpensive compounds that are readily accessible
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and being convenient to handle as individual components [61]. By mixing the
compounds often under moderate heating, the production process is inexpensive,
allowing large-scale processing [61, 62]. In the case of fractionation of biomass with
DES, the first promising results were reported by Francisco et al. in 2012 [63],
showing that several DESs could be used for the selective extraction of lignin from a
model solution that contains lignin, cellulose and starch. They also found that
depending on the ratio of the constituents of the DES, they could dissolve more or
less of the lignin, demonstrating that tuning the DES is important for optimising
the process.

DESs have been examined in conjunction with other methods to improve the
solubility of lignin, including microwave treatment and ultrasonic treatment of
biomass [64]. Liu et al. [65] reported that 80% of the lignin in poplar can be
extracted using a DES that consists of choline chloride and oxalic acid dehydrate.
The samples were heated by microwave radiation at 800 W to 80°C for 3 minutes.
It has also been shown that 50% of the lignin in a model solution can be solubilised
using a DES (resorcinol-choline chloride) when applying ultrasonic radiation for 20
minutes at 90°C [66]. The desired molecule is often recovered by precipitation, most
often with the addition of water in the case of biomass [67]. The diluted DES are
then often recovered by evaporation, but due to the high energy intensity of this
process, alternative methods are being researched, such as liquid-liquid extraction
and sorption [67].

3.5 Hydrotropic extraction

3.5.1 Hydrotropes

Hydrotropes are molecules that increase the solubility of otherwise sparingly soluble
compounds when used at sufficient concentrations in an aqueous solution [68-70].
These molecules are typically organic salts and have an amphiphilic structure—ie,
they have both a hydrophobic and hydrophilic region, the former often being an
aromatic ring [68, 71] and the latter being an ionic group [72]. Hydrotropes are
similar to ordinary surfactants with respect to their amphiphilic structure, but they

have a shorter hydrophobic tail [73].

The exact mechanism of hydrotropy remains incompletely understood, but several
studies have reported that for a hydrotrope to be active, its concentration in solution
must reach a specific threshold, often referred to as the minimum hydrotrope
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concentration [70, 74-76]. This property is similar to the critical micelle
concentration for surfactants and has been defined as the point at which the
concentration is sufficiently high for hydrotrope molecules to form associated
structures [70, 77]. Due to this behaviour, the solute can be recovered easily from
the hydrotropic solution by adding water, thus lowering the concentration of the
hydrotrope [74]. Several suggestions have been proposed regarding the exact
mechanism. For example, McKee [78] has opined that the hydrotropic effect is
similar to that of the salting-in process of proteins, whereas Srinivas et al. [77]
reported that hydrotropes form layered structures that provide microenvironments
in which the hydrophobic solute can be solubilised. Recently, Abrances et al. [79]
theorised that the hydrotrope gathers around the solute, driven by hydrophobic
interactions between the hydrotrope and solute, which increase in the presence of
water.

A variety of molecules are considered to be hydrotropes, the most commonly used
of which are sodium salts of alkylbenzene sulphonates, such as sodium xylene
sulphonate (S§XS), sodium toluene sulphonate and sodium cumene sulphonate [80,
81]. Other hydrotropes that are used in various types of research include urea and
nicotinamide [82, 83]. Some of the most common hydrotropes are shown in Figure

3.
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Figure 3. Typical hydrotropes, SXS, sodium toluene sulphonate, sodium cumenesulfonate, urea and nicotinamide

Based on their properties and the fairly easy recovery of the solute by dilution with
water, the use of hydrotropes has been investigated in a wide variety of applications,
such as in the pharmaceutical industry [83, 84], as additives in detergents [81] and
for various industrial fractionation purposes, such as the fractionation of
lignocellulosic biomass [85-89].

3.5.2 Hydrotropic fractionation of lignocellulosic biomass

Fractionation of lignocellulosic biomass using hydrotropes was first patented by
McKee in 1943 [90], who reported that several hydrotropic agents, such as SXS,
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could be used for the selective recovery of lignin from woody and nonwoody biomass
[90]. McKee treated the material at 150°C for 12 hours using SXS at a concentration
of approximately 30% (w/w) [90]. In recent years, interest in using hydrotropes as
delignification agents for lignocellulosic biomass has re-emerged. Woody biomass,
such as eucalyptus, birch and spruce [86, 87, 91, 92], and nonwoody biomass, such
as bagasse, cotton stalks and straw [85, 88, 89, 93], and their fractionation by a
variety of hydrotropes, such as SXS, sodium cumene sulphonate, sodium benzoate
and p-toluene sulfonic acid [88, 89, 94], have been examined. A variety of residence
times, between 20 minutes to 12 hours [85, 91, 94, 95], and temperatures from
80°C-180°C [86, 93, 94] have been investigated. The concentration of the
hydrotropic agent that is used in the fractionation is typically 30% to 40% [86, 88,
95, 96], but ranges of 10% to 80% have been evaluated in some cases [85, 91, 94].
After hydrotropic extraction (HEX), the lignin-rich hydrotropic solution is separated
from the solid phase by filtration, for example [85]. The solid fraction is then washed
with NaOH [87] or a weaker solution of hydrotrope [86] to prevent redeposition of
lignin onto the cellulose fibres.

The reported results of the HEX have varied, with lignin extraction yields ranging
between 40% to 93%, depending on the raw material [86, 91, 94, 96]. To further
increase the efficiency of the process, Gabov et al. [87] added a catalyst, such as
hydrogen peroxide and/or formic acid, during the HEX, showing that more lignin
could be extracted and that the selectivity toward lignin increased with the addition
of the investigated catalysts. Although the delignification increased, the total pulp
yield declined with the addition of a catalyst, likely due to the more extensive
degradation of the carbohydrates present in the material. In another study, Gabov et
al. [96] found that the lignin that was recovered from the modified process was
altered to a higher degree than that from hydrotropic extraction without an added
catalyst.

To recover lignin from a hydrotropic solution, the lignin-rich liquid is diluted by
simply adding water [86, 87, 96]. As the concentration of hydrotrope in the solution
decrease, the lignin particles are no longer solubilised and thus precipitate. The lignin
particles can then be filtered off or separated from the diluted hydrotropic solution
by centrifugation [87, 96]. The precipitated lignin is then washed thoroughly with
water [87, 89] or NaCl [86] to remove any remaining hydrotrope. The precipitated
lignin has been reported to be pure, with a low sulphur content, compared with
other technical lignins, such as those that originate from the kraft process. The
impurities in HEX-generated lignin are often attributed to the hemicelluloses present
in the raw material [87, 89].
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3.6 Steam explosion

Steam explosion (STEX) is a common process for pretreating lignocellulosic biomass
[44], for which there are several pilot plants for industrial or research applications
worldwide [97, 98]. In this process, the biomass is subjected to high-pressure steam,
typically at temperatures of 160-260°C for 1-20 minutes [44, 98]. The pressure is
then decreased rapidly, causing explosive decompression of the biomass [44]. During
STEX, hemicellulose bonds are hydrolysed, either by the release of organic acids
from the material itself due to thermal degradation (autohydrolysis) or by the
addition of a catalyst, such as H,SO4, HCl and SO, [98, 99]. Upon hydrolysis of the
hemicelluloses, they become water-soluble and can thus be recovered in the liquid
fraction, whereas the remaining solids are enriched in cellulose [100].

During STEX, the ultra-structure of the material changes, and its surface area and
porosity increase, rendering the material more susceptible to further processing
[100]. During STEX, the lignin is chemically modified by depolymerisation and
subsequent repolymerisation, leaving the lignin more prone to be extracted, for
example, by alkali [97, 101]. It has been reported that higher severities during STEX
result in a loss of B-O-4 bonds in the lignin and greater repolymerisation [101, 102],
due to the acidic environment that is created in the STEX process. One way to avoid
this type of reaction is to use very mild conditions during the process [101].

To achieve complete fractionation of lignocellulosic biomass, this work proposed
and examined a process that used STEX as the initial step to recover hemicelluloses,
followed by HEX to recover lignin. This process resulted in three fractions of
interest: a liquid fraction that is rich in hemicelluloses, a liquid fraction with lignin
in solution and a solid fraction that is enriched in cellulose. The process and its
implications are discussed in the following chapters.
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4 Equipment and experimental
procedures

The two-stage fractionation process that was studied in this work consists of
pretreatment by STEX, followed by HEX. The lignin that is dissolved during HEX
is precipitated by diluting the hydrotropic solution with water. The precipitated
lignin and diluted SXS solution are then separated by centrifugation. Finally, the
SXS solution is recovered by nanofiltration (NF). A schematic of the process is
shown in Figure 4.

Nanofiltration

(NF)

H0 ¢——— 7
7 .
Diluted SXS
solution
SXS
Hydrotropic
extraction
(HEX)

Steam explosion

(STEX) o
Precipitation
H0 =----- :
Liquid fraction 1
Solid fraction after after HEX .'"*"*-
STEX (SFsrex) (LFuex) H

Liquid fraction after Solid fraction after Lignin fraction
STEX (LFstex) HEX (SFhex)

Birch
chips

P—

Figure 4. The investigated process for fractionation of hardwood.
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4.1 Steam explosion

STEX was used as a pretreatment in Papers I-V. STEX was performed in a 10-L
preheated pretreatment reactor that was equipped with a flash tank to collect the
pretreated material, as presented in Figure 5. The reactor was connected to a steam
boiler that provided steam at a maximum of 28 bar. Prior to STEX, the wood chips
were milled and sieved to obtain a uniform size of 2-10 mm. The material was then
impregnated with water to reach a DM content of approximately 50% and loaded
into the reactor in batches of 750 g (DM). After STEX, the liquid and solid fractions
were separated using a filter press. To remove solubilised hemicelluloses that adhered
to the fibres, the solid fraction was washed with an excess of hot deionised (DI) water
and agitated for 1 hour. After the wash, the solid and the liquid fraction were
separated using a filter press at 6 bar.

Collection

vessel

Steam
boiler

Figure 5. The STEX equipment used.
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4.2 Hydrotropic extraction

The HEX was performed in a reactor (Papers I-III and V) or microwave oven (Paper
IV). The reactor was a 2-L stirred batch reactor (Polyclave, Biichi AG, Switzerland)
that was connected to a thermostat (Unistat T305, Kiltenmaschinenbau AG,
Germany), as shown in Figure 6. The reaction proceeded under constant agitation
at 350 rpm. The SXS was prepared by mixing DI water with 93% pure SXS powder
(Stepanate SXS-93, Alsiano, Denmark) to the desired concentration.

Figure 6. The reactor and thermostat used for HEX in Paper I-Ill and V.

The microwave experiment (Paper IV) was performed in an Ethos Plus laboratory
microwave (Milestone Stl, Sorisole, Italy) with a maximum effect of 2.0 kW. The
microwave was equipped with a tray and 6 separate compartments with a maximum
volume of 200 ml each. One of the compartments was equipped with a temperature
probe for control. To ensure a uniform temperature profile in all compartments, the
tray was rotated, and the direction was reversed after one rotation (360°).
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Figure 7. The microwave oven used in Paper V.

After HEX, the liquid fraction was separated from the solid fraction using a Biichner
funnel that was connected to vacuum or by filtration using a small filter press. The
solids were then washed sequentially with 0.1 M NaOH, 0.05 M NaOH and DI
water to remove any residual SXS and lignin from the fibres. The lignin that was
dissolved in the SXS solution was recovered by diluting the solution with DI water.
The precipitated lignin was then separated from the diluted SXS solution by
centrifugation.

18



4.3 Nanofiltration

In Paper VI, nanofiltration (NF), a pressure-driven membrane process, was used to
concentrate the diluted SXS solution. The flux (ie, capacity) and retention of lignin
of 5 membranes were examined, and the performance of the most promising
membranes was evaluated in concentration studies. The experimental set-up for this
study included a temperature-controlled feed tank and a displacement pump
(Hydra-cell D25XL, Wanner, Minneapolis, MN, USA). A flat-sheet membrane
module with a membrane area of 0.00196 m* was used in the parameter studies, as
shown in Figure 8. During the concentration studies, the same membrane was
mounted in three modules that were connected in parallel yielding a total area of
0.00588 m”. The permeate flux was measured using an electronic balance (PL6001-
S, Mettler Toledo Inc., Columbus, OH, USA), and the temperature was controlled
using a temperature regulator that was connected to a Pt-100 temperature probe.
The pressure was measured at the outlet, before the retentate valve. The flow rate
was controlled using a frequency converter (ELEX 4000, Bergkvist & Co AB,
Gothenburg, Sweden) that was connected to the pump.

578

Tank — ]

&

Figure 8. Experimental setup used in the NF experiments.
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4.4 Analytical procedures

Much analytical work was conducted to evaluate the results of the various
treatments, including many compositional analyses of different solid fractions and
size exclusion chromatography and elemental analysis of the precipitated lignin.

4.4.1 Compositional analysis

To determine the lignin and carbohydrate content in the raw material (hardwood
chips), the solid fraction after STEX (SFsrex, Figure 4) and after HEX (SFuex, Figure
4) was subjected to acid hydrolysis and then analysed according to the NREL
procedure [103]. The DM contents in the samples were measured as oven-dry weight
at 105°C. The content of acid-insoluble lignin (often referred to as Klason lignin)
was determined using a filter crucible with a maximum pore size of 16 pm to collect
the solid residue after the acid hydrolysis. The solid residue was dried at 105°C
overnight and then weighed. Carbohydrate monomers in the liquid hydrolysate were
measured by isocratic high-performance anion-exchange chromatography with
pulsed amperometric detection, using an ICS-3000 chromatography system
(Dionex, USA) that was equipped with a Carbo Pac PA1 analytical column (Dionex,
USA). Measurements were performed at 30°C using DI water as the eluent at a flow
rate of 1 mL min™'. The liquid fractions of a few selected samples were analysed in
accordance to the NREL standard procedures for liquids [104]. Carbohydrate
content was determined by high-performance liquid chromatography (HPLC) using
a refractive index detector (RID-10A, Shimadzu, Kyoto, Japan), with an Aminex
HPX-87H column for separation.

4.4.1.1  Reproducibility of the compositional analysis

The reproducibility of this analytical procedure was evaluated by analysing the same
sample on three occasions over three months. The analysed sample was a hardwood
mix of 80% birch and 20% beech that was steam-pretreated at 210°C for 5 minutes
and then subjected to HEX at 150°C for 8 hours. As seen in Table 2, there were no
major differences in the results between the three analyses performed. This is a clear
indication that the reproducibility of the analysis is high.
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Table 2. Composition (%) of the solid fraction after HEX at 150°C for 8 h. All three analyses were performed for the
same sample on three occasions. BDL, below detection limit.

1t analysis 2" analysis 31 analysis Mean value
Carbohydrates 81.7+16 83.2+0.5 874+1.1 84.1+3.0
Glucan 73115 75.1+04 76.8+1.2 75.0+1.9
Xylan 6.1+0.1 6.0+0.1 6.1+0.2 6.1+0.1
Mannan 26+0.0 21+0.0 45+0.1 3.1+13
Arabinan BDL BDL BDL BDL
Galactan BDL BDL BDL BDL
Lignin 12.9+0.3 14.6+0.7 13.8+0.2 13.8+0.9
Acid insoluble 10.9+0.2 122+ 0.6 11.6+£0.2 11.6+0.7
Acid soluble 20+041 24+0.3 23+0.1 2.210.2
Ash BDL BDL BDL BDL
Recovery 946+1.2 97.7+1.2 101.1 1.1 97.8+3.3

During the work of this thesis, STEX was performed several times. The variations in
the composition of the steam-pretreated material could have been an issue had the
several runs of STEX needed for a study not been performed at the same time. Thus,
a new batch of STEX material was prepared for each study. However, because the
same material was used in several studies, the composition of the material that had
been subjected to STEX at 210°C and 5 minutes could be compared. As presented
in Table 3, the composition did not vary significantly, despite the STEX being
performed at different occasions. Notably, the differences in the composition of the
material after STEX are in the same range, or even lower, than those for the HEX-
treated material in Table 2, indicating that these differences are attributed more to
the analysis than the treatment itself.

Table 3. Composition (%) of the solid fraction after STEX at 210°C for 5 minutes. STEX was performed on the same
material on three occasions. BDL, below detection limit.

15t STEX 2" STEX 3 STEX Mean value
Carbohydrates 67.1+1.1 66.7 + 0.6 65.3+0.2 66.4+1.0
Glucan 59.2+0.7 58.1 0.6 55.9 0.3 57.7+1.7
Xylan 5.7+0.0 6.7 0.1 7.8+0.0 6.7+1.1
Mannan 1.9+0.0 1.9 +0.0 1.7+0.1 1.8+0.1
Arabinan BDL BDL BDL BDL
Galactan BDL BDL BDL BDL
Lignin 30.4+0.0 27.6 £1.0 30.5+0.9 295+1.7
Acid insoluble 27.5+0.1 25.1+1.0 26.3+1.0 26.3+1.2
Acid soluble 29+0.1 3.1+0.1 42+0.0 34+07
Ash BDL BDL BDL BDL
Recovery 97.6£1.1 94.2+0.5 95.9+0.7 959+1.7
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The raw material (hardwood chips) that was used in the studies was kept in a cold
storage room at 6°C. The material was extracted with water and ethanol in
accordance with NREL procedures and then analysed. Although the material was
stored for two years, no differences in composition were observed, as seen in Table

4.

Table 4. Composition (%) of the raw material (80% birch and 20% beech) extracted on three occasions. BDL, below
detection limit.

1t extraction 2" extraction 3rd extraction Mean value
Carbohydrates 67.6+1.4 65.5+0.7 64.7 £ 0.2 659+1.5
Glucan 394038 39.5+0.5 39.7+0.1 39.5+0.2
Xylan 22.2+0.6 21.9+0.3 21.8+0.1 22.0+0.2
Mannan 3.7+0.2 3.6+0.0 25+0.0 3.3+07
Arabinan 0.6+£0.0 0.6+0.0 BDL 04+04
Galactan 1.8+0.1 BDL 0.7+0.0 0.8+0.9
Lignin 27.2+1.1 27.4+0.4 28.6 +0.1 27.7+0.8
Acid insoluble 20.7+1.0 20.1+£0.5 21.2+0.1 20.7 £ 0.6
Acid soluble 6.5+0.0 7.3+0.2 74+0.0 71+05
Ash BDL BDL BDL BDL
Recovery 949+25 929+0.4 93.3+0.0 93.7 +1.1

4.4.2 Size exclusion chromatography of lignin

The size distribution of the lignin that was extracted by HEX was determined using
size exclusion chromatography (SEC) in Paper III. SEC was performed on an
Alliance 2695 HPLC system (Waters, Milford, MA, USA) that was equipped with
a 2487 UV detector (Waters, Milford, MA, USA) at 280 nm and a 2414 RI detector
(Waters, Milford, MA, USA). Separation was conducted using two columns in
series: a Superdex 200 Increase (300 x 10 mm, 9 pm) and a Superdex 30 (300 x 10
mm, 9 pm). The mobile phase was 0.1 M NaOH. The system was calibrated using
poly-ethylene glycol standards with molecular weights of 200, 400, 1000, 4000,
10,000 and 35,000 Da. The lignin samples were dissolved in 0.5 % (wt/wt) NaOH
to a concentration of approximately 1 g/L before analysis.

4.4.3 Combustional elemental analysis of lignin

An elemental analysis of lignin was performed in Paper III. Total carbon, hydrogen,
nitrogen and sulphur content in the samples was determined on an elemental
analyser (Vario MICRO cube, Elementar Analysensysteme GmbH, Langeselbold,
Germany). Oxygen was assumed to constitute the remainder of the material.
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5 Two—stage biomass fractionation

process

One of the objectives of the work presented in this thesis was to investigate the
fractionation efficiency of a two-stage process, consisting of STEX and HEX. Using
STEX as pretreatment, a hemicellulose-rich liquid fraction that contained over 70%
hemicelluloses was obtained, represented by the xylan content in Figure 9. The
remaining solid fraction after STEX was further treated by HEX, resulting in a
lignin-rich liquid that contained approximately 50% of the total lignin present in
the hardwood that was used in the experiments, and a solid fraction that was
enriched in cellulose (represented by the content of glucan), containing over 90% of
the total amount of glucan in the raw material. As shown in Figure 9, all fractions
were enriched in one of the three major wood components, demonstrating the
efficient fractionation achieved using the studied process.
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Figure 9. Recovery of lignin (black), glucan (grey) and xylan (striped) in hardwood in various process streams.
Standard deviation is less than 2.5% in all cases. Adapted from Paper I.
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The following subchapters focus on the influence of the operating conditions on

process efficiency.

5.1 Influence of operating conditions during steam
explosion

The influence of STEX on the subsequent HEX was studied in Papers II and III.
Paper II examined three STEX conditions and their influence on the composition
of the remaining solid fraction after STEX: “mild” STEX at 180°C for 5 minutes
(denoted STEXisy), “moderate” STEX at 210°C for 5 minutes (STEX;;0) and
“harsh” STEX at 210°C for 10 minutes, with the addition of acetic acid (HAc) as a
catalyst (STEXy10.1a0). The composition of the remaining solids after each treatment

is presented in Table 5.

Table 5. The composition (%) of the raw material and the solid fraction after STEX under various process conditions.
BDL: below detection limit. Adapted from Paper II.

Raw material STEXi1s0 STEX210 STEX210+HAc
Carbohydrates 64.7 £ 0.2 66.1+ 0.6 66.6 + 0.8 66.9+1.5
Glucan 39.7+0.1 48.3+0.6 58.8 +0.8 62.4+1.3
Xylan 21.8+0.1 16.0+0.1 7.0+0.0 4.3+0.1
Mannan 25+0.0 1.4+0.1 0.7+0.0 0.2+0.1
Arabinan BDL BDL BDL BDL
Galactan 0.7+0.0 0.3+0.0 BDL BDL
Lignin 28.6 £ 0.1 29.4+0.5 30.1+0.2 309+14
Acid insoluble 21.2+01 24.2+0.3 26.8+0.0 28.1+14
Acid soluble 74+0.0 52+0.2 3.3+0.2 2.8+0.0
Ash BDL 0.2+0.1 0.2+0.1 BDL
Recovery 93.3+0.0 95.7+0.3 96.8 £ 0.6 97.8+0.1

Glucan was enriched in the solid fraction after STEX as the severity of the treatment
increased, as shown in Table 5. The glucan content rose from 48% to 62% between
the mildest and harshest pretreatments, due primarily to more xylan being dissolved
as the content of xylan decreased in the solid fraction from 16% to 4.3%,
respectively. Small differences in total lignin content were observed between
treatments, indicating good selectivity toward hemicelluloses during STEX.

HEX was performed under two process conditions, 150°C and 190°C for 4 hours
(HEX 50 and HEX 90, respectively) to determine how the severity of the STEX affects
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the performance of the subsequent HEX. Between the results of the two-stage
treatment (STEX followed by HEX), minor differences in the composition of the
solid fractions were seen. The largest deviation was observed for the material that
was pretreated under the mildest STEX conditions and HEX at 150°C, as shown in
Table 6. The most notable difference was the higher xylan content in this sample,
attributed to the greater xylan levels after STEX s, as shown in Table 5.

Table 6. Composition (%) of the material treated with STEX under various process conditions followed by HEX.
BDL: below detection limit. Adapted from Paper II.

STEXigo+ STEXigo+ STEX210+ STEX210+ STEXz10uact STEXz10uact

HEX1s0 HEX190 HEX1s0 HEX190 HEX1s0 HEX190
Carbohydrates 77.8+0.1 851+0.3 84.0+0.2 84.8+0.8 81.2+04 82.6+0.5
Glucan 64.6+0.1 80.3+0.3 76.6+02 80.4+0.7 76.6+0.3 79.7+0.6
Xylan 11.9+0.0 45+0.0 6.6 +0.0 4.0+0.0 43+01 27+0.1
Mannan 1.0+0.0 0.3+0.0 0.7+0.0 0.3+0.0 0.2+0.0 0.2+0.0
Arabinan BDL BDL BDL BDL BDL BDL
Galactan 0.2+0.0 BDL BDL BDL BDL BDL
Lignin 17.7+0.2 125+ 0.5 14.4+0.0 13.4+0.2 156 +£0.5 16.2+0.8
Acid 14.0+0.2 10.6 £ 0.5 11.7+£0.1 11.6+0.2 13.4+£0.5 14.7+0.8
insoluble
Acid 3.7+0.1 1.9+0.0 2.7+0.0 1.8+0.0 2.1+0.0 1.5+0.0
soluble
Ash BDL BDL BDL BDL 0.1+0.1 0.4+0.0
Recovery 955+0.2 97.6+0.2 98.7 £ 0.9 98.4+0.9 96.8 £ 0.0 99.3+0.2

The remaining solid fraction after HEX was further enriched in cellulose through
the combination of STEX and HEX, as seen in Table 6, due to the simultaneous
delignification and removal of xylan from the solid material during HEX.
Furthermore, comparing the results of HEX at 150°C and HEX at 190°C at the
medium- and higher-severity STEX conditions, implies that the temperature during
HEX did not have a significant impact on the extraction, yielding similar
compositions of the solid fraction after HEX.

In Paper III, the influence of pretreatment with STEX was examined further.
Untreated and STEX-pretreated birch chips were subjected to HEX at 25°C and
250°C. STEX was performed at 210°C for 5 minutes, and the residence time during
HEX was kept constant for 1 hour in all four experiments. The extraction of the
individual components was calculated according to Equation 1:

Ex = (1 — M) +100 (1)

MX,SFSTEX
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where Ex is the extraction (%), mxsriex is the mass of component X in the solid
fraction after HEX and mxsrstex is the mass of component X in the solid fraction
before HEX (for abbreviations, see Figure 4).

The results show that using STEX as a pretreatment before HEX is paramount if
HEX is to be performed at ambient temperature. As shown in Figure 10, no
component was extracted at 25°C in the absence of pretreatment with STEX,
whereas 50% of the lignin was extracted, even at room temperature, when the
material was pretreated by STEX.
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Figure 10. Extraction (%) during HEX of untreated and pretreated birch chips at 25°C and 250°C. Lignin: black
bars, glucan: grey bars and xylan: striped bars. Standard deviations were less than 1.5% in all cases. Adapted
from Paper IlI.

With HEX at 250°C, approximately the same amounts of lignin, xylan and glucan
were extracted with and without pretreatment by STEX (Figure 10). This result
indicates that if some form of hydrothermal treatment is applied, during STEX or
within the HEX itself, 50% to 60% of the lignin present in the material can be
extracted by HEX.
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5.2 Influence of operating conditions during
hydrotropic extraction

The influence of temperature and residence time during HEX was studied in Paper
I. The raw material (80% birch and 20% beech) in these investigations was STEX-
pretreated at 210°C for 5 minutes. HEX was performed at 150°C, 170°C, 180°C
and 190°C with a residence time of 4 h. Temperature had no significant influence
on the extraction of any component, as shown in Figure 11a. Between residence
times of 0.5 h and 8 h during HEX at 150°C, a significant difference was observed
only at 0.5 h (Figure 11b).
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Figure 11. Composition (%) of the solid material after HEX at a) 4 h and various temperatures and b) at 150°C

and various residence times. Glucan: grey, lignin: black and xylan: striped. Adapted from Paper | [105]. Infogad
som png.

To systematically evaluate the influence of temperature, residence time and biomass
loading on lignin extraction during HEX of STEX-pretreated birch, a design of
experiments (DoE) methodology was applied in Paper III. The influence of
temperature was determined between 100°C and 200°C, at residence times between
0 min and 1 h, and at biomass loadings of 5% to 10%. All parameters correlated
positively with lignin extraction. To illustrate the effect of these parameters, response
surfaces were created (Figure 12). Further, residence time also had a quadratic effect,
indicating that a local maximum was achieved for lignin extraction at a residence
time of approximately 45 min, as shown in Figures 12a and 12c.
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Figure 12. Response surfaces fitted to the experimental data in the DoE design. Response surface at a) a
constant biomass loading (BL) of 7.5%, b) a constant residence time of 30 min and c) a constant temperature of
150°C. Adapted from Paper IIl.

The results of the DoE slightly contradict the findings in Paper I, in which
temperature and time had littde or no effect on lignin extraction. A possible
explanation is that the extraction of lignin during HEX reaches a “steady state” at a
sufficiently high temperature and residence time. The extraction of lignin plateaus
as the residence time increases, as shown in Figure 13. This “steady-state” point was
already attained at a residence time of 2 h, indicating that the process conditions in
Paper I did not include sufficiently low temperatures and short residence times for
the effects of these parameters to be visible.
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were less than 2.2% at all points. Adapted from Paper .

In Paper 111, the effect of temperature was also examined over a broader temperature
span of 25°C to 250°C at a constant residence time of 1 h. The extraction of various
components was calculated according to Equation 1. The extraction of lignin rose
slightly with increasing temperature until 200°C, levelling off and decreasing at
250°C, as shown in Figure 14a.
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Figure 14. a) Extraction of lignin (e) and b) glucan (A ) and xylan (m) versus temperature during HEX. Standard
deviations were less than 5.5% at all points. Adapted from Paper IIl.

The results from Paper IIT also show that the extraction of glucan and xylan increased
above 200°C (Figure 14b), indicating that more extensive breakdown of the entire
lignocellulosic structure occurred above this temperature. Furthermore, these data
demonstrate that above 200°C, the selectivity toward lignin is lost, because glucan
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and especially xylan were extracted together with the lignin. The same behaviour was
observed in Paper II, in which two HEX experiments were performed using
untreated hardwood chips at 150°C and 190°C for 4 h. The results indicate that
lignin and xylan were extracted together during HEX, especially at higher
temperatures, as evidenced by the increase in glucan content in the solid fractions
after HEX and the simultaneous decline in lignin and xylan content, as shown in
Table 7. This result could have implications if pure lignin is desired.

Table 7. Composition (%) of hardwood chips and the solid fraction after HEX at 150°C and 190°C.

Raw material HEXi1s0 HEX190
Carbohydrates 64.7 £0.2 73.2+1.0 855+0.3
Glucan 39.7+0.1 53.6 £0.7 80.9+0.3
Xylan 21.8+0.1 17.5+0.3 42+0.0
Mannan 25+0.0 1.7+0.0 0.4+0.0
Arabinan BDL BDL BDL
Galactan 0.7+0.0 04+0.0 BDL
Lignin 28.6+0.1 22.0+0.1 124+04
Acid insoluble 21.2+0.1 17.0+0.1 10.5+0.4
Acid soluble 74+0.0 5.0+£0.0 1.9+0.0
Ash BDL 0.1+0.0 0.2+0.0
Recovery 93.3+0.0 95.4+0.9 98.1+0.7

The influence of the concentration of SXS on the delignification of hardwood was
studied in Paper IV. The content of cellulose (represented as glucan) was markedly
higher after HEX, even at the lowest SXS concentration, as shown in Figure 15. As
the SXS concentration rose from 10% to 50%, the lignin content in the solid
material decreased from 27.7% to 16.2%.
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Figure 15. Composition (%) of the solid fraction after HEX at various SXS concentrations. Adapted from Paper IV.

The content of lignin in the solid fraction after HEX fell linearly with SXS
concentration until 40% but slowly began to level off as the concentration increased
to 50%, as shown in Figure 16. This could have implications on the process economy
if the process is to be used industrially, because there would be a trade-off between
the costs of increasing the SXS concentration against the gain in lignin that is
extracted.
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Figure 16. Influence of SXS concentration on the removal of lignin during HEX of STEX-pretreated hardwood
samples. Adapted from Paper IV.

31



32



6 Reuse and recovery of the SXS

solution

The use of HEX as a fractionation process has been examined in several studies, as
presented in Chapter 3. However, if the process is to be implemented on a large
scale, the recovery and regeneration of the SXS solution will be an important part of
the complete process. To the best of our knowledge, the reuse and recovery of the
SXS solution and its impact on process economy have not been studied further since
McKee filed his patent in 1943 [90]. These topics are discussed in this chapter.

6.1 Reuse of the SXS solution

When HEX of lignocellulosic biomass was first patented by McKee in 1943 [90], a
reported advantage of the process was the possibility of using the same hydrotropic
solvent in several runs. It was also claimed that as the hydrotropic solvent became
more concentrated with lignin in solution, it would become increasingly effective as
a solvent for lignin. In Paper V, an experiment with a series of extractions using the
same SXS solution was performed to test this hypothesis. The experiment was
designed such that new STEX-pretreated material was used in each HEX. The HEX
was performed at 150°C for 2 hours, after which the solid and liquid fractions were
separated, with the latter advancing to the next stage, as illustrated in Figure 17.
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Figure 17. Schematic illustration of the sequential hydrotropic extraction. S and L denote solids and liquids,
respectively. New STEX-pretreated material was used in each extraction. Each extraction is denoted “x:y”, where
x is the stage and y is the number of the extraction within the stage. Adapted from Paper V.

After each individual stage, the solid fractions after each HEX in the stage (1:1-1:6
and so on) were washed and mixed together. The compositions were analysed to
determine if the efficiency of the SXS solution varied between stages. By using
STEX-pretreated material from the same batch in every extraction, the composition
of the solid fraction after HEX was a good indicator of whether the efficiency of the
SXS solution changed between stages.

The glucan content increased from 59% in the solid fraction after STEX to roughly
75% in the solid fraction after each stage of HEX, as shown in Table 8, compared
with lignin declining from 30% to approximately 15%, respectively. The lignin
content remained constant at approximately 15% for all extractions except after the
fourth stage, after which the lignin content was 18%. This lignin content of 15% is
similar to that under the same HEX conditions in Paper I (14.6% in the solid
fraction after HEX at 150°C for 2 hours), indicating that the variations during the
HEX treatment itself are small.
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Table 8. Composition (%) of material after STEX and each extraction stage and the calculated concentration of SXS
(Paper V).

STEX HEX 1 HEX 2 HEX 3 HEX 4 HEX 5
Concentration of - 37 34 32 29 27
SXS
after extraction [%]
Carbohydrates 67.1+ 83.1+ 83.4 + 84.2+21 82.4+0.8 80.1+
1.1 0.4 0.9 6.2
Glucan 59.2 + 76.0 + 76.3 + 77.0+22 75.3+0.6 733+
0.7 0.4 0.8 0.4
Xylan 5.7+0.0 52+0.1 52+0.0 5.3+0.1 52+0.0 49+04
Mannan 1.9+0.0 1.9+0.2 1.9+0.2 1.9+0.2 1.9+0.2 1.9+0.2
Arabinan BDL BDL BDL BDL BDL BDL
Galactan BDL BDL BDL BDL BDL BDL
Lignin 304 t 149 + 15.1 ¢ 15.9+1.0 18.2+0.6 152 +
0.0 0.6 0.3 0.4
Acid insoluble 275+ 127 13.0 13.9+1.1 16.3+0.2 13.2+
0.1 0.4 0.2 0.2
Acid soluble 29+01 22+0.5 2105 2105 20+04 2005
Ash BDL BDL BDL BDL BDL BDL
Recovery 97.6 + 98.0 + 98.6 + 100.1 + 100.6 + 95.3 +
1.1 1.0 0.8 1.1 0.6 6.6

This study did not confirm the claim by McKee [90] that the efficiency of the SXS
solution increases with lignin concentration. Instead, approximately the same
amount of lignin (12 g) was dissolved in each stage, despite the concentration of
lignin steadily increasing. A nearly linear rise in the total amount of lignin in the SXS
solution was observed during the experiment, as shown in Figure 18. In total, 56 g
of lignin was dissolved in the final liquid fraction after Stage 5, corresponding to
roughly 65% of the total lignin that was added over the 5 stages.
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Figure 18. Total amount of lignin dissolved (black dots) in each stage of the HEX and the SXS concentration
(white dots). Adapted from Paper V.

However, due to the moisture content in the STEX-pretreated material
(approximately 40%), the SXS solution was diluted with each addition of new STEX
material. In this study, approximately 84 g of water was added at each extraction,
resulting in a nearly linear decrease in SXS concentration, from 40% in the first stage
to 27% in Stage 5, as shown in Figure 14. Given the decrease in the delignification
efficiency of the SXS solution with lower SXS concentrations, as seen in Figure 11,
McKee’s claim that the dissolving efficiency of SXS at higher lignin concentrations
could still be correct. The dilution of the SXS solution in each stage could be
compensated for by adding more SXS powder at each stage. However, doing so
would increase the costs, and lignin is still extracted extensively in each stage, despite
the concentration of SXS decreasing, which is an important process-related aspect to
consider. Consequently, this dilution effect must be considered if this process is to
be implemented on a larger scale.

6.2 Recovery of the SXS solution

The recovery of spent SXS solution has previously been performed by evaporation.
However, this process is energy-intense and thus expensive. In Paper VI, an
alternative method for recovering spent SXS solutions by nanofiltration was
examined.
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Five membranes with varying characteristics were evaluated in a screening study, in
which their flux and retention were recorded as a function of transmembrane
pressure (TMP). The initial concentration of SXS in the experiments was 4% (w/v).
This concentration has been found to be appropriate when precipitating lignin from
a used SXS solution [96] and confirmed by own, not published results. In this study,
a model SXS solution was used. The performance of the individual membranes was
determined in parameter studies at 45°C between TMPs of 1 to 35 bar. In general,
the membranes with high flux had low retention, and vice versa. However, two
membranes from General Electric (GE) that had a relatively high retention of SXS
in the parameter study (87% for the HL membrane and 90% for the AL membrane)
were assessed further in concentration studies.

In the concentration studies, a final concentration of SXS of approximately 8% was
achieved with both membranes. A higher volume reduction (VR = permeate
volume/initial feed volume) was needed to reach the final SXS concentration of 8.5%
with the HL membrane due to its lower retention. The average retention for the HL
and AL membranes were 70% and 96%, respectively. A VR of nearly 70% was
needed to reach the final concentration with the HL membrane, versus 47% with
the AL membrane, as shown in Figure 19. Despite the slightly lower mean flux of
the AL membrane during the concentration (31 L/m* h compared with 41 L/m* h
for the HL membrane), it remains the most advantageous choice due to its higher
retention of SXS.
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Figure 19. Flux during concentration of a 4% SXS solution with the a) HL membrane and b) AL membrane at 30
bar and 45°C. Adapted from Paper VI.

Although the flux remained above 0 at the final concentration of SXS in the
experiments in Figure 19, the maximum concentration that can be obtained by
nanofiltration is likely close to that in these experiments (approximately 8%). In the
initial stage of the design of the nanofiltration experiments, the flux of a 10%
solution was 0, likely due to the high osmotic pressure of the SXS solution.
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According to the van't Hoff equation, the osmotic pressure of a 10% SXS solution
is 25 bar at 45°C. Thus, at a pressure of 35 bar, as in this study, our result
approximates the maximum concentration that is achievable with this setting.
Further, despite the ostensibly minor increase in concentration from 4% to 8%, as
much as 50% of the water has been removed at 8%, which will have a tremendous
impact of the overall recovery cost.

6.2.1 Potential energy savings using membrane filtration

Removing water from a solution by evaporation is expensive. When the
concentration of SXS is lowered to 4% to precipitate lignin, 9 m’® of water must be
added to each m® of 40% SXS solution. To restore the original concentration, the 9
m’ of water that has been added needs to be removed again. Accurately estimating
the energy savings that can be obtained using nanofiltration requires a more extensive
evaluation of operating conditions and their effect on the membrane performance,
including pilot plant studies. However, to get an understanding of the possible
energy savings that could be made when SXS is treated with nanofiltration, a
comparison between the commercial concentration of whey proteins using
membrane filtration, and industrial evaporation were made. Whey was selected,
because its molecular weight (382 Da) is similar to that of the SXS molecule (210
Da) and because its starting concentration in the process is approximately the same

(5%) as the SXS solution in the study (4%).

It has been reported that the energy requirement to remove water during the
membrane filtration of whey is 9-20 kWh/m® water removed [106]. With
evaporation, these requirements vary between 209 kWh/m® removed water in a 3-
effect evaporator to 90 kWh/m?® in a 7-effect evaporator, estimated according to
Ekbage [107]. Because the concentration of SXS in our study was 8% when the
experiment ended, some evaporation will be necessary to restore the SXS solution.
However, as stated above, 50% of the water had already been removed, with a lower
energy requirement. Thus, the energy savings could be considerable if the used SXS
solution that is to be restored is pre-concentrated by nanofiltration before
evaporation.
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7 Discussion

Chapters 5 and 6 focused on the levels of each wood component that was obtained
in each process stream after STEX and HEX under various operating conditions.
However, lignin and hemicelluloses are not only polydisperse but also collective
terms for a range of heteropolymers with various functional groups. This chapter
discusses the influence of some important operating conditions on the properties of
the wood components and what significance this may have in the further processing
of the various substances.

7.1 Impact of steam explosion

The primary purpose of STEX is to extract hemicelluloses and open the wood
structure to facilitate HEX. During STEX of hardwood chips, the extraction of
hemicelluloses increases as the severity of STEX rises, as shown in Table 5, due to
the higher acidity in the more severe treatments. As the severity increases, acetic acid
is released from the material due to the hydrolysis of acetyl groups present in the
biomass [108]. Acetic acid was added as a catalyst in one of the experiments, lowering
the initial pH of this solution and promoting the extraction of more acid-soluble
components. The amount of total lignin increased slightly at higher severities during
STEX, as shown in Figure 20. Concurrently, the amount of acid-soluble lignin in
the remaining solids after STEX declined, as expected, as the pH fell with increasing
severity from 3.3 in the liquid fraction after the mild STEX to 2.4 in the liquid
fraction after the high severity STEX. The operating conditions under STEX thus
affect the ratio between the amount of acid-insoluble and acid-soluble lignin.
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Figure 20. Amount of xylan (representing hemicelluloses), total lignin and acid-soluble lignin (ASL) in the raw
material (hardwood chips) and the solid fraction after STEX under various operating conditions. Hardwood chips:
black bars, STEX1so: grey bars, STEX210: striped bars and STEX210+Hac: grey dotted bars. Adapted from Paper II.

Another result of higher severities during STEX is that the lignin present in the
material, which undergoes several subsequent de- and repolymerisation reactions
during the treatment, might form more condensed structures (with increasing
amounts of carbon-carbon bonds) at higher severities [101, 109, 110]. Thus, it
might be harder to extract lignin during HEX due to the condensed structures.
Consequently, even if performing STEX at a higher severity could be beneficial with
regard to the greater solubilisation of hemicelluloses, the resulting lignin might be
harder to extract. Therefore, the severity during STEX is a trade-off between
extracting as much hemicelluloses as possible and the potential issue of removing
condensed lignin structures from the fibres during the consecutive HEX.

7.2 Impact of hydrotropic extraction

When HEX was performed on the STEX-pretreated hardwood in Paper I, the
differences in the composition between the solid fraction after HEX at 150°C for 8
h and 190°C for 4 h were small, as shown in Figure 11. However, the visual
differences of the solids were profound. To better understand the ultrastructural
changes, SEM images of two solid fractions after HEX were compared. A
comparison of the solids after HEX at 150°C and 190°C (Figure 21 al and b1,
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respectively) shows that the structure has collapsed after HEX at the higher
temperature. It is also clear that the fibrillose structure was visible in both cases, based
on their magnified images (Figure 21 a2 and b2). However, pictures that are taken
by SEM merely depict a small area of the entire sample. Thus, these images might
not be representative of the entire sample.
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Figure 21. SEM images of the solid fraction after HEX at a) 150°C for 8 h and b) 190°C for 4 h. The magnification
was 250x (a1 and b1) and 5000x (a2 and b2). Adapted from Paper I.

A trade-off between the purity and yield of lignin must be made when selecting the
operating conditions during HEX. The results presented in this thesis clearly show
that the extraction of lignin and xylan increases when the temperature and residence
time rise beyond a certain threshold. This aspect must be considered, because the
lignin that will be precipitated from the liquid fraction after HEX might be
contaminated with xylan, which might have implications for the end use of the
lignin. This risk also underscores the importance of incorporating STEX before HEX
to remove as much xylan as possible before HEX.

41



Notably, in Paper III, the extraction of lignin decreased suddenly at 250°C (Figure
14a). However, previous studies have shown that the content of Klason lignin in
biomass can be overestimated due to the formation of so-called pseudo-lignin [111].
Further, the generation of pseudo-lignin correlates with high severities during
pretreatment, acidic conditions, and the presence of xylan [112, 113]. At high
temperatures during HEX, the pH in the liquid decreased, as shown in Figure 22,
perhaps indicating that the conditions at higher temperatures favour the formation
of pseudo-lignin. Furthermore, the amount of xylan decreased in the liquid fraction
after HEX at elevated temperatures (Figure 22). This finding contradicts the results
in Figure 14b, in which the extraction of xylan clearly increased at higher
temperatures. The observations in Figures 14b and 22 support the assumption that
some xylan was transformed into pseudo-lignin at high temperatures during HEX,
because it was not accounted for either in the solid, or liquid fraction after HEX.
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Figure 22. Influence of temperature during HEX on pH (white boxes) and the concentration of
xylose+galactose+mannose (XyGaMa) (black boxes) in the liquid fraction after HEX. Adapted from Paper Il.

In the study performed in Paper I, lignin was precipitated from the liquid fraction
after HEX and analysed by size exclusion chromatography and elemental analysis.
The results indicate that the lignin depolymerised at higher temperatures, as
evidenced by the decrease in weight average molecular weight (Mw), as presented in
Table 10. In the elemental analysis, oxygen content declined at higher temperatures
(Table 10). It has been reported that the cleavage of ether bonds accelerates at
temperatures above 160°C under acidic conditions [114]. As the cleavage of ether
bonds is often hydrolytic, resulting in the formation of water, this could explain the
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lower oxygen content. Smaller lignin fragments are often considered to be beneficial
for the further processing of lignin. However, if the creation of smaller lignin
molecules is offset by reactive bonds being broken (such as aryl-ether bonds), which
might occur with the lignin that is extracted at higher temperatures, possibly
rendering the lignin undesirable for use in the production of other chemicals and

products.

Table 10. Elemental and SEC analysis of lignin precipitated from the liquid fraction after HEX. Carbon and oxygen
content is expressed as % dry matter. Mw is weight average molecular weight, Mn is number average molecular
weight and PDI is poly dispersity index. Adapted from Paper IlI.

Sample Carbon content Oxygen content Mw Mn PDI
25°C 61.4 31.8 5779 1947 3.0
60°C 60.9 314 5650 1844 3.1
120°C 61.2 31.2 5602 1864 3.0
145°C 61.1 314 5904 1956 3.0
200°C 63.3 29.4 4805 1963 24
250°C 66.3 26.9 3764 1550 24

To fully understand how lignin transforms during HEX, the produced lignin must
be examined more comprehensively—for example, by H-NMR, QC-NMR and
FTIR. Such a characterisation could also determine whether it is advantageous to
perform HEX at lower temperatures, given that it was already possible to extract
50% of the lignin in the solid fraction after STEX at ambient temperatures during
HEX, as shown in Figure 14a. Because many current lignin extraction processes
involve high temperatures for longer periods, this “new” HEX-derived lignin could
be interesting for further investigation and processing.
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8 Concluding remarks

Hardwood can be divided into a hemicellulose-rich, a lignin-rich and a cellulose-rich
fraction in a two-stage process that comprises pretreatment by STEX, followed by
HEX. More than 70% of the hemicelluloses in the wood can be recovered in the
liquid fraction after STEX, compared with 50% of the lignin in the liquid fraction
after HEX, and over 90% of the cellulose is found in the solid fraction after HEX.
When STEX is used as a pretreatment step, the subsequent HEX can be performed
at ambient temperature with a short residence time of 1 hour, maintaining a high
yield of 50%. These properties are important for the process economy (no extra
heating required during HEX) and could have a positive impact on the structure of
the extracted lignin.

HEX can be used as a “stand-alone” process, as well, without pretreatment by STEX.
However, lignin and xylan will be extracted together in a one-stage, HEX-only
process. This set-up can have a negative effect on the efficiency of the fractionation
and the purity of the extracted lignin, which will be tainted by xylan. If a cost- and
energy-efficient method to separate these two components in the HEX liquid were
to be developed, pretreatment by STEX might be unnecessary. Unfortunately, it is
not possible to avoid heating the material completely, because, as demonstrated in
this work, some form of hydrothermal pretreatment is required to make the lignin
available for HEX, whether the heating is performed during STEX or during HEX
itself.

The hydrotropic solution can be reused several times without losing its efficiency. If
the process is to be operated on a larger scale, this would be advantageous, because
the regeneration of the used SXS solution could be quite expensive. However, when
reusing the SXS solution, one must account for the dilution effect of the repeated
addition of biomass, which usually has a high moisture content.

The extracted lignin is precipitated by diluting the SXS solution, which must be
concentrated before it can be used again. It was shown that 50% of the water in the
a diluted SXS solution can be removed by nanofiltration. Evaporation, a highly
energy-demanding process, has been suggested for the recovery of SXS, but
nanofiltration could potentially reduce the energy requirements in this part of the
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process. Notably, the reuse of the SXS solution, combined with the energy-efficient
concentration of the used solution by nanofiltration, can have a significant impact
on the overall economy of the process.

Finally, to transform our society from a fossil-based to a sustainable and bio-based
one, we must find environmentally friendly and energy-efficient fractionation
processes and use the available biomass wisely without unnecessary waste. In Sweden,
branches and treetops that are generated during forestry operations constitute a
largely unutilised biomass fraction that could be used in the STEX + HEX process.
Another type of waste that can be treated in this process is agricultural residues
(preliminary results). The use of environmentally friendly chemicals and the modest
energy requirement of the process that was studied in this thesis render it an
interesting alternative for treating residues from the forestry and agricultural
industries.
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9 Future work

The two-stage process that has been discussed in this thesis shows promise regarding
the fractionation of the main components of lignocellulosic biomass. However,
further research on the purification and upgrading of the various fractions is needed.
Potential applications for this already exist: cellulose can be used as textile fibres,
hemicelluloses are potential biopolymers and lignin is a valuable source of aromatics,
for example. However, developing environmentally friendly and energy-efficient
separation methods for further purification will be challenging.

The precipitated lignin that is obtained after HEX must be characterised to take
advantage of its full potential. By better understanding how the process conditions
during HEX affect the extracted lignin and its properties, the process could be tuned
toward generating a more reactive lignin, depending on what is requested for further
processing. It is likely that lignin that is extracted from HEX at low temperatures
differs from that at higher temperatures. Through a complete understanding of these
disparities, it is possible that the process will have even more advantages than those
that have been presented in this thesis. A relatively pure liquid lignin fraction is
obtained after HEX, but part of the original lignin remains in the solid cellulose-rich
fraction. If the cellulose is to be used for the production of textile fibres, for example,
the lignin must be removed, resulting in another lignin fraction with different
properties that potentially can be used in other applications than the lignin that is
extracted during HEX.

A greater understanding of the mechanisms during HEX is needed to improve the
process, for example, by studying how the size of the wood chips affects the mass
transfer. It is also important to investigate how the properties of the SXS solution is
altered upon the addition of lignin in order to determine how long it can be reused.
Furthermore, the combination of SXS with another solvent, such as ethanol, during
HEX could be a compelling pursuit. This modified HEX and organosolv process,
might affect both the lignin recovery and the properties of the produced lignin.

The recovery of the spent SXS solution by nanofiltration and the possibility of
reusing the SXS solution will likely impact the overall process economy, necessitating
further investigation of the reuse and recovery of the SXS solution. By performing
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nanofiltration of the spent SXS solution on a larger scale than the lab scale that was
used in this work, a more well-founded estimation of the economy of this segment
of the process can be made. Further, the actual spent SXS solution (after
precipitation and subsequent filtration of the lignin) could be used to examine
whether residual lignin particles affect the performance of the membranes.
Additional experiments should be performed to evaluate whether the SXS solution
becomes more effective when reused in several consecutive extractions. To account
for the dilution effect, solid SXS could be added after each stage to revert the
concentration to the target value.

The possibility of using raw materials other than hardwood should be assessed.
Agricultural residues are interesting in this context, because the sugars in their
hemicelluloses consist largely of pentoses, and the STEX + HEX process makes it
possible to separate the pentoses of the hemicelluloses and the hexoses of the
cellulose. Our preliminary results have shown that straw can be used as raw material
instead of hardwood, meriting further investigation to identify new areas of use.
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