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Acta Univ. Oul. A 698, 2017
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Abstract

Lignocellulosic biomass is the most abundant renewable raw material on the earth and it is so far
the most suitable and promising resource for the production of biofuels to replace long-term use
of fossil oil. This research aims to convert lignocellulose-based industrial residuals, fibre sludge
(FS) from a pulp mill and pine sawdust (PSD) from a sawmill, into platform sugars by two
different bifunctionalised pretreatments of lignocellulosic biomass. The bifunctionalised
pretreatment combines the ordinary pretreatment (deconstruction) of lignocellulosic biomass with
lignocellulosic polysaccharides saccharification. The outcome from both pretreatments can be
further transformed into biofuels and chemicals.

PSD and FS were converted into platform sugars by acid-catalysed mechanical
depolymerisation in a planetary ball mill in the first part of this research. The efficiency of the
conversion was mainly affected by the transferred energy caused by collisions, the total milling
time, acid concentration and moisture content in the reaction. Approximately 30 wt% of the sugars
was yielded from PSD and FS both in the short milling process with a low acid/substrate (A/S)
concentration without any prior treatment.

The second part of this research focuses upon the conversion of FS into platform sugars using
hydroxyalkylimidazolium hydrogen sulphate ionic liquids (ILs). Around 29 wt% of the sugars was
produced from FS using an IL/water mixture. The added water acted as a co-solvent and played a
critical role in the utilisation of these ILs. The blended water reduced the viscosity of the ILs and
enhanced the mass transfer between solvent and solute. In addition, the anions of the ILs provided
their acidic property in an aqueous solution and offered an acidic environment for hydrolysis
simultaneously.

Keywords: acid-catalysed mechanical depolymerisation, fibre sludge, hydrolysis, ionic
liquid, lignocellulosic biomass, pine sawdust (Pinus sylvestris), planetary ball mill,
saccharification





Dong, Yue, Lignoselluloosapohjaisen biomassan bifunktionaalinen esikäsittely
pelkistyneiksi sokereiksi ionisissa liuottimissa ja mekaanis-katalyyttisessä
happokäsittelyssä. 
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Tiivistelmä

Lignosellulossapohjainen biomassa on runsaimmin saatavilla oleva ja yksi lupaavimmista raaka-
aineista biopolttoaineiden valmistukseen korvaamaan fossiilisia polttoaineita. Väitöskirjassa tut-
kitaan teollisuuden lignoselluloosapohjaisten sivutuotteiden, selluteollisuuden kuitulietteen ja
sahateollisuuden sahanpurun (mäntypuru), muuntamista sokereiksi kahdella erilaisella ns.
bifunktionaalisella esikäsittelyllä, joissa yhdistyvät lignoselluloosabiomassan perinteinen esikä-
sittely (hajotus) ja polysakkaridien sokeroituminen. Muodostuneet sokerit voidaan edelleen
muuntaa biopolttoaineiksi ja -kemikaaleiksi.

Tutkimuksen ensimmäisessä vaiheessa sahanpuru ja kuituliete muunnettiin sokereiksi happo-
katalysoidussa mekaanisessa käsittelyssä, joka tehtiin kuulamyllyssä. Reaktiossa katalyyttisen
käsittelyn tehokkuuteen vaikuttivat erityisesti jauhatuksen kineettinen energia, jauhatusaika,
happokonsentraatio ja reaktioseoksen kosteus. Tulosten perusteella todettiin, että ilman lähtöai-
neen esikäsittelyä sekä sahanpurun että kuitulietteen sokerisaanto oli noin 30 massa% lyhyen,
matalassa happokonsentraatiossa tehdyn jauhatuksen jälkeen.

Tutkimuksen toisessa vaiheessa kuituliete muutettiin sokereiksi käyttämällä ionista liuotinta
(IL), hydroksialkyyli-imidatsoliumvetysulfaattia. Sokerisaanto kuitulietteestä oli noin 29 mas-
sa% IL-vesiseoksessa. Vesi toimi reaktiossa apuliuottimena ja sen rooli on keskeinen ionisten
liuottimien käytössä. Sekoittunut vesi laski ionisen liuottimen viskositeettia sekä edisti aineen-
siirtoa liuottimen ja liukenevan aineen välillä. IL:n anionit lisäsivät happamuutta vesiliuoksessa
ja mahdollistivat happamat olosuhteet samanaikaiselle hydrolyysille.

Asiasanat: biomassa, happokatalysoitu mekaaninen depolymerointi, hydrolyysi,
ioninen liuotin, kuituliete, lignoselluloosa, mäntypuru (Pinus sylvestris),
planeettakuulamylly, sokerointi
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Abstract

Biomasse aus Lignocellulose ist der am häufigsten vorkommende nachwachsende Rohstoff der
Erde und wird aktuell als eine der besten Alternativen für die Produktion von Biokraftstoffen
gesehen. Diese sollen langfristig die fossilen Öl-basierten Produkte ersetzen. Diese For-
schungsarbeit untersucht die Herstellung von Zucker aus Lignocellulose basierten Abfällen.
Faserschlamm aus der Zellstoffindustrie und Kiefern-Sägemehl aus der Holzverarbeitung wurden
durch zwei unterschiedliche Bifunktionelle Vorbehandlungen aufgespalten. Diese Bifunktionelle
Vorbehandlung kombiniert zwei Schritte in einem Prozess; die gewöhnliche Dekonstruktion der
Biomasse und die Verzuckerung von Polysacchariden aus der Lignocellulose. Das so erzeugte
Produkt dient als Ausgangsstoff für die weitere Herstellung von Biokraftstoffen und Chemika-
lien.

Im ersten Teil dieser Forschungsarbeit wurden Kiefern-Sägemehl und Faserschlamm in einer
Planeten-Kugelmühle zermahlen und gleichzeitig durch eine Säure depolymerisiert. Der Wir-
kungsgrad dieser säurekatalysierten mechanischen Depolymerisation wurde hauptsächlich durch
die Übertragung der Reibungsenergie, der Mahldauer der Zerkleinerung, der Konzentration der
Säure und der Feuchtegehalt der Proben beeinflusst. Etwa 30 wt% Zucker wurde so durch den
kurzen Zermahlungsprozess aus Kiefern-Sägemehl und Faserschlamm gewonnen. Dabei wurden
die Proben nicht vorbehandelt und enthielten eine geringe Säure/Probe Konzentration.

Der zweite Teil der Forschungsarbeit untersucht die Umwandlung von Faserschlamm in
Zucker mittels der Ionischen Flüssigkeit (ILs) Hydroxyalkyl Imidazolium Hydrogensulfat. Aus
den Faserschlamm Proben konnte 29 wt% Zucker durch eine Mischung von ILs und Wasser
gewonnen werden. Das zugesetzte Wasser spielte als Co-Lösemittel eine wichtige Rolle in der
Nutzung der Ionischen Flüssigkeit, dessen Viskosität so reduziert wurde. Dies führte zu einem
erhöhten Stoffübergang zwischen dem Lösemittel und dem Solvat. Zusätzlich sorgten die Anio-
nen der Ionischen Flüssigkeit für ein saures Milieu in der wässrigen Lösung und ermöglichten so
eine gleichzeitige Hydrolyse.

Schlüsselwörter: säurekatalysierte mechanische Depolymerisation, Faserschlamm,
Hydrolyse, Ionische Flüssigkeit, Biomasse aus Lignocellulose, Planeten-Kugelmühle,
Kiefer-Sägemehl (Pinus sylvestris), Verzuckerung
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1 Introduction  

1.1 Background 

Energy has been identified as a key fundamental in human development, such as 

the developments of economy, culture and society (Arto et al. 2016). Fossilised 

organic matters, for instance, oil, coal and gas, have been long-term used resources 

in the generation of energy. However, the energy generated from fossil carbon is 

associated with the increase of greenhouse gases, especially carbon dioxide (CO2). 

It is clear that anthropogenic CO2 contributes significantly to the greenhouse effect 

which is linked to climate change (Goeppert et al. 2014, Schwartz. 2008). Over the 

years, many regulations (Directive 2009/28/EC. 2009, Regulation (EU) No 

347/2013. 2013) of limiting CO2 emission and using renewable energy have come 

into force. Besides this, the increasing depletion of fossil fuel has also been 

investigated over the last few decades (Behera et al. 2014, Brandt et al. 2013, 

Goeppert et al. 2014, Vernon et al. 2011). These facts have led to a huge growing 

interest in developing lignocellulose integrated biorefineries for biofuels and value 

added green chemicals (Stark. 2011, Strassberger et al. 2014, Zhou et al. 2017).  

The energy which is generated from lignocellulosic biomass is a so called 

“bioenergy”. Based on the life cycle assessment (LCA), bioenergy is considered as 

almost CO2 neutral, due to no release of new CO2 during the utilisation of bioenergy. 

Lignocellulosic biomass refers to the living plants that store energy through 

photosynthesis. While burning biofuel, the absorbed CO2 from the atmosphere in 

lignocellulosic biomass is released back. Therefore, the CO2 level in the utilisation 

of lignocellulosic biomass as an energy supply remains constant. However, the 

generated CO2 emission in the conversion of bioenergy should be also considered. 

(Cherubini et al. 2013, Goeppert et al. 2014, Lindner et al. 2002). 

Figure 1 illustrates a general conversion of lignocellulosic biomass into 

bioethanol via a fermentation process. Biofuel as an alternative replacement of 

transportation fuel is normally converted through three major stages: i) 

pretreatment in which the structure of lignocellulosic biomass is deconstructed ii) 

hydrolytic depolymerisation (hydrolysis) in which lignocellulosic polymers are 

hydrolysed into platform sugars by enzymatic or acidic hydrolysis and iii) alcoholic 

fermentation, to convert sugars into ethyl alcohol (Brandt et al. 2013).   
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Fig. 1. General conversion of lignocellulosic biomass into bioethanol via fermentation 

and the closed loop of carbon dioxide (CO2). 

The current marketed biofuels are mostly produced from edible food, such as sugar 

beet, corn and vegetable oils which are easy to be used in biofuel production 

(Brandt et al. 2013). The extracted sucrose from sugar beet can be directly 

fermented and the starch based feedstock, such as corn, needs to be depolymerised 

to monosaccharides and subsequent fermentation. However, the biofuel production 

from the conversion of edible food provides a tense competition with food market. 

Moreover, the intense planting of certain vegetation for biofuel production has 

made environmental concerns, such as soil erosion and water pollution. This goes 

against the fundamental principle of bioenergy (Putro et al. 2016, Vogel et al. 2016). 

Hence, the conversion of non-edible food (Lignocellulosic biomass) into biofuel 

has been intensively discussed and studied in the last decades.   

The conversion of non-edible lignocellulosic biomass into biofuels usually 

involves an additional pretreatment step compared to edible feedstock. The basic 

idea of pretreatment is to bring the feedstock into a suitable form for further 

hydrolysis which maximizes the sugar conversion. A pretreatment is accounted as 

a key stage for the energy requirement and conversion efficiency in further 

processes (Brandt et al. 2013, Zhang et al. 2016b).  

In Finland, where forest covers approximately 75% of the land area, wood has 

been used as fuel for many years to generate energy (Räsänen et al. 2007). This 

also includes processed lignocellulose-based industrial solid residuals, such as 

sawdust from sawmills and fibre sludge (FS) from pulp mills. However, the 

remained ash after combustion is generally disposed in landfills (Kupka et al. 2008, 
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Rafione et al. 2014). It has been studied that wood fuel burning produces more 

pollution than liquid and gaseous fuels, for instance, wood fuel burning produces 

high emissions of 18 polycyclic aromatic hydrocarbons and atmospheric particulate 

matter 2.5 (Oanh et al. 1999, Mahi. 1993, Zhang et al. 2012). In addition, the 

exothermic energy and ignitability of wood fuel is affected by their species, water 

content and forms (Hehar et al. 2014, McAllister. 2013). Furthermore, the 

environmental legislations on, such as, CO2 emission and landfill disposing of 

biodegradable or organic waste have been tightened (Council of the European 

Union. 1999, Directive 2009/28/EC. 2009, Regulation (EU) No 347/2013. 2013). 

Recently, these solid residuals have been highlighted as raw materials in integrated 

biorefineries to generate biofuel and green chemicals, in order to aggrandise the 

value of lignocellulosic biomass utilisation (Moshkelani et al. 2013, Strassberger 

et al. 2014). In this study, two types of lignocellulose-based industrial residuals are 

converted into valuable sugars using extraordinary bifunctionalised pretreatments. 

The results show the potentiality in utilizing these industrial residuals and 

pretreatments in integrated biorefineries for value-added products.  

1.2 Scope and objectives  

This thesis focuses on two types of extraordinary bifunctionalised pretreatment of 

lignocellulose-based industrial residuals, pine sawdust (Pinus sylvestris) (PSD) and 

FS. PSD and FS are industrial residuals from sawmill and pulp mill respectively. 

The major difference between these two residuals is that FS is a chemically 

processed residual and rich in cellulose, while PSD is obtained after a mechanical 

process and consists of additional hemicellulose and lignin.  

The two bifunctionalised pretreatments aim to combine an ordinary 

pretreatment (deconstruction of lignocellulosic biomass) and saccharification of 

lignocellulosic polymers simultaneously. With water involved in the process, 

deconstructed lignocellulosic biomass is hydrolysed into platform sugars which can 

be used directly in the production of biofuel and value added green chemicals.  

The bifunctionalised pretreatments of lignocellulosic biomass are achieved by 

chemical (ionic liquid (IL)) and mechanical approaches (ball milling), respectively. 

The obtained products from both pretreatments are present either in liquid or 

liquid/solid phases. Platform sugars are the major components in the liquid phase 

which can be directly transferred to conversion of biofuel or other chemicals. The 

processed solid phase is deconstructed lignocellulosic biomass in which the 

accessible areas in the substrate are maximised and the digestivity for acids or 
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enzymes is increased. With these bifunctionalised pretreatments, a certain amount 

of lignocellulosic biomass is already converted into high yield of platform sugars, 

and therefore, less energy and chemicals/enzymes are needed in further hydrolysis 

process. The outline of the research work in this thesis is illustrated in Figure 2.  

 

Fig. 2. Framework of the thesis and distribution diagram of related topics in the study. 

The specific research questions (Paper I-IV) which were dealt with were: 

1. What are the conversion yields of total reducing sugars from PSD and FS in 

these bifunctionalised pretreatments (Paper I and II)? 

2. Which major parameters affect the efficiency of acid-catalysed mechanical 

depolymerisation of lignocellulosic biomass (Paper I and II)? 

3. What is the function of acid impregnation process in acid-impregnated 

mechanocatalytic depolymerisation (AIMD) and its comparison to direct acid-

catalysed mechanical depolymerisation (DAMD) (Paper I)? 

4. What is the role of water in pretreatment of FS using novel ILs (Paper III and 

IV)? 
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2 Lignocellulosic biomass  

Lignocellulosic biomass is the most abundant renewable raw material on the earth 

today. It is so far, the most suitable and promising biomass for green chemicals and 

biofuel productions among all the available biomasses (Shrotri et al. 2013, Tadesse 

& Luque. 2011). Lignocellulosic biomass normally refers to a photosynthesized 

carbon source that stores sunlight energy, such as woody plants, grass and solid 

residuals from processed plants. General used non-edible lignocellulosic biomass 

in energy production (e.g. biogas, biofuel) are various residuals from agricultural 

and forest. Approximately 90 wt% of the dry matters in lignocellulosic biomass are 

made of polymeric carbohydrates cellulose (40-60 wt%), hemicellulose (15-30 

wt%) and aromatic polymer lignin (10-25 wt%). These three major polymers 

together with other components, such as, acetyl groups, minerals and phenolic 

substituents, present a complex structure of lignocellulosic biomass. The exact 

composition of lignocellulose are varied by certain conditions, such as the species, 

environment of growth and ages (Barakat et al. 2013, Brandt et al. 2013, Putro et 

al. 2016, Van Osch et al. 2017).  

2.1 Cellulose 

Of all the renewable polymeric carbohydrate molecules, cellulose is the most 

abundant that naturally exists as a biopolymer. Pure cellulose is a 

homopolysaccharide which is composed of linear chains of 10000 or more β-1-4-

linked D-glucose monomers. The linear chains form microfibril by hydrogen 

bonding between hydroxyl groups which further turn larger cellulosic fibres 

(Figure 3b). The strong intra- and intermolecular networks of hydrogen bonds 

between hydroxyl groups of monomer units creates an ordered crystalline structure 

of cellulose and keeps cellulose thermally and chemically stable (Andanson et al. 

2014, Medronho & Lindman. 2015). The rigid structure in cellulose brings 

recalcitrance to its dissolution in common aqueous or organic solvents (Moreau et 

al. 2016, Shrotri et al. 2013, Van Osch et al. 2017). However, the derived oligomers 

from cellulose with the degree of polymerisation (DP) 1-6 can be dissolved in water 

and with DP 7-13 are partly water-soluble at elevated temperature (Wahlström & 

Suurnäkki. 2015).  

Cellulose shows an amphipathic-like structure in its structural anisotropy 

(Figure 3b). Three hydroxyl groups are located on the equatorial positions of the 

glucopyranose ring which gives the hydrophilic character of cellulose. A 
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hydrophobic character is observed on the axial direction since the hydrogen atoms 

of C-H bonds are located axially. Medronho and Lindman (Medronho & Lindman. 

2015) have suggested that the water solubility of cellulose is strongly affected by 

the hydrophobic interactions in cellulose.  

Fig. 3. General cellulosic biopolymer with intra- and intermolecular hydrogen bonds 

and glucose unit after hydrolysis (a) and amphipathic-like structure in cellulose (b) 

modified from (Van Osch et al. 2017, reprinted with the permission). 

Generally, the utilisation of cellulose is applied through a process in where the 

intra- and intermolecular hydrogen bond networks are broken (Paper IV). 

Crystalline and non-crystalline, usually refer to crystalline cellulose and amorphous 
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cellulose, alternate to each other in linear cellulose chains (Figure 3a). Cellulose I 

and II are the two general types of crystalline cellulose studied in the pretreatment 

of lignocellulosic biomass. Cellulose I usually refers to native cellulose and 

cellulose II is the transformed form of cellulose I, for instance, by mercerisation, 

dissolution and regeneration. Many researches have discussed that the regenerated 

lignocellulose often shows different composition from its native structure. The 

major difference between cellulose I and II is the structural variations in the unit 

cell. Cellulose II does not exist naturally in lignocellulosic biomass. In contrast to 

cellulose I, cellulose II is more thermodynamically stable and shows higher 

enzymatic/acidic digestivity (Brandt et al. 2013, Van Osch et al. 2017, Wahlström 

& Suurnäkki. 2015). The utilisation of cellulose via its dissolution and hydrolysis 

has been used widely in industry. For instance, the converted glucose from 

hydrolysed cellulose can be fermented to biofuel or dehydrated to 5-hydroxymethyl 

furfural (HMF) (Wahlström & Suurnäkki. 2015).  

2.2 Hemicellulose 

Hemicellulose is an amorphous matrix material which binds the cellulose fibrils 

non-covalently through hydrogen bonding. Compared to cellulose, the 

carbohydrate polymers have lower molecular weight than cellulose, with DP 

around 100-200. Unlike the composition in cellulose, hemicellulose is a more 

complex heteropolymer consisting of several monosaccharides including hexose 

(C6 sugars) and pentose (C5 sugars). A small quantity of α-L-rhamnose and α-L-

fructose can also be found in hemicellulose (Brandt et al. 2013, Limayem & Ricke. 

2012, Saxena et al. 2009, Zabed et al. 2016). Due to its amorphous property, the 

major monosaccharides in hemicellulose (Figure 4) can be more susceptible to 

being cleaved and released by hydrolysis than in the case of crystalline cellulose 

(Figure 3) (Brandt et al. 2013).  
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Fig. 4. Common existing hexoses and pentoses in hemicellulose (Brandt et al. 2013).   

2.3 Lignin  

Lignin is a three-dimensional aromatic biopolymer which is the main non-

carbohydrate component in lignocellulosic biomass. Lignin acts as cement to cross-

link cellulose and hemicellulose. The exact chemical structure of the native lignin 

polymer is still not well defined. However, it has been investigated and widely 

accepted that lignin can be biosynthesised from three predominant monolignols: p-

coumaryl, coniferyl, and sinapyl alcohols. The three precursory monolignols and 

their corresponding units in lignin are shown in Figure 5 (Brandt et al. 2013, Sun 

et al. 2014, Van Osch et al. 2017). 
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Fig. 5. Three precursory monolignols and their respective units in lignin.  

The cross-link between carbohydrates and lignin forms a large molecular structure 

that increases the mechanical strength and structural reinforcement. This shields 

the lignocellulosic biomass from degradation. Lignin is considered to be the major 

barrier of utilizing lignocellulosic biomass efficiently and it has been discovered 

that lignin also inhibits hydrolases and fermentative organisms in the conversion of 

lignocellulosic biomass (Brandt et al. 2013, Wahlström & Suurnäkki. 2015). In the 

current state, the technologies of utilizing lignin has not been fully developed. 

However, in the future perspective, lignin, as the second most naturally abundant 

biomass, offers a huge potential appellations in a wide range of industries, such as, 

lignin-based composites, hydrogels and functional carbon materials (Gillet et al. 

2017, Kai et al. 2016, Liu et al. 2015). 
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3 Pretreatment of lignocellulosic biomass  

3.1 General  

Due to the complex and rigid structure of lignocellulosic biomass, pretreatment is 

essential for the efficient utilisation of lignocellulosic biomass. However, 

pretreatment is considered to be a complicated and costly process in most of the 

conversion of lignocellulosic biomass (Behera et al. 2014, Zabed et al. 2016).  

Physical, chemical, physicochemical and biological pretreatments are the 

common classified pretreatments (Behera et al. 2014, Zabed et al. 2016). Generally, 

pretreatment of lignocellulosic biomass aims to break down its rigid structure and 

overcomes the obstacles of recalcitrance in the lignocellulosic matrix. The basic 

principle goal of pretreatment is to increase the accessibility of the enzymes or acids 

to the carbohydrates in lignocellulosic biomass by its increasing the surface area 

and porosity (Seidl & Goulart. 2016).  

Many studies have discussed that the pretreatment (Brandt et al. 2013, Seidl & 

Goulart. 2016, Wyman et al. 2005, Zabed et al. 2016) is accomplished mainly by 

(i) breaking the intra- and intermolecular hydrogen bond networks in cellulose and 

reducing the crystallinity and DP of the cellulose, (ii) separating lignin from the 

carbohydrates totally or partly, (iii) modifying the structure of the carbohydrate, 

especially cellulose, (iv) reducing the particle size and increasing the porosity and 

surface area.  

In most cases, the lignocellulosic biomass after pretreatment is presented in 

two fractions: water-insoluble solid which contains mainly cellulose I/II and lignin, 

and fractured water-soluble lignocellulosic biomass in liquid form. As discussed in 

Section 2.2, hemicellulose is susceptible to be depolymerised, as well as amorphous 

cellulose. Hence, monomeric sugars and water-soluble oligosaccharides may be 

found in the liquid fraction. In general, either an enzymatic or acidic hydrolysis 

process is required in converting pretreated carbohydrates into monomeric sugars 

(Zabed et al. 2016). In this study, two bifunctionalised pretreatments were 

performed using ILs and acid-catalysed mechanical depolymerisation approaches.  
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3.2 Acid-catalysed mechanical depolymerisation of lignocellulosic 

biomass 

Mechanical forces have been used over many centuries in the physical treatment of 

lignocellulosic biomass, such as deconstruction and fragmentation (Gharehkhani et 

al. 2015, Käldström et al. 2014a, Schüth et al. 2014). A novel approach of 

lignocellulosic biomass depolymerisation which combines mechanical forces and 

acid catalysis has emerged and has received increasing attention in current research 

of lignocellulosic conversion (Käldström et al. 2014a, Käldström et al. 2014b). A 

conventional mechanical pretreatment reduces the crystallinity of lignocellulosic 

biomass and enhances its reactivity to enzymes or acids after a long time reaction. 

The combined mechanical and acid catalysis pretreament converts lignocellulosic 

biomass into water-soluble oligosaccharides which can be further hydrolysed into 

C6 and C5 sugars easily (Käldström et al. 2014a, Käldström et al. 2014b, Shrotri 

et al. 2013).  

The widely reported pretreatment (Käldström et al. 2014a, Käldström et al. 

2014b, Shrotri et al. 2013) of combined mechanical forces and acid catalysis 

generally involves three major steps:  

– Wet acid impregnation of lignocellulosic biomass, lignocellulosic biomass 

is impregnated in the solvent (e.g. diethyl ether) which is mixed with a small 

amount of strong acid, for instance, sulphuric acid (H2SO4) or hydrochloric 

acid (HCl). In this process, the acid is expected to be loaded on the surface of 

lignocellulosic biomass.  

– Solvent removal, the solvent which is used in acid impregnation process is 

removed by vacuum evaporation. The solvent needs to be removed fully for a 

later depolymerisation process, in order to avoid resistance brought by 

moisture.  

– Acid-catalysed mechanical depolymerisation, lignocellulosic biomass is 

depolymerised and converted into water-soluble oligosaccharides.  

This depolymerisation of lignocellulosic biomass which combines mechanical 

forces and acid catalysis is achieved by deconstructing a rigid matrix and reducing 

DP in the lignocellulosic biomass. Eventually, the crystalline cellulose is modified 

to amorphous cellulose which can react efficiently with enzymes or acids at low 

temperatures. The current understanding of the mechanism of lignocellulosic 

biomass modification in acid-catalysed mechanical depolymerisation is to push 

acid into the lignocellulosic matrix by mechanical forces. The β-1-4-linked units in 
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native lignocellulosic biomass are modified into α-1-6 linkages which responses 

for the sensitivity of water solubility (Shrotri et al. 2013). The supplied energy for 

the depolymerisation of lignocellulosic biomass in the closed milling system is 

transferred by the colliding bodies, grinding balls, through collisions which results 

in a reduction of the sample size and by raising the temperature in the reaction 

system. The number of grinding balls and the volume of the sample placed in the 

reaction vial can influence the ball velocity, frequency of the transferred impact and 

the kinetic energy which directly affects the efficiency of the milling (Paper I).   

3.3 Pretreatment of lignocellulosic biomass using ionic liquids 

By traditional definition, ILs are salts with lower melting points and they are 

usually in a liquid form at, or close to room temperature (RT). In the recent years, 

ILs have been widely studied with an increasing understandings of its role as 

solvents in the processing of biomass. ILs are considered as a “greener” solvent for 

more than two decades, in contrast to volatile organic compounds (VOCs), due to 

its high thermal stability and negligible vapour pressure (Wahlström & Suurnäkki. 

2015). However, the “green” property of IL’s has been questioned, due to the 

studied and found toxicity of some ILs (Kundu et al. 2017, Larson et al. 2008, 

Markiewicz et al. 2013, Ruokonen et al. 2016). Modern ILs consist of organic 

cations and either organic or inorganic anions. The infinite combinations of cations 

and anions offer variable and adjustable properties on ILs, such as the acid-base 

character, preference of water solubility, viscosity and melting point. However, the 

purification of ILs is a very complicated process in IL synthesis, such as, removal 

of water, halide anions and solvents in the preparation. Furthermore, impurities in 

ILs may have an influence on the properties of the ILs and cause unexpected side 

reactions (Olivier-Bourbigou et al. 2010, Pinkert et al. 2009).  

Over the last decade, ILs have become highlighted solvents in the utilisation 

of cellulose dissolution, due to their ability of dissolving cellulose and properties 

of thermally stable and non-volatile which have less risks than common VOCs 

(Andanson et al. 2014, Swatloski et al. 2002). A considerable number of studies 

have discussed the presence of a strong link between IL anions and the dissolution 

ability of cellulose. IL anions which can form strong hydrogen bonds interactions 

with equatorial hydroxyl groups in cellulose lead to high cellulose dissolution 

(Wang et al. 2012). However, the role of cations in the cellulose dissolution is still 

under research (Schutt et al. 2017).  
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The common pretreatment of lignocellulosic biomass using ordinary ILs, such 

as 1-allyl-3-methylimidazolium chloride ([Amim]Cl) and 1-butyl-3-

methylimidazolium chloride ([Bmim]Cl), involves the dissolution of 

lignocellulosic biomass and regeneration of lignocellulosic biomass (mainly 

cellulose) by adding an anti-solvent, such as water and ethanol (Brandt et al. 2013). 

Water which always exists in an IL and even in neat IL plays a complex role in the 

pretreatment of lignocellulosic biomass using ILs. When water exists in ILs or 

lignocellulosic biomass as an impurity, it leads to a reduction of efficiency in 

pretreatment. Most likely, the hydrogen bonds in water have a strong preference to 

react with the IL anions. Therefore, the interaction between IL anions and cellulose 

is reduced. The same principle is applied to when water acts as an anti-solvent. 

Pinkert et al. (Pinkert et al. 2009) proposed that a rapid proton exchange between 

hydroxyl groups and the surrounding water exists when cellulose fibres are in 

hydrate state. When water acts as anti-solvent, water hydrogen bonds react strongly 

to the IL anions and disrupt the built network between the cellulose hydroxyl 

groups and IL anions (Brandt et al. 2013, Holding et al. 2017). Brandt et al. (Brandt 

et al. 2013) reported that the water tolerance ability of IL depends on its nature. 

The exact reason for the influence of water on the sensitivity of dissolution of 

lignocellulose in IL remains to be explained.  

Many studies have discussed that the IL with acidic functional group, such as, 

1-ethyl-3-methylimidazole acetate ([Emim]OAc) and 1-butyl-3-

methylimidazolium hydrogen sulphate ([Bmim]HSO4), has showed the advantages 

in the pretreatment of lignocellulosic biomass, due to their acidic property. Acidic 

IL can be used as dual solvent-catalyst which shows high catalytic activity and 

enhances the yield of lignocellulosic biomass deconstruction (Amarasekara & 

Owereh. 2009, Peleteiro et al. 2015, Satria et al. 2017, Vafaeezadeh & Alinezhad. 

2016).  

It is observed that the pretreatment of lignocellulosic biomass in ILs results in 

a 50-70% lower DP than the initial form (Schutt et al. 2017). However, ILs usually 

have high viscosity and the viscosity is even increased during the cellulose 

dissolution. Hence, the amount of dissolvable cellulose in ILs is limited by mass 

transfer (Wahlström & Suurnäkki. 2015).    
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4 Acid-catalysed mechanical depolymerisation 
of lignocellulosic biomass 

In this study, a rapid solvent-free DAMD of lignocellulosic biomass is built upon 

the commonly reported AIMD of lignocellulosic biomass as mentioned in Section 

3.2.  

A direct depolymerisation of lignocellulosic biomass in an acidic condition is 

introduced. In this bifunctionalised pretreatment, lignocellulosic biomass was 

deconstructed and converted into water-soluble sugars in a rapid one-step reaction. 

Experiments were performed with different acid/substrate (A/S) concentrations and 

milling times. AIMD of lignocellulosic biomass was performed in the same way as 

commonly reported, in order to provide an evident overview of these two different 

acid-catalysed mechanical depolymerisation processes.  

DAMD and AIMD of lignocellulosic biomass, PSD and FS, with different A/S 

concentrations, size of grinding balls and total milling time were studied. DAMD 

of pure α-cellulose was performed as a reference study for comparison purposes. 

Both DAMD and AIMD of lignocellulosic biomass exhibit novel approaches for 

the conversion of lignocellulosic biomass into sugars in an acidic milling 

environment. One major factor that differentiates DAMD and AIMD of 

lignocellulosic biomass is in the process in which the DAMD approach exhibits a 

rapid one-step direct solvent-free method. However, the AIMD approach involves 

two additional procedures: impregnation and solvent removal.  

4.1 Materials and characterisations  

FS and PSD were the two studied materials in pretreatment using the acid-catalysed 

mechanical depolymerisation approach. Both materials are industrial residuals, 

however, PSD remains in the form and property of native lignocellulosic biomass 

while FS is a chemical processed residual, which is rich in cellulose and low in 

lignin. Table 1 presents the components of FS and PSD.   
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Table 1. Elemental analysis and physical properties of pine sawdust (PSD) and air dried 

fibre sludge (FS). 

Components FS PSD 

Cellulose a (%), d.s.  75 42-44 

Hemicellulose a (%), d.s.   11 25-26 

Lignin a (%), d.s.   14 27-29 

Carbon (%), d.s. 41.9 52.8 

Hydrogen (%), d.s. 6 5.95 

Oxygen (%) < LOD < LOD  

Nitrogen (%), d.s. 0.88 0.22 

Sulphur (%), d.s. < LOD < LOD  

Ash (%), d.s. n.d. 0.47 

Moisture (%),d.s.  6.4 

% d.s., Mass fraction calculated from dry material (substance)  

LOD, limit of detection 

n.d., Not determined. 

a Calculated from the organic material in the sample. 

4.1.1 Pine sawdust 

Pine tree (Pinus sylvestris) is classified as a type of softwood and it is a major 

lignocellulosic resource in Northern Europe. The studied PSD consists of 

approximately 42 wt% cellulose, 25 wt% hemicellulose and 27 wt% lignin (Table 

1). In softwood, lignin is mainly composed of guaiacyl units and tiny amounts of 

syringyl units, whereas a different ratio of guaiacyl and syringyl units is present in 

hardwood. The larger amount of guaiacyl units make softwood less susceptible to 

be depolymerised in contrast to hardwood (Brandt et al. 2013).  

PSD was procured from approximately 30-year-old crushed pine tree stumps 

from the coastal area of Västerbotten in northern Sweden. The crushed stumps were 

transferred to a chipper and the resulting chipped sample was then sieved with a 1 

mm sieve. In addition to PSD, commercially available α-cellulose purchased from 

Sigma-Aldrich was used as a reference sample for PSD. The major difference 

between PSD and α-cellulose is that PSD contains additional hemicellulose and 

lignin, which for instance, shows strong signals of aromatic ring in lignin at a 

wavelength of 1510 cm-1 in Fourier transform infrared spectroscopy (FTIR) (Figure 

6).  
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Fig. 6. Fourier transform infrared spectroscopy spectrum (FTIR) of pine sawdust (PSD), 

α-cellulose and fibre sludge (FS). 

4.1.2 Fibre sludge 

FS, a primary sludge, was acquired from the waste stream of a Finnish pulp mill 

(UPM). The FS used in this study was taken from the stream of a mixing tank before 

the sludge drying process (Figure 7) (UPM. 2013). The composition of FS is a 

mixed species of Scots pine (Pinus sylvestris), Norway spruce (Picea abies), 

downy birch (Betula pubescens) and silver birch (Betula pendula) (Paper I).  

The original wet FS which was directly taken from the stream had an 

approximate mass fraction of only 4% before pressing and air drying. The pH of 

the stream was measured and it showed an alkaline condition (pH > 7). 

Approximately 75% of mass fraction in FS is cellulose and the following major 

components are lignin and hemicellulose. 



36 

Fig. 7. Manufacture outline of chemical pulp to effluent treatment at UPM Pietarsaari 

pulp mill. 

4.2 Methods 

In this study, DAMD and AIMD of PSD and FS were performed with different A/S 

concentrations, milling times and sizes of grinding balls (3 mm and 10 mm) in a 

planetary micro mill (FRITSCH, planetary micro mill pulverisette 7 premium line). 

AIMD of lignocellulosic biomass (Figure 8b) into sugars has emerged as a novel 

approach in the last decade. Generally, AIMD of lignocellulosic biomass involves 

three major steps: i) wet acid impregnation, ii) removal of the solvent by vacuum 

evaporation, and ii) acid-catalysed mechanical depolymerisation (Käldström et al. 

2014a, Käldström et al. 2014b, Shrotri et al. 2013, Van den Bosch et al. 2015). 

DAMD of biomass is a modified method based on AIMD of biomass without 

requiring prior wet acid impregnation and solvent removal of biomass (Figure 8a.).      

The obtained total reducing sugars (TRS) in the sugar solutions, such as 

monosaccharides, disaccharides and oligosaccharides were analysed according to 

the 3,5-dinitrosalicylic acid (DNS) method mentioned in Section 4.3.2. In addition, 

certain obtained major monosaccharides from lignocellulosic biomass, for instance, 

glucose, galactose and xylose obtained in the process were analysed by capillary 

electrophoresis (CE). 
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Fig. 8. a) Direct acid-catalysed mechanical depolymerisation (DAMD) and b) acid -

impregnated mechanical depolymerisation (AIMD) of lignocellulosic biomass (Paper II). 

4.2.1 Direct acid-catalysed mechanical depolymerisation of pine 
sawdust and fibre sludge  

Approximately 2.5 g (15 cm3) lignocellulosic biomass sample was roughly 

premixed with the required H2SO4 (96%) and then placed in a 45 cm3 stainless steel 

bowl reactor. The depolymerisation of PSD and FS was performed respectively in 

the milling vial with different A/S concentrations and milling times. The grinding 

balls which are made of zirconium oxide with diameters of 3 mm and 10 mm were 

used in the milling system. The grinding balls’ total volume of approximately 8 cm3 

was calculated based on the sphere’s volume equation (1), while 16 pieces of 
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grinding balls with a diameter of 10 mm had similar weight to the used 3 mm 

grinding balls.   

 

Total volume of grinding balls: v =16 × 4/3πr3   (1) 

In order to control the temperature in the reaction, the milling was performed with 

a certain time milling process and followed by an equivalent pause. The eventual 

desired milling time was achieved by repeating the milling-pause process. 

Following this, water-soluble products determination and acid hydrolysis of the 

process sample were directly performed (Section 4.2.3). In addition, the 

temperature of the grinding balls was measured immediately after 

depolymerisation by connecting to a K type thermocouple.   

4.2.2 Acid-impregnated mechanocatalytic depolymerisation of 
lignocellulosic biomass   

AIMD of PSD was implemented with observed optimal A/S concentration (0.3 mol 

kg-1), based on the analytical results from DAMD of lignocellulosic biomass in 

Section 4.2.1. 

The AIMD of PSD was accomplished according to the procedures described 

in Schüth et al. (Schüth et al. 2014). Dry PSD (10 g) was immersed in an 

acid/solvent mixture which the designed amount of H2SO4 acid (0.31 g) was added 

in diethyl ether (200 mL). The resulting mixture of lignocellulosic biomass and 

solvent were placed and shaken for a designed time, 2 h, in an incubator at RT. 

After impregnation, the solvent (diethyl ether) was removed by vacuum 

evaporation at 40 °C for 2 h and at approximately 5 kPa. The dried lignocellulosic 

biomass was directly transferred to the reaction vial and the depolymerisation of 

lignocellulosic biomass was performed in a designated time. 

4.2.3 Determination of water-soluble products and acidic hydrolysis 
of processed lignocellulosic biomass 

Processed lignocellulosic biomass, 500 mg, was placed separately in two round-

bottomed flasks and 10 mL of distilled water was then added to each flask. To 

determine the water-solubility of the processed sample, one round-bottomed flask 
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with a water-sample mixture was shaken in an incubator at RT for 1 h. The 

homogenised solution was then filtrated followed by the flask and sample being 

washed with distilled water a few times. The total obtained sugar solution was 15 

mL. The separated solid residual was washed a couple of times with distilled water 

and air dried. Based on the mass of the remaining solid residual, mass fraction of 

water-solubility of the processed sample was determined as followed in equation 

(2).  

 

Mass fraction of water-solubility of processed sample: 

(1-mass of the solid residual / 500 mg) × 100% 

(2) 

Another round-bottomed flask with 10 mL water-sample mixture was transferred 

to an oil bath and hydrolysed at 100 °C for 1 h. The remaining solid sample was 

separated and dried in the same way as above. The mass fraction of produced TRS 

was determined as follows (3).  

 

Yield of TRS (%): (CTRS × 15 mL) / 500 mg × 100%  (3) 

Where, 

CTRS is the concentration of TRS in mg cm-3 

15 mL is the amount of added distilled water 

500 mg is the mass of the processed sample 

4.3 Analytical methods 

4.3.1 Determination of the remaining acid in acid-impregnated 
lignocellulosic biomass 

In order to observe and understand the effects of the impregnation process on the 

conversion of lignocellulosic biomass into TRS, separated impregnations of PSD, 

FS and α-cellulose were performed. A high A/S concentration of 0.8 mol kg-1 was 

used in all impregnations.  

There was no evident change in FS and α-cellulose before and after acid 

impregnation. However, after removing the solvent in the acid-impregnated PSD 

sample, different colours appeared on the top, middle and bottom of the rotary 
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evaporator flask. Each layer was carefully removed from the flask and collected. 

Classical acid-base titration using 0.1 mol L-1 sodium hydroxide (NaOH) was used 

to determine the remaining acid in each layer in acid-impregnated PSD. The 

remaining acid in FS and α-cellulose was determined for the entire samples (Figure 

8).  

4.3.2 Determination of total reducing sugars  

The DNS method was used to estimate the total amount of obtained reducing sugars 

which, for instance, includes all monosaccharides, certain disaccharides, 

oligosaccharides and polysaccharides.  

The yield of TRS was determined according to Miller (Miller. 1959) with 

modifications. The DNS method was performed three times on each sample and 

the mean values are given in Section 4.4.5. 200 µL of DNS reagent was mixed with 

the same volume of sample solution and the mixture was then transferred to a boiled 

water bath and heated for 5 min. 2600 µL distilled water was then added to the 

mixture to take the total volume up to 3000 µL for analysis. The prepared sample 

solution was analysed with an ultraviolet visible (UV/VIS) spectrophotometer 

(Shimadzu UV-1800) at a wavelength of 540 nm. The TRS concentration of the 

sample solution was given based on the standardisation of glucose (Paper III).  

4.3.3 Capillary electrophoresis 

The hydrolysates were filtered with a 0.45 µm GHP Acrodisc syringe filter and 

diluted with distilled water, when required.  Monosaccharides were analysed using 

a modified method of Rovio et al. (Rovio et al. 2007) by a P/ACE MDQ CE 

instrument (Beckman-Coulter, Fullerton, CA, USA) equipped with a diode array 

detector (DAD) at 270 nm. Uncoated fused-silica capillaries with an I.D. of 25 µm 

and length of 30/40 cm (effective/total length) were used. The samples were 

injected at a pressure of 3447.4 Pa for 10 s. The used separation voltage was +16 

kV, and it was raised linearly within a 1 min ramp time, followed by a separation 

time of 15 min. Calibration curves for the external quantification of 

monosaccharides were prepared using standard solutions of HMF, cellobiose, 

galactose, glucose, mannose, arabinose and xylose. Each sample run was 

performed with spiked standards to confirm the identity of the analytes and all 

samples were measured as duplicates.   
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4.4 Results and discussion 

4.4.1 Yields of remaining acid in the acid-impregnated pine sawdust 
and fibre sludge 

The remaining acid in the impregnated biomass was determined for PSD, FS and 

α-cellulose. During the impregnation of all samples, no obvious impacts on the 

samples were found. However, after the removal of solvent by vacuum evaporation, 

the PSD sample showed three different gradations of colours. A very small amount 

of dark brown coloured PSD accumulated on the bottom of the flask. The rest of 

the sample was shared by light brown coloured PSD at the top of the flask and 

yellowish PSD (the nature colour of PSD) in the middle of flask. The remaining 

acid in different coloured PSD was determined by classical acid-base titration and 

the results are shown in Figure 9. 

 

Fig. 9. Pine sawdust (PSD) collected from the top, middle, and bottom of the rotary 

evaporator flask after acid impregnation and vacuum drying, and determination of the 

remaining acid in the processed PSD based on its colour and position in the 

evaporation flask (Paper II). 

The darkest coloured PSD on the bottom contained the highest acid concentration 

(0.95 mol kg-1), whereas very little amount of acid (0.225 mol kg-1) was found in 

the yellowish PSD in the middle layer. The acid impregnation of biomass was 
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performed in the mixed solvent of diethyl ether/H2SO4. During the removal of 

solvent using vacuum, certain amount of acid could be carried and transferred by 

the water/solvent vapour to the upper layer of the flask or even removed with the 

solvent during vacuum evaporation (Paper I & II). Diethyl ether could be cleaved 

to alcohol in the mixed solvent by adding strong acid, H2SO4. Hence, alcohol might 

also play a potential carrier for the acid from the bottom to the top layer and its 

eventually removal (Jaques & Leisten. 1964, Timonen & Leu. 2006). Consequently, 

the actual amount of acid involved in the further AIMD was less than in DAMD. 

The overall remaining acid after acid impregnation of lignocellulosic biomass was 

determined to be approximately 89% of the original added acid. 

In the impregnation process, lignocellulosic biomass is supposed to be 

“softened” and acid is homogeneously loaded to the surface of the sample. 

However, the result of remaining acid determination demonstrates that the acid was 

obviously not sufficiently homogeneously loaded into the sample and most of the 

acid remained on the bottom of the flask.   

The impregnation of α-cellulose and FS was performed in the same way with 

the same A/S concentration of 0.8 mol kg-1. Unlike PSD, no apparent colour change 

was found. Since PSD consists of cellulose and additional hemicellulose and lignin, 

the colour change of PSD after the impregnation process might be exclusively due 

to lignin oxidation, as chromophores were formed (Gaspar et al. 2007, Ghoreishi 

& Haghighi. 2007, Johansson & Gellerstedt. 2010). 

4.4.2 Effects of the impregnation and depolymerisation on biomass 

Figure 10 (a to d) shows Field Emission Scanning Electron Microscope (FESEM) 

images of the dry sample of FS from the input and outcome of the AIMD process. 

Figure 10a is the original form of FS before impregnation, while Figure 10.b 

displays the structure of the FS sample after impregnation in 0.6 mol kg-1 

acid/solvent and solvent removing. An organised structure of FS in Figure 10a and 

b can be detected.  Theoretically, after acid impregnation, FS has been ‘softened’, 

however, no significant difference can be observed between the original form and 

the impregnated sample.  

The FESEM images of solid residual after water-solubility determination and 

hydrolysis are shown in Figure 10 (c and d), respectively. Both figures illustrate the 

surface morphology of AIMD of FS with a 40 min milling process at 0.6 mol kg-1 

(10 mm grinding balls). The effects of acid-catalysed depolymerisation of FS can 

be clearly revealed, such as the reduction in particle size and disruption of the FS 
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structure. A looser structure and smoother surface of FS were observed after 

depolymerisation, in contrast to the original form. The overall surface area was 

increased after milling by rupturing the original rigid structure. Notably, the 

reaction was more effective at higher temperatures (Figure 10d). The reason for 

this might be that acid has a higher diffusivity at higher temperatures.  

 

Fig. 10. a) Untreated fibre sludge (FS), b) vacuum dried FS after acid-impregnation with 

an acid concentration of 0.6 mol kg-1, c) separated water-insoluble product after 40 min 

milling and d) obtained solid product after hydrolysis. 

The obtained sugar solutions from DAMD and acid hydrolysis of PSD and α-

cellulose are exhibited in Figure 11a and b. Remarkably, when the total milling time 

was longer, the colours of obtained sugar solutions of both PSD and α-cellulose 

turned darker. In addition, the colours of obtained sugar solutions from PSD (Figure 

11b) turned significantly darker in comparison to α-cellulose. The obtained sugar 

solutions showed a light yellowish colour with 15 min milling and brown yellowish 

with 75 min milling (Figure 11a).  

It was observed that both obtained sugar solutions show similar colours in the 

first 15 min of milling. Unlike α-cellulose, PSD contains additional amorphous 
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cellulose, hemicellulose and lignin. It is assumed that hemicellulose and 

amorphous cellulose were cleaved in the first 15 min of milling, due to their weaker 

hydrogen bonds than crystalline cellulose.  
 

Fig. 11. Obtained sugar solution from direct acid-catalysed mechanical 

depolymerisation (DAMD) of cellulose (a) and pine sawdust (PSD) (b) with an acid-

substrate (A/S) concentration of 0.3 mol kg-1 (Paper II). 

When increasing the total milling time to over 30 min in both reactions, sugar 

solution obtained from PSD turned much darker than obtained from α-cellulose. It 

is likely that the lignin in PSD was cleaved after 30 min of milling which was 

shown by the appearance of chromophores in the solution and the evident colour 

change. Increasing the milling time enhanced the cleavage of lignin which 

amplified the dark colour of the TRS solution. However, the chromophores could 

also be formed by the oxidation of leucochromophores during milling. Furthermore, 
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the presence of free radicals and metal/organic complexes in native lignin may also 

have an effect on the colour changes. In the presence of Fe3+ or/and Cu2+ and acidic 

conditions, the red-coloured stilbene quinones could be found after oxidation of 

stilbene which was converted from β-1 structures in lignin (Gaspar et al. 2007, 

Ghoreishi & Haghighi. 2007, Johansson & Gellerstedt. 2010). Similar appearances 

of colours in the obtained sugar solutions from FS were observed, however, the 

colour could also be influenced by existing impurities or chemicals.  

The acid catalysed mechanical depolymerisation of biomass was performed in 

a slightly heated up environment which was caused by collision-induced energy 

transfer in the bowel. The grinding balls were directly connected to a K type 

thermocouple after milling and the temperature was measure. The temperature was 

kept at approximately 70 °C by repeating milling-pause process. Therefore, the 

increasing of the milling time created a longer heating process which resulted in a 

colour change of the cellulose sugar solutions from light yellowish to brown 

yellowish.   

4.4.3 Water solubility of processed pine sawdust and fibre sludge at 
room temperature and elevated temperature 

The non-water-soluble PSD and FS became water-soluble after acid-catalysed 

mechanical depolymerisation. The water solubility of processed samples was 

determined by mixing water to the processed samples at RT and elevated 

temperature (100 °C).  

Figure 12 illustrates the determined water solubility of DAMD of FS with 

different A/S concentrations and total milling time at RT and elevated temperature. 

In the DAMD of FS with all three A/S concentrations, the yields of converted 

water-soluble FS increased, when the total milling time was extended. In addition, 

the processed FS showed higher water solubility at elevated temperature than at RT. 

However, with a long milling time, such as 80 min or 100 min, no evident 

difference on the water solubility yields of processed FS could be observed between 

RT and elevated temperature. The water-insoluble FS became almost 100 wt% 

water-soluble after a 100 min milling process with the highest A/S concentration 

(0.8 mol kg-1).  
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Fig. 12. Yields of water solubility of direct acid-catalysed mechanical depolymerised 

fibre sludge (FS) with different acid concentration and milling time at RT and elevated 

temperature (100 °C) based on the dry mass.  

Interestingly, the water solubility of processed PSD did not show the same trend as 

processed FS in DAMD. Figure 13 shows the water solubility of processed PSD 

using two different A/S concentrations (0.2 mol kg-1 and 0.45 mol kg-1) milling.  

In general, when the reaction conditions were the same, the processed sample 

which was depolymerised at a higher A/S concentration clearly showed higher 

water solubility than at a lower A/S concentration. With an A/S concentration of 

0.45 mol kg-1 and 30 min milling, more than 80 wt% of the processed sample was 

dissolved in water at both RT and elevated temperature. However, with an A/S 

concentration of 0.2 mol kg-1, it needed 75 min of milling to have water solubility 

more than 80 wt% at both temperatures.  

As can be seen in Figure 13, at the A/S concentration of 0.2 mol kg-1, a higher 

water solubility of processed sample is observed than at RT. However, an opposite 

phenomenon is found when the total milling time is 75 min. Interestingly, the 

processed sample shows the same or higher water solubility at RT than at elevated 

temperature at the A/S concentration of 0.45 mol kg-1, expect at the total milling 
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time of 15 min. When the processed sample was observed to have a higher water 

solubility at RT than at elevated temperature in both A/S concentrations, a dark 

brown precipitate was found simultaneously.  

 

Fig. 13. Water solubility of processed pine sawdust (PSD) after direct acid-catalysed 

depolymerisation at RT (non-hydrolysed) and 100 °C (hydrolysed). 

Figure 14 exhibits the Fourier transform infrared spectroscopy (FTIR) spectrum of 

dark brown precipitate together with PSD and kraft lignin. The filtrated solid 
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remaining after hydrolysis of 75 min processed PSD at an A/S concentration of 

0.45 mol kg-1 is shown in Figure 14. It is obvious that the appearance of dark brown 

precipitate is associated with the elevation of the temperature and acidity of the 

reaction. The absorption peak in the three samples at 1510 cm-1 is a strong signal 

of the aromatic skeletal vibration C═C which is assigned to the benzene ring in 

lignin. The FTIR spectrum indicates that lignin is one of major components in the 

obtained precipitate.  

Fig. 14. Fourier transform infrared spectroscopy (FTIR) spectrum of native pine 

sawdust (PSD), kraft lignin and obtained precipitate.     

4.4.4 Lignin condensation 

Lignin is a water-insoluble non-carbohydrate component in lignocellulosic biomass 

which is rich in aromatic rings. During the depolymerisation of lignocellulosic 

biomass, lignin was expected to be fragmented to water-soluble low-molecular-

weight unstable monomeric products, for instance, phenolic products (Bouxin et al. 

2015, Van den Bosch et al. 2015). In acid hydrolysis, the converted water-soluble 

lignin was re-polymerised at elevated temperature and became water-insoluble due 

to the formation of high-molecular-weight polymers. This re-polymerisation of 

lignin was expected as lignin condensation. One considerable reason for the 
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condensation of lignin was through the attachment of a nucleophilic on its benzylic 

carbon at high temperature and acidic condition which led to the formation of high-

molecular-weight lignin intermediates. Additionally, the rate of lignin condensation 

is associated with the acidity of the reaction environment and the reaction time. 

However, lignin condensation could be hardly prevented (Bouxin et al. 2015, 

Matsushita et al. 2004, Matsushita et al. 2013, Ye et al. 2012).  

4.4.5 Yields of produced total reducing sugars in obtained sugar 
solutions from pine sawdust  

The yields of total produced reducing sugars from acid-catalysed mechanical 

depolymerisation of PSD and α-cellulose were analysed by the DNS method whose 

results are presented in Figure 15. As can be seen, the highest yield of TRS is 

roughly 31 wt% which was produced in a 60 min DAMD of PSD process using an 

A/S concentration of 0.2 mol kg-1. A reduction in the TRS yield was also observed 

in a 75 min process. Similar to the depolymerisation of PSD with all other A/S 

concentrations, an increasing trend in the yield of TRS was found at the beginning, 

while a decreasing appearance was showed after achieving its highest TRS yield in 

each A/S concentration.  
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Fig. 15. Obtained TRS yields from acid-catalysed mechanical depolymerisation of pine 

sawdust (PSD) and α-cellulose after hydrolysis.   

Among all A/S concentrations in the conversion of PSD into TRS in Figure 15, 

DAMD of PSD using a high A/S concentration of 0.45 mol kg-1 showed that the 

most rapid TRS conversion occurred in the first 15 min of milling. The maximum 

yield (30 wt%) of TRS with this A/S concentration was obtained after 30 min 

milling, however, the extended duration showed a fast reduction of TRS. In a 30 

min milling process, both AIMD of PSD using the A/S concentration of 0.3 mol 

kg-1 and DAMD of PSD using the A/S concentration of 0.45 mol kg-1 yielded 

similar amount of TRS (30 wt%). With an extended 15 min milling, AIMD of PSD 

showed a slightly increase in the TRS yield, reaching its highest TRS amount. In 

contrast to AIMD of PSD with the same A/S concentration (0.3 mol kg-1), DAMD 

of PSD yielded much lower TRS overall. This clearly proves the function of acid-

impregnation in lignocellulosic biomass. The substrate was softened in the initial 

impregnation process which meant the impregnated substrate could be easily 

cleaved by milling with little amount of acid in a short space of time.  

A high yield of TRS conversion from PSD was obtained in DAMD of PSD 

using a high A/S concentration (0.45 mol kg-1) with 30 min of milling, or using a 
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low A/S concentration (0.2 mol kg-1) with a doubled milling time (60 min), or in 

an AIMD process using an A/S concentration of 0.3 mol kg-1. Obviously, DAMD 

of PSD using an A/S concentration of 0.45 mol kg-1 was considered to be the most 

efficient process which did not require an additional impregnation and drying 

process like AIMD or long milling time to increase the energy cost. However, it 

should be noted that a high A/S concentration brought a higher reduction rate of 

TRS (2.1 wt% in 15 min) after achieving the highest TRS than with low A/S 

concentration (0.5 wt% in 15 min) and with a prior impregnation process (1.5 wt% 

in 15 min).  

The trend of TRS yield obtained from DAMD of α-cellulose was distinguished 

from those of PSD. A significantly longer milling time (60 min) was required to 

achieve a higher TRS conversion than PSD when the A/S concentration was the 

same. With the same A/S concentration in a 30 min milling process, more sugars 

were converted from α-cellulose than from native PSD by DAMD, but less than 

from pre-softened PSD. Due to the complex structure of native PSD, existing lignin 

shielded the carbohydrates and inhibited them from being freed. On the other hand, 

the pre-softened PSD possesses a much looser structure which makes it more easily 

to be cleaved than α-cellulose. With a long milling time, the reduction on the TRS 

yield was also observed and it even showed a faster decreasing rate (3.6 wt% in 15 

min) than all other reaction conditions. This effect could be caused by the 

decomposition of sugars which was assumed mainly due to the formation of water-

insoluble humins which are polymerised by converted glucose and its dehydration 

product, HMF (Hu & Li. 2011, Wang et al. 2017, Zhang et al. 2016a).  

4.4.6 Obtained major monosaccharides analysed by capillary 
electrophoresis 

Glucose, xylose, galactose, mannose and arabinose are the major detected 

monosaccharides from the obtained sugar solutions after depolymerisation of PSD, 

while glucose was the only detected sugar obtained from DAMD of α-cellulose 

(Fig 16). As can be seen in Figure 16, the highest amount of glucose was produced 

from DAMD of α-cellulose among all reaction conditions and a longer milling time 

yielded higher amounts of glucose.   

Figure 16 demonstrates that the produced total amount of monosaccharides is 

associated with the milling time, since more lignocellulosic biomass was cleaved 

and therefore, more monosaccharides were released. In all the acid-catalysed 

mechanical depolymerisations of PSD, the most total amount of monosaccharides 
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was produced by DAMD of PSD with a low A/S concentration of 0.2 mol kg-1 and 

75 min of milling. The least total amount of monosaccharides was obtained from 

AIMD of PSD. The findings clearly show that the acid-impregnation process 

softens PSD and enhances the efficiency of cleavage of PSD to sugar oligomers. 

However, the acid-impregnation process does not enhance the conversion into 

monosaccharides.   

 

Fig. 16. Capillary electrophoresis analysis of the major monosaccharides obtained from 

depolymerised lignocellulose. 

4.4.7 Yields of produced sugars in obtained sugar solutions from 
fibre sludge 

DAMD of FS with A/S concentrations of 0.4 mol kg-1, 0.6 mol kg-1 and 0.8 mol kg-

1, were performed with different milling times (20 min, 40 min, 60 min and 100 

min) and 10 mm grinding balls. Based on the obtained TRS yields, 0.6 mol kg-1 

was considered the optimal concentration among all three concentrations. 

Therefore, DAMD of FS with A/S concentration of 0.6 mol kg-1 and 3 mm grinding 

balls was performed additionally.  
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Distinguishable observations on acid-catalysed mechanical depolymerisation 

of FS were found from PSD and α-cellulose. In comparison to DAMD of PSD, a 

higher A/S concentration was required to have a good converted yield of TRS from 

FS, since FS was treated in alkaline conditions. In addition, it took a much longer 

time (100 min) to depolymerize FS than PSD even at higher A/S concentrations.  

Figure 17 illustrates the produced sugars from DAMD of FS. Unlike the 

obtained results from PSD, DAMD of FS showed an increasing trend of yielded 

TRS in the entire 100 min milling process. This can be explained by the fact that 

the actual amount of reacted acid in depolymerisation was not as much as the 

original added. According to the findings in DAMD of PSD, a reduction of TRS 

yield could be found with a longer milling time.  

Obviously, the highest TRS yield in this reaction was obtained in 

depolymerisation using 3 mm grinding balls and A/S concentration of 0.6 mol kg-

1. In the milling system, the supplied energy was transferred to the colliding bodies 

by the collisions which lead to the fragmentation of the sample and raising the 

reaction temperature. The efficiency of the depolymerisation can be influenced by 

the ball velocity, the frequency of transferred impact and kinetic energy which are 

directly affected by the number and size of the grinding balls and the total volume 

of the reactants and grinding balls (Burmeiste & Kwade. 2013, Chattopadhyay et 

al. 2001). In this study, 3 mm grinding balls showed significantly higher efficiency 

than 10 mm grinding balls. It is likely the 3 mm grinding balls offered more 

collisions, reacted areas and homogenised reaction conditions (Katubilwa & Moys. 

2009, Seyfi Erdem & Levent Ergün. 2009).  



54 

Fig. 17. Obtained TRS yields from acid-catalysed mechanical depolymerisation of fibre 

sludge (FS) after hydrolysis. 

The major monosaccharides were analysed by CE analysis and a similar outcome 

to acid-catalysed mechanical depolymerisation of PSD was ascertained. Long 

milling time showed a signification positive influence on the production of 

monosaccharides. However, xylose, galactose and glucose were the major detected 

sugars and only a minor trace of mannose and arabinose were found. It could be 

that FS was a chemical processed residual in which most of the mannose and 

arabinose were removed in the previous treatment.  
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5 Ionic liquid pretreatment 

The commonly used lignocellulosic biomass in pretreatment using ordinary ILs 

often requires a prior drying process. Three ILs with dual functionality were 

designed for a combined application of dissolution and hydrolysis of 

lignocellulosic biomass in this study section. In contrast to ordinary ILs, the 

designed ILs introduced a novel approach of lignocellulosic biomass pretreatment 

in moist condition. During the novel pretreatment, the structure of FS is modified 

and a certain amount of lignocellulosic biomass was converted into TRS 

simultaneously.  

5.1 Materials 

5.1.1 Fibre sludge  

The used FS in this study was taken respectively from the previous study, but from 

the same process in the same company (Section 4.1.2). In pulp mill, the used 

amount of trees from each species is varied in every process. Therefore, the 

composition of FS used in this study slightly differs from the previous study (Table 

2). The contents of α-, β-, and γ-cellulose were determined based on the TAPPI’s 

official standard method T 203 cm-99 (Technical Association of the Pulp and Paper 

Industry (TAPPI). 1999). The physical properties of air dried FS is given in table 2 

which shows that cellulose is a predominant material with a mass fraction of 

approximately 93% (α-cellulose and β- cellulose) in the total carbon materials in 

FS. 
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Table 2. Components and some physical properties of fibre sludge (FS) (Paper III). 

Component Fibre sludge  

α-cellulosea (%), d.s.  80  

β- cellulosea (%), d.s.  13  

γ-cellulosea (%), d.s.  7  

Total carbona (%), d.s. 38.4  

Hydrogen (%), d.s. 4.7  

Oxygen (%) n.d.  

Nitrogen (%), d.s. 0.3  

Sulphur (%), d.s. <0.5  

Heat valued (MJ/kg), d.s. 13  

Moisture (%),d.s. 53  

Ash content (%), d.s. 20.7  

Starch, d.s.   

% d.s. Mass fraction calculated from dry material (substance)  

n.d. Not determined 
a Calculated from the organic material in the sample 

5.1.2 Hydroxyalkylimidazolium hydrogen sulphate ionic liquids  

Three different types of hydroxyalkylimidazolium hydrogen sulphate ILs, 1-(2,3-
dihydroxypropyl)-3-methylimidazolium hydrogen sulphate ([Glymim]HSO4), 1-

(2-hydroxyethyl)-3-methylimidazolium hydrogen sulphate ([Hemim]HSO4) and 1-

(3-hydroxypropyl)-3-methylimidazolium hydrogen sulphate ([Hpmim]HSO4), 

were designed to implement the combined dissolution and hydrolysis of 

lignocellulosic biomass in one step. The chemical structures of these ILs are shown 

in Figure 18.  
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Fig. 18. Structures of [Glymim]HSO4, [Hemim]HSO4 and [Hpmim]HSO4. 

All three ILs have high viscosity and show acidic properties. The viscosities of the 

ILs follow the trend: [Glymim]HSO4 > [Hemim]HSO4 > [Hpmim]HSO4. The water 

content of the ILs was determined by Karl Fischer titration, between 0.9 mL L-1 

and 1.3 mL L-1, and further detailed NMR analysis is given in Paper IV. 

5.1.3 Ionic liquids preparation  

Hydroxyalkylimidazolium hydrogen sulphate ILs were obtained from a two-step 

process in which hydroxyalkylimidazolium chlorides were prepared by the 

following reported method described in literature (Bellina et al. 2009). 3-Chloro-

1-propanol 28.1 g (0.29 mol), 2-chloro-1-ethanol 23.7 g (0.29 mol) and 3-chloro-

1,3-propanediol 33.0 g (0.29 mol), were dissolved with N-methylimidazole 24.6 g 

(0.3 mol) in a three-neck flask and stirred under mechanical agitation at 75 °C for 

48 h. The resulting mixture was then cooled down to RT and washed repeatedly 

with small portions of ethyl acetate. Solvent residue was then removed under a 

vacuum and the resulting crude ILs were obtained as yellow viscous oils except 

[Hemim]Cl, which solidified after cooling. Crude [Glymim]Cl and [Hpmim]Cl 

were dissolved in methanol (200 mL) and stirred with the addition of activated 

charcoal (5 g) for 1 hour at 50 °C. The suspension was then filtered and methanol 

was evaporated under vacuum. Purified ILs were obtained as almost white viscous 

oils and their resulting yields are between 90 wt% and 92 wt%. 
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In the case of hydroxyalkylimidazolium hydrogen sulphate ILs, these were 

prepared based on the method described in literature but with a small modification [13]. 

The solution of proper hydroxyalkylimidazolium chloride (0.2 mol) in a mixture of 

methanol/acetonitrile (50 + 200 mL) was placed in a two-neck flask in which potassium 

hydrogen sulphate (0.24 mol) was added and stirred under mechanical agitation for 24 

h at RT. Subsequently, a precipitated white solid of KCl was filtered out and solvents 

were evaporated under vacuum. Crude ILs were obtained as yellow viscous oils which 

were then dissolved in methanol (200 mL) and stirred with the addition of active 

charcoal (5 g) for 1 hour at 50 °C. Finally methanol was evaporated under vacuum and 

the resulting purified ILs were obtained as light yellow viscous oils (Paper IV). 

5.2 Methods 

The following experimental procedure (Figure 19) was developed to handle 

dissolution and hydrolysis of biomass in tailored ILs. Both the sample and IL were 

placed with a magnetic stirrer in a round-bottomed flask and the reaction was 

performed at an elevated temperature in an oil bath. Since this pretreament was 

designed for simultaneous dissolution and hydrolysis of biomass, a certain amount 

of water was required in the reaction. The water content in the reaction was 

controlled either by the existing moisture in the wet sample or by adding additional 

water. After 30 min reaction at 100 °C, the flask was removed from the oil bath and 

then 10 mL of anti-solvent (hot distilled water) was added. Dissolved cellulose was 

reformed and precipitated. The solid phase was then removed from the liquid phase 

by filtration, leaving the liquid phase to be transferred to sugar analysis.  

 



59 

Fig. 19. Fractionation scheme in one-step dissolution and hydrolysis of lignocellulosic 

biomass. 

5.2.1 Determination of total reducing sugars  

The determination of TRS in the obtained solution was performed based on the 

same method as mentioned in Section 4.3.2. 

5.3 Results and discussion 

Pretreatment of FS was performed in three hydroxyalkylimidazolium hydrogen 

sulphate ILs [Glymim]HSO4, [Hemim]HSO4 and [Hpmim]HSO4. All three ILs 

were designed for a combined application of dissolution and hydrolysis of the 
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biomass and contained a hydrogen sulphate anion, [HSO4]¯, which is a poor 

nucleophile. In the presence of water, hydrogen sulphate ion is a good hydrogen 

donor and is acidic in nature. Hence, the present of a hydrogen sulphate ion in the 

reaction promote the achievement of hydrolysis in addition to dissolution.  

5.3.1 Yields of produced total reducing sugars in obtained sugar 
solutions from fibre sludge 

The results of pretreatment of FS are based on the yield of TRS in the final obtained 

liquid phase. Figure 20 shows the obtained TRS in the pretreatment of FS in ILs. 

 

Fig. 20. Yield of TRS in the obtained liquid phase after the pretreatment of fibre sludge 

(FS). 

The above results illustrate that the produced yield of TRS relates to the water 

content in ILs is based on the total mass of dry FS. The water involved in the 

pretreatment was from the moisture in wet FS and no additional water was added. 

The obtained TRS yields in the pretreatment in [Glymim]HSO4 showed significant 

differences compared to [Hemim]HSO4 and [Hpmim]HSO4. With a water content 

of 3 wt% in [Glymim]HSO4, only 4 wt% of the TRS was yielded based on the dry 

mass of FS. When the water ratio in [Glymim]HSO4 was increased, more TRS was 

converted from FS. When further increasing the water ratio of the IL up to 11 wt%, 
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there was almost no sugar conversion in the pretreatment. Among all water ratios 

in [Glymim]HSO4, a water ratio of 5 wt% in IL produced significantly the highest 

TRS yield (20 wt%). When the water content was more than 8 wt% in IL, the 

converted TRS yield was reduced to 13 wt%. An increase of water content in the 

reaction leads to a lowering in the TRS yield. Unlike [Glymim]HSO4, almost no 

sugar was found in the pretreatment of FS in [Hemim]HSO4 and [Hpmim]HSO4 in 

all reaction conditions. This finding shows that the combined structure of anion-

cation has a strong influence on the dissolution and hydrolysis of FS. One reason 

could be that the Van der Waals interaction between anion and cation of 

[Glymim]HSO4 was broken more easily in water than in [Hemim]HSO4 and 

[Hpmim]HSO4. The anion, [HSO4]¯, was freed easily in water and reacted with the 

cellulose (Rabideau et al. 2014).  

5.3.2 Gelation in pretreatment 

During the pretreatment of wet FS in IL, a formation of gel was observed. The 

unexpected gelation reaction is considered as a side reaction which influences the 

mixing of wet FS and IL. Methylcellulose which is derived from cellulose may 

have caused the appearance of gelation. FS is a processed biomass which is soaked 

and cooked in a sodium hydroxide (NaOH) solution in the pulp mill. The wet FS 

which was taken from the process stream showed a pH of 8 (slightly alkaline) was 

not pure and therefore, may have contained other chemicals. It is possible that the 

existing hydrophilic hydroxyl groups (-OH) in wet FS were substituted by 

hydrophobic methoxide groups (-OCH3). The substitution reaction in the 

pretreatment caused a side product, methylcellulose (Chang & Zhang. 2011, 

Kadokawa et al. 2008). Methylcellulose can be dissolved in cold water 

(approximately under 40 °C) due to its thermo-sensitive property, whereas, a 

reversible gelation can be found when the temperature is increased (Bain et al. 2012, 

Thormann et al. 2014). 

5.3.3 Effects of water in dissolution and regeneration of biomass 

In order to observe clear effects of the novel ILs on the biomass treatment, pure 

filter paper was used as a substrate in the pretreatment of [Glymim]HSO4. Filter 

paper was shredded into 1-1.5 mm tatters. The same lab work was performed in a 

similar way as in Section 5.2. Shredded filter paper was treated in [Glymim]HSO4 

while Figure 21 shows clearly the difference between pretreatment of filter paper 
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in [Glymim]HSO4 without water (left) and with 5 wt% water in IL (right). The 

sample remained in its original form when there was no water involved in the 

pretreatment. Evidently, the filter paper which was dissolved in [Glymim]HSO4 

appeared in a different form after regeneration.  

 

 

Fig. 21. Filter paper after one-step dissolution and hydrolysis with (right) and without 

(left) water in [Glymim]HSO4 (Paper IV). 

Water has been widely used as a driving force in the pretreatment of biomass in ILs 

for precipitating and separating cellulose from ILs. However, the presence of water 

in the IL-water mixture acted as a co-solvent in this study which reduced the 

viscosity of the ILs and increased the efficiency of mass transport. Possibly, the 

blended water in IL increased the hydrogen bond basicity of the used IL which 

directly influenced its ability to dissolve cellulose (Brandt et al. 2013).  

Figure 21 shows that water in the reaction has an enormous effect on the 

dissolution of cellulose and TRS yield. The anion of [HSO4]¯  in [Glymim]HSO4 

has the substantial acidity pKa of ~2 which results in an aqueous solution with a pH 

< 7 (Verdia et al. 2014). Therefore, the blended water in the IL enhanced the 

reaction acidity. However, when the blended water exceeded a certain limit, which 

was 5 wt% in this study, the character of the IL changed from IL-like to water-like 

which resulted in significant reductions of TRS.  
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6 Conclusions 

This study aimed to integrate industry and biorefinery by converting industrial 

residuals or waters into platform sugars which can be used for further production 

of bioenergy and value added green chemicals. Two novel types of lignocellulosic 

biomass pretreatments were explored, acid-catalysed mechanical depolymerisation 

and combined dissolution and hydrolysis in IL. Both extraordinary pretreatments 

were designed to combine an ordinary pretreatment and hydrolysis of 

lignocellulosic biomass. The ordinary pretreatment deconstructed the rigid 

structure of lignocellulosic biomass and modified the structure to more accessible 

acids or enzymes, while the hydrolysis process converted the modified result into 

platform sugars which can be used directly further in production.  

In the first approach (acid-catalysed mechanical depolymerisation), high 

amounts of TRS was yielded from both PSD and FS in a rapid pretreatment 

(between 30 and 60 min). In addition, almost 100 wt% of the water-insoluble 

lignocellulosic biomass became water-soluble after pretreatment. A few key factors 

are known to have an influence on the yield of TRS conversion in acid-catalysed 

mechanical depolymerisation of lignocellulosic biomass: i) the transferred energy 

caused by collisions, ii) the total milling time, iii) acid concentration and iv) 

moisture content in the reaction.   

The acid-impregnation process in AIMD pre-softened lignocellulosic biomass 

which allowed it to be cleaved more easily, nevertheless, it did not enhance the 

conversion into monosaccharides. In contrast to AIMD, DAMD provided a more 

efficient and less energy requiring conversion of lignocellulosic biomass into 

sugars. In addition, a high amount of converted monosaccharides from 

lignocellulosic biomass is associated with a long milling time. Moreover, the A/S 

concentration affected the conversion rate of sugars and it also influenced the speed 

of sugar decomposition and lignin condensation which can be hardly avoided in 

acidic conditions and at elevated temperatures. Using a high A/S concentration in 

the acid-catalysed depolymerisation of lignocellulosic biomass resulted in a faster 

sugar decomposition and lignin condensation. Minimizing sugar decomposition 

and lignin condensation can be achieved by optimizing and minimizing the A/S 

concentration and milling time in the process.  

Three novel hydroxyalkylimidazolium hydrogen sulphate ILs which were used 

in the second approach (pretreatment of FS using novel ILs) exhibited multi-

applications of ILs which handles solvation and hydrolysis of lignocellulosic 
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biomass simultaneously. The study proved that water played a very critical role in 

the pretreatment of lignocellulosic biomass using novel ILs.  

Approximately 29 wt% of TRS was converted from FS in a 30 min 

pretreatment using [Glymim]HSO4 with a water content of 5 wt%. When the water 

content was either less or more than 5 wt% in the reaction, the TRS yield dropped 

significantly. The blended water in ILs in the reaction acted as a co-solvent which 

decreased the viscosity of ILs which increased efficiency of the mass transport 

between solvent and solute. The hydrogen bond basicity of IL was probably 

increased which led to a high dissolution ability in the lignocellulosic biomass. The 

hydrolysis process was likely handled by the hydrogen sulphate anion, [HSO4]¯, 

which provided an acidic reaction environment in water. In addition, the blended 

water was also involved in hydrolysing modified lignocellulosic biomass. However, 

the amount of water in the reaction should be controlled precisely. Via adding water, 

it is possible to change the IL property from IL-like to water-like due to the 

preferred reaction between water hydrogen-bonds and IL anions. It should be noted 

that the water tolerance ability of an IL depends on its nature. 

In this work, two novel pretreatments with bifunction of deconstruction and 

saccharification of lignocellulose-based industrial residuals are exhibited. Acid-

catalysed mechanical depolymerisation can be further investigated in 

delignification of lignocellulosic biomass. The water-soluble lignin can be 

stabilised in an aqueous solution and separated from other products and further used 

as a high reactive feedstock in the conversion of lignin. Increasing the efficiency of 

pretreatment of lignocellulosic biomass using novel ILs can be further developed 

by mixing solvents, water and novel IL. For example, the ILs’ function can be also 

modified by the added solvents, not merely their cations but also their anions or a 

combination of both.   
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