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The pressing global challenges associated with the climate change, the depletion 
of fossil feedstock as well as the geometric growth in demand for energy and 
materials were the motivation for research on alternative renewable resources 
(Balan et al. 2013, International Energy Agency 2017). With uni ue properties, 
biomass was identified as the most prominent candidate to replace crude oil and 
natural gases for the sustainable manufacture of chemicals, materials and fuels 
(Besson et al. 2014, Huber et al. 2006). The plant for the conversion of biomass 
to products is called biorefinery. Biorefinery is still in an early development 
stage and encounters techno-economic barriers in comparison with the mature 
fossil counter-part, the petroleum refinery, regarding  

The economy of scale  biorefineries are usually several order of magni-
tude smaller (Wright, M. and Brown 2007)  
The raw material  although more accessible and cheaper than the fossil 
reserves, biomass exhibits a naturally high moisture and oxygen content, 
and a recalcitrance towards decomposition (Himmel et al. 2007). 

 
The core of a biorefinery is the fractionation technology where the raw material 

is treated to overcome the recalcitrance so that the polymeric components of bi-
omass are more susceptible to subse uent conversions. Thermo-chemical treat-
ments, namely pulping, are the most common biomass fractionation techni ues, 
in which kraft pulping has been the dominant method since the early-mid 20th 
century due to high pulp ualities, near-complete chemical recovery and raw 
material flexibility (Iakovlev et al. 2009). Global annual production of paper-
grade kraft pulp is about 170 million tons in 2013 (Conley 2014). However, the 
traditional pulp and paper industry is losing traction due to the diminution in 
paper demand as a result of digitali ation and the establishment of new producers 
in tropical and sub-tropical regions, with higher tree growing rates and cheaper 
labor costs. This situation places considerable economic pressure on the produc-
ers in temperate regions such as inland, other Scandinavian countries and Can-
ada. That became a driving force for their transformation from mass production 
of paper-grade pulp towards other niche products with lower production but 
higher gross margin, such as dissolving pulp. Global dissolving pulp production 
is currently about 8.2 million tons in 2017  however, the demand increase con-
tinuously due to the persistent growth of the cellulosic textile fiber consumption 
during the coming years (The iber Year 2018). Therefore, global production of 
dissolving pulp is expected to double in the next two decades (H mmerle 2011). 
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Nowadays, dissolving pulp is mainly produced by acid sulfite (AS) and prehy-
drolysis kraft (PHK) pulping. These are established techni ues, but suffer from 
several inherent drawbacks and thus offers a competitive opportunity to alterna-
tive fractionation technologies, of which the organic solvent (organosolv) pulp-
ing is one of the most promising. Several organosolv processes have been devel-
oped such as ALCELL , Organocell, Acetocell, ormacell and SO2-ethanol-
water (SEW). Organosolv pulping are generally not technologically mature and 
re uire significant optimi ation to be widely commerciali ed, especially on the 
solvent recovery technology. 

  
Gamma-valerolactone (GVL), a bio-derived chemical, was identified as a sus-

tainable solvent for biomass conversion processes (Alonso, Wettstein, Mellmer 
et al. 2013, Horv th 2008). Pioneering works by Dumesics and co-workers pre-
sented the possibility of pretreating biomass in GVL to facilitate the production 
of carbohydrates, furanic platform chemicals and biofuels (Alonso, Wettstein, 
Mellmer et al. 2013, Mellmer et al. 2014). Recently, our research group sug-
gested, for the first time, that dissolving pulp could be produced from hardwood 
sawdust by the GVL/water fractionation method ( ang and Sixta 2015), which 
was the motivation of this thesis. 

 
The aim of this work was to develop a novel biorefinery in which wood was 

fractionated into a dissolving-grade pulp fraction and a li uid fraction with ex-
tracted lignin, hemicelluloses and their degradation products. The pulp fraction 
was mainly intended for textile fibers applications. However, the possibility to 
convert GVL dissolving pulp to nanofibrillated cellulose (N C), as an alterna-
tive cellulosic product, was also considered. Value-added products such as 
chemical and fuel could be produced from the extracted components in the spent 
li uor. igure 1 presents the overview of the suggested biorefinery concept. 
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Trees are the most abundant member of the lignocellulosic biomass, which 
stands an important role in the Earth s biosphere. Trees are generally categori ed 
into gymnosperms (softwood) and angiosperms (hardwood). A major part of the 
trees is in the form of wood, which is composed of elongated cells mostly ori-
ented in the longitudinal direction of the stem (Sj str m 1993). Wood is a natural 
composite mainly composed of cellulose and hemicellulose chains, acting as the 
structural skeletons, which are bound together by lignin ( igure 2), forming a 
rigid structure with high resistance to natural degradation, physical processing 
or chemical conversion (Himmel et al. 2007, Sj str m 1993). Other substances 
such as extractives, proteins and inorganics occur in wood at small to trace uan-
tities. The uni ue chemical composition of wood has inspired extensive research 
into its use as a sustainable alternative to the dwindling fossil resources. 
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2.1.1 Cellulose 

Depending on the species, about 35  50  of the wood dry mass comprises of 
cellulose, making it the most abundant renewable polymer on Earth with a syn-
thesis rate of hundreds of billion metric tons per annum. Regardless of the 
source, cellulose is a linear, semi-crystalline homo-polysaccharide of -D-glu-
copyranose units linked together by -1-4 glycosidic bonds. The degree of 
polymeri ation (DP) of native wood cellulose ranges between 2000 and 15000 
of anhydroglucose unit with relatively low polydispersity index. The cellulose 
chains have strong tendency to form intra- and inter-molecular hydrogen bond, 
resulting in the aggregation of cellulose molecule bundles into microfibrils with 
alternating crystalline and amorphous regions. The highly ordered structure of 
cellulose is one of the main factors contributing to the rigidity and recalcitrance 
of wood. ( engel and Wegener 1983, Sixta 2006a, Sj str m 1993). 
 
Cellobiose has been commonly regarded as the repeating unit of cellulose. How-
ever, recently, Dr. rench rose the argument that glucose should be considered 
as the repeating unit of cellulose instead of cellobiose ( rench 2017). Both 
demonstrations of cellulose structure are presented in igure 3. Such change in 
the designation of repeating unit of cellulose avoids the unnecessary confusion 
regarding  

Contradiction with the established nomenclature system  
Incorporation of the glycoside leaving group O-1 in the structure  
The cellulose degree of polymeri ation  
Limitation to the range of cellulose possible shapes and conformations. 

 
 

 
(a) 
 
 
 

 
(b) 
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2.1.2 Hemicelluloses 

About 20  30  of dry wood mass are hemicelluloses, which are two-dimen-
sional (branched), hetero-polysaccharides of pentoses (L-arabinose and D-xy-
lose), hexoses (D-glucose, D-mannose and D-galactose), deoxy-hexoses (L-
rhamnose) and uronic acids (D-glucuronic acid, 4-O-methyl-D-glucuronic acid 
and D-galacturonic acid). The DP of hemicelluloses is typically from 50  200. 
The representative hemicelluloses in wood are demonstrated in igure 4. The 
occurrence, chemical composition and degree of branching of hemicelluloses 
widely varies depending on the wood species (hardwoods, softwoods) and forms 
(normal wood, reaction wood). Hardwood hemicelluloses (such as glucuronoxy-
lan and glucomannan) are rich in xylose units while those in softwood (such as 
galactoglucomannans, arabinogalactan and arabinoglucuronoxylan) contain 
more mannose and galactose. Hemicelluloses act as secondary supporting struc-
tures in wood, but more susceptible to degradation. (Al n 2000, Sixta 2006a, 
Sj str m 1993). 
 
 

 
(a) Hardwood xylan  
 
 
 

 
(b) Hardwood glucomannan  
 
 
 

 
(c) Softwood glucomannan  
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(d) Softwood xylan. 

 
Other hemicelluloses such as starch, pectin and galactans are present in wood 

in minor uantities. 

2.1.3 Lignin 

Lignin is a three-dimensional amorphous hetero-polymer, built from the three 
phenylpropane precursors H (hydroxyphenylpropane), G (guaiacylpropane) and 
S (syringylpropane), as illustrated in igure 5a. Lignin constitutes 20  32  of 
wood dry mass, making it Earth s most abundant renewable aromatic feedstock. 
Lignin precursors are typically connected by the ether linkages ( -O-4, -O-4 
and 4-O-5) or carbon-carbon bonds ( - , -aryl and aryl-aryl), forming a com-
plex polymeric network ( igure 5b). Lignin is the most irregular wood biopoly-
mer  its structural and chemical composition significantly varies not only be-
tween species but also between different tree parts and tree location. In the wood 
matrix, lignin established extensive chemical bonds (ester, ben yl ether and phe-
nyl glycosidic bonds) with the carbohydrates, mostly hemicelluloses, further en-
hancing the mechanical toughness of wood, and, in turn, increases wood resistant 
to fractionation. (Pearl 1967, Sixta 2006a, Sj str m 1993). 

 

 
 
(a) 
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(b) 

2.1.4 Other constituents: extractives and inorganic compounds 

Wood extractives, even though representing a minor mass fraction in wood (2  
5 ), consist of vast number of organic compounds that maintain the crucial and 
diverse biological functions of a tree, e.g. responses to biotic and abiotic stresses. 
Typical extractive groups are terpenoids, steroids, fats, waxes (lipophilic extrac-
tives), tannins (hydrophilic extractives) and phenolic compounds. The wood ex-
tractives content differs markedly between species, tree parts, geographical sites 
and seasons. Despite their high biological and pharmaceutical values, extractives 
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usually impair the pulping processes, especially the acidic ones, in purely a ue-
ous solution. (Al n 2000, Hillis 1987, King 2011, Sj str m 1993) 

 
Inorganic compounds, also called ash, usually occur at less than 1  of dry 

wood mass. They serve as the essential mineral nutrients for plants such as phos-
phorus, potassium, nitrogen, sulfur, calcium, iron, magnesium (macronutrients), 
molybdenum, copper, inc, manganese, boron, chlorine and nickel (micronutri-
ents), which originate from soils. Sometimes, the accumulation of toxic inor-
ganic compounds in plants (such as cadmium, lead, selenium, arsenic, cyanide) 
is a response to environmental pollutants (due to volcanic or anthropogenic ac-
tivities), in which the harmful minerals are bound to specially-designed binding 
molecules and stored within the critical concentration. Inorganic compounds 
generally represent challenges during pulping and bleaching. ( engel and We-
gener 1983, King 2011, Sj str m 1993). 

Dissolving-grade pulp, characteri ed by high cellulose purity (  90 ), high 
brightness and low macromolecular polydispersity, has been adopted for the pro-
duction of regenerated fibers, films and cellulose derivatives (esters and ethers) 
(Sixta 2006b). Despite its higher value over paper-grade pulp, global dissolving 
pulp production is currently small, about 8.2 million metric tons in 2017, i.e. less 
than 5  of that of paper-making pulp (Conley 2014, The iber Year 2018). 
However, the share of dissolving pulp in the total pulp production is developing 
steadily, especially in Europe, due to both the persistent growth of the cellulosic 
textile fibers consumption and the attenuation of the traditional papers demand 
(H mmerle 2011, Indufor 2013, The iber Year 2018).  
 

Nowadays, dissolving pulp originates from either wood pulping or cotton lint-
ers refining with a production share of ca. 85  and 15 , respectively. In spite 
of the superior uality, the latter have been losing traction due to several sustain-
ability concerns about the cotton cultivation process, which further promotes the 
popularity of wood-derived dissolving pulp for applications with inferior cellu-
lose purity re uisite (Carpenter et al. 2002, Sixta 2006b, Sixta et al. 2013). De-
pending on the sources and preparation methods, dissolving pulp can be purified 
to higher grade by several methods including the traditional commercial bleach-
ing se uences, (hot or cold) caustic extraction processes or the recent innovative 
IONCELL-P methods (Roselli et al. 2016, Stepan et al. 2016).  

 
A major part of dissolving pulp are produced in lower-grade, targeted to re-

generated fibers (also called man-made cellulosic fibers, MMC ) for textile ap-
plication (The iber Year 2018). The formation of MMC  starts with the disso-
lution of dissolving pulp into a cellulose solution (i.e. spinning dope) by derivat-
i ing solvents (e.g. NaOH/CS2 - Viscose/Modal process), complexing agents 
(e.g. Cu(NH3)4(OH)2 - Cupro process) or direct solvents (e.g. N-methylmorpho-
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line-N-oxide, NMMO, - Tencell  process or ionic li uids - IONCELL-  pro-
cess) (Michud et al. 2016, Mortimer and Peguy 1996, Sixta 2006b). The spinning 
dope is extruded through a no le (spinneret) to highly-oriented cellulosic fila-
ments, which are then rapidly solidified by cooling (melt spinning), solvent 
evaporation (dry spinning) or precipitation with an anti-solvent (wet spinning) 
(Stibal et al. 2001). Viscose/Modal and Cupro are the conventional wet spinning 
processes while Lyocell (Tencell  and IONCELL- ) are the modified dry-jet 
wet spinning processes. Currently, viscose fibers are still the dominant MMC  
however, interest towards the process is diminishing due to the environmental 
issues associated with the use of CS2, which promotes the expansion of the more 
sustainable Lyocell-type fibers (The iber Year 2018). 

The current commercial processes for the production of dissolving pulp are PHK 
and AS pulping, both of which exhibit several disadvantages. As the oldest com-
mercial pulping technology, AS pulping has serious disadvantages, such as the 
limited flexibility in raw materials and inefficient chemical recovery (Sixta 
2006c). urthermore, hemicelluloses are oxidi ed by bisulfite anions to aldonic 
acids, which are difficult to recover (Rydholm 1985) and hamper the efficient 
recovery of aldoses such as xylose after the separation of the lignocellulose frac-
tion (Sixta et al. 2013). Kraft pulping is by far the dominant, most efficient com-
mercial and irreplaceable process for paper-grade pulp manufacture. A kraft pulp 
mill can be converted to a dissolving pulp production by the installation of a 
prehydrolysis stage (Brasch and ree 1965). The PHK process, however, suffers 
from low pulp yield (Håkansson et al. 2005, Mendes et al. 2009, Sixta and Schild 
2009) and the underutili ation of the extracted hemicelluloses. A significant part 
of the hemicelluloses in wood are extracted during prehydrolysis, but their re-
covery is hindered by the formation of sticky lignin precipitates (Leschinsky et 
al. 2009). Above all, both AS and PHK are sulfur-containing processes, thus 
raising environmental concerns. The aforementioned issues of the current tech-
nology have promoted intensive research on alternative fractionation methods to 
produce dissolving pulp as well as to recover the hemicellulose and lignin frac-
tions for their utili ation as value-added products.  
 

The use of organic solvents for the effective isolation and full utili ation of 
wood components has attracted the attention of research for several decades 
(A i  and Sarkanen 1989, Kleinert 1971, Kleinert and Tayenthal 1931). Etha-
nol/water pulping has been the norm for biomass organosolv fractionation. Since 
his first patent proposing the delignification by ethanol (Kleinert and Tayenthal 
1931), Kleinert continuously developed the concept into a comprehensive pro-
cess, which was patented 40 years later (Kleinert 1971). Kleinert s ethanol/water 
pulping was operated in counter current mode, at 180 C, in 50  a ueous ethanol 
and without any catalyst. The spent li uor was removed from the top of the di-
gester to the multiple-effect evaporator where ethanol was separated and then 
recycled to the digester. The lignin suspension was isolated from the evaporated 
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li uor, leaving an a ueous solution of sugar. The pulp was withdrawn from the 
bottom of the digester and washed with diluted a ueous NaOH. Limited delig-
nification of softwood and high-density hardwood and the lack of a proper con-
tinuous counter-current technology prevented the commerciali ation of 
Kleinert s process (A i  and Sarkanen 1989). Repap technology (Canada) 
adapted the gradual displacement of pulping li uor by wash li uor in batch mode 
to develop the ALCELL  process (Lora and A i  1985, Myerly et al. 1981, Pye 
and Lora 1991). An ALCELL  demonstration plant was introduced in 1989 at 
Miramichi, New Brunswick, Canada, which operated for a few years with 3200 
batch cooks, which showed high potentials in term of high pulp yield and wide 
product spectrum. However, the commerciali ation of ALCELL  process was 
unfortunately halted by the economic difficulty. The ALCELL  technology was 
later ac uired by Lignon Innovations Canada with focus on ethanol production 
(Arato et al. 2005). In Europe, Len ing successfully adapted the Kleinert process 
for dissolving pulp production from beech wood in a pilot plant (Peter and 
Hoglinger 1986). Recently, raunhofer Center for Chemical-Biotechnological 
Processes introduced an organosolv fractionation plant in Leuna, Germany 
where concentrated sugar solution and sulfur-free lignin was produced from eth-
anol fractionation and subse uently upgraded to bio-based chemical and materi-
als (Laure et al. 2014). In ethanol/water pulping, sulfuric acid could be added for 
facilitating the delignification and lowering the reaction temperature. During the 
last decade, novel concepts on ethanol-based organosolv pulping have been de-
veloped, among which the most successful ones are the SEW (Iakovlev et al. 
2009) and the Clean ractionation (Bo ell et al. 2011) processes, which employ 
ternary solvents such as SO2-ethanol-water or methyl isobutyl ketone-ethanol-
water, respectively. These processes have shown the potential to produce high 
uality dissolving pulp from lignocellulosic biomass, and the SEW process has 

already reached the pilot scale, operated under the trademark AVAP  by Amer-
ican Process Inc.  

 
Other representative examples of organosolv fractionation processes includes 

Organocell (Young 1992), Acetocell (Gottlieb et al. 1992), ormacell (Saake et 
al. 1995) and Milox (Dapia et al. 2000), which employ methanol, acetic acid, 
formic acid and peroxyformic acid as cooking chemicals, respectively. 

 
Organosolv pulping processes are usually sulfur- and inorganic-free processes 

for the fractionation of biomass. However, there were certain disadvantages as-
sociated with the organosolv processes that prevent their commerciali ation   

Corrosiveness of carboxylic acids (Acetocell, ormacell and Milox), es-
pecially with formic acid  
High operation pressure (ethanol, methanol)  
High toxicity (methanol)  
Emission of SO2 (SEW)  
Solvent recovery issue due to derivati ation. Ethanol was recently dis-
covered to react with extracted hemicelluloses and lignin, under acidic 
conditions, to form ethyl xylosides and ethylated lignin (Bauer et al. 
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2012, Lancefield et al. 2017, Shara i and van Heiningen 2017, Shara i 
et al. 2017, Zhang, Z. et al. 2016), thus accounting for a substantial loss 
of the pulping solvent, which re uired further effort for ethanol regener-
ation. 

 
Ionic li uids have recently emerged as novel solvents in biomass conversion 
processes. Ionosolv fractionation can be performed homogenously or heteroge-
neously. In the homogenous approach, all biomass constituents are dissolved, 
and different fractions are then separately regenerated by the addition of anti-
solvents. In the heterogeneous approach, a certain biopolymer is selectively dis-
solved from the biomass. However, the use of ionic li uids reveals several dis-
advantages for both approaches. irstly, the thermal instability of ionic li uids 
prevents the process to be conducted at temperatures higher than 130 C, result-
ing in long fractionation time, typically longer than 8 hours for milled wood and 
longer for wood chips (Hauru et al. 2013, Viell and Mar uardt 2011, Wang, 

uejing et al. 2011). Secondly, low consistency ( 5 ) is re uired for the effec-
tive dissolution of biomass constituents, making the process unpractical in large 
scale (Lan et al. 2011, Li, Weiying et al. 2011, Sun et al. 2009). Thirdly, disso-
lution power of ionic li uids is usually sensitive to the presence of water (Swat-
loski et al. 2002), which re uires intensive drying of the raw material before 
processing. Research on heterogeneous fractionation, in particular, is still in its 
early stage due to limited dissolution selectivity. Delignification in ionic li uid 
is accompanied by significant carbohydrate loss (Lee et al. 2009, Pinkert et al. 
2011, Tan et al. 2009). Therefore, ionic li uids extraction are more useful as a 
pulp purification method than biomass fractionation. or example, the aforemen-
tioned IONCELL-P process can selectively extract hemicelluloses to convert 
bleached kraft pulp to high purity dissolving pulp ( roschauer et al. 2012, Roselli 
et al. 2014, Roselli et al. 2016). 

 
urthermore, inspired by the PHK process, hot water extraction after kraft 

pulping (also called post-hydrolysis) has been proposed as a potential purifica-
tion method to produce dissolving pulp from paper-grade kraft pulp with minor 
loss in the cellulose yield (Borrega and Sixta 2013). 

Gamma-valerolactone (GVL) is a cyclic ester, naturally occurring as volatile fla-
vor constituents in natural products such as barley, coffee, cocoa, mango, honey, 
peach, mushrooms (Sigma-Aldrich 2018). GVL has been widely applied as food 
flavor enhancer (Adams et al. 1998), as perfume composition (Tanaka et al. 
2009) or as solvent for lac uer, insecticides and adhesives (Dunlop, Andrew P. 
and Madden 1957). The basic properties of GVL are summari ed in Table 1. 
GVL is generally synthesi ed by the heterogeneously cataly ed hydrogenation 
of levulinic acid in the presence of metal-based catalysts  

Traditionally, the synthesis was conducted in either li uid phase at 220 C 
under 48 bar H2 atmosphere cataly ed by Raney Ni (Christian et al. 1947) 
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or in vapor phase at 175  250 C under 1 bar H2 atmosphere cataly ed 
by a copper-containing catalyst (Dunlop, Andrew P. and Madden 1957)  
The adoption of carbon supported metal/bimetal catalyst significantly 
improved the GVL synthesis  

o 5 wt  Ru/C offered a stable 100  selectivity and conversion 
(Upare et al. 2011)   

o 15 wt  RuRe (3 4)/C provided a higher activity and stability in 
the presence of sulfuric acid while simultaneously generating in-
situ H2 via the decomposition of formic acid (Braden et al. 2011)   

o RuSn/C delivered an improve stability at the expense of the ac-
tivity (Wettstein et al. 2012)  

Besides, a wide range of catalysts could be employed for the GVL syn-
thesis (Man er 2003, Wright, W. R. and Regina 2012).  

Property Value 

Structure 
 

ormula C5H8O2 

CAS 108-29-2 

Molar mass g/mol  100.112 

Density g/mL  1.05 

Refractive index n20/D  1.432 

Melting point C  -31 

lash point C  96 

Boiling point C  208 

Enthalpy of vapori ation ( Hvap) kJ/mol  54.8 

Enthalpy of combustion ( cH0
298) kJ/mol  -2649.6 

LD50 (Rat/Oral) mg/kg  8800 

LD50 (Rabbit/Dermal) mg/kg  5000 

 
In the previous decade, GVL was introduced by Professor Horv th and his co-

workers as a promising green organic solvent for biomass processing. GVL is a 
green, non-toxic and non-volatile solvent (Table 1). GVL is soluble in water but 
eotropic (Horv th 2008). urthermore, the recogni able smell of GVL enables 

easy detection of leakage or spilling and more importantly, it is a stable chemical 
unsusceptible to degradation and oxidation at standard conditions, making it a 
safe substance for large-scale storage, transportation and application (Horv th et 
al. 2008). Since the renewal of interest on GVL, several works were introduced 
where this solvent was employed as an environmentally friendly medium for 
chemical conversions such as  
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Production of GVL from fructose (Qi and Horv th 2012)  GVL was both 
the solvent and the product, thus avoiding the costly separation process  
Production of GVL and levulinic acid from cellulose (Alonso, Gallo et 
al. 2013)  GVL accelerated the cellulose degradation while solubili ed 
the humins, thus simplifying the process. Besides, like the previous case, 
GVL was both the solvent and product, therefore post-process separation 
was not necessary   
Production of furanic compounds (furfural, HM ) and organic acids (le-
vulinic acid, formic acid) from carbohydrates cataly ed by mineral acids 
(Mellmer et al. 2014, Qi et al. 2014) or by solid-acids (G rb  et al. 2013, 
Li, Wen hi et al. 2016)  the apparent activation energies of hydrolysis 
reactions were lower in GVL, allowing low-temperature operation. Be-
sides, furfural degradation reactions (to humins) were suppressed in 
GVL, thus increasing the product yield and prolonging the solid catalyst 
activity  
Hiyama cross-coupling reaction (Ismalaj et al. 2014)  GVL served as a 
dipolar, aprotic solvent with low toxicity  
Production of formamides from CO2 (Song, J. et al. 2016)  The lactone 
structure of GVL facilitated the formation of the active silyl formates and 
activated the N-H bonds in amines  
Hydrothermal decomposition of cellobiose (Song, B. et al. 2017)  GVL 
suppressed the isomeri ation reactions and enhanced the hydrolysis re-
actions. 

 
GVL has been further integrated into biomass fractionation processes, mainly 

pioneered by the research of Professor Dumesic and Professor Luterbacher. The 
representative works are  

Production of furanic compounds, organic acids and GVL from corn 
stover in a ueous GVL solution, cataly ed by diluted H2SO4 (Alonso, 
Wettstein, Mellmer et al. 2013, Li, M. et al. 2016)  
Production of monomeric carbohydrates in a ueous GVL solution with 
the presence of H2SO4 by only thermochemical treatment of corn stover, 
maple wood and pine wood (Luterbacher et al. 2014) or by the combina-
tion of thermochemical and en ymatic treatments of beech wood (Shuai, 
Questell-Santiago et al. 2016)  
Production of lignin-derived monomers and monomeric carbohydrates 
from corn stover in a ueous GVL solution, cataly ed by diluted H2SO4 
(Luterbacher et al. 2015)   
Production of dissolving pulp and high purity lignin by birch sawdust 
fractionation in a ueous GVL solution, with or without H2SO4 ( ang and 
Sixta 2015)  
Production of monomeric carbohydrates by corn stover fractionation in 
a ternary mixture of GVL, water and another organic solvent, cataly ed 
by diluted H2SO4 (ben ene, toluene, phenol, etc.) (Motagamwala et al. 
2016)  
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Production of lignin by water precipitation from the spent li uor of corn 
stover fractionation in a ueous GVL solution, cataly ed by diluted 
H2SO4 (Zhang, J. et al. 2017)  
Production of maleic acid by oxidation of furfural obtained from corn 
cobs fractionation in a ueous GVL solution, cataly ed by diluted H2SO4 
(Rodenas et al. 2018)  
High-yield production of furfural by dehydration of xylose obtained from 
maple wood fractionation in a ueous GVL solution, cataly ed by diluted 
H2SO4 (Sener et al. 2018). 

The a ueous GVL solution offers a clear advantage in terms of reaction pres-
sure over the benchmark organosolv process, the ethanol/water fractionation. 

or example, at the fractionation temperature of 180 C, 50/50 wt  ethanol/wa-
ter mixture delivers a pressure of 18 bars (Laure et al. 2014), while that of 
GVL/H2O is about 9.9 bars, which would potentially reduce the cost for pres-
sure-resistant vessels. Moreover, the suppression of unfavorable side reactions 
during the dehydration of carbohydrates in a ueous GVL solution was reported, 
even without solid mechanistic proof, which led to a higher yield of the valuable 
furanic platform chemicals (Alonso, Wettstein, Mellmer et al. 2013).   

In recent decades, novel applications with nanoscale cellulosic material have be-
come increasingly important due to their distinctive characteristics such as bio-
degradability, modifiability, reactivity, high aspect ratio, outstanding mechani-
cal properties, good barrier properties and uni ue optical properties ( uku umi 
et al. 2009, Moon et al. 2011). Nanocelluloses are generally divided into three 
sub-categories of bacterial cellulose (BNC), cellulose nanocrystal (CNC), and 
nanofibrillated cellulose (N C). BNC are bottom-up synthesi ed from glucose 
by the Gluconoacetobacter xylinius bacterial family (Brown, A. J. 1886, Klemm 
et al. 2005) while the two latter are produced from wood. CNCs are highly crys-
talline cellulosic materials prepared from mineral acid hydrolysis of semi-crys-
talline cellulosic fibers (Bondeson et al. 2006). This dissertation places particular 
emphasis on N C, the smallest unit of plant fibers, which is a bundle of entan-
gled cellulose chains consisting of alternating amorphous and crystalline do-
mains, with the typical width of 5  60 nm and the length of several micrometers 
(Klemm et al. 2005, Klemm et al. 2011, Saito and Isogai 2004, Sakurada et al. 
1962). 

 
The standard method to produce N C is the high-pressure mechanical disinte-

gration and homogeni ation of pulp suspensions at low consistency according to 
the procedures developed at ITT Rayonnier (Herrick et al. 1983, Turbak et al. 
1983). Proper defibrillation is usually achieved after several passes through the 
homogeni ation instrument, which makes the process particularly energy-inten-
sive. The mechanical N C production can be facilitated by pulp pretreatments 
including (but not limited to)   
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En ymatic treatment (Janardhnan and Sain 2007, P kk  et al. 2007)  
Alkaline-acid treatment (Alemdar and Sain 2008)   
Ionic li uid treatment (Li, Jihua et al. 2012)   
Cellulose carboxymethylation (Eyhol er et al. 2010)   
Cellulose acetylation (Jonoobi et al. 2010)  
TEMPO-oxidation (Saito and Isogai 2004)  
Phosphorylated cellulose (Noguchi et al. 2017). 

 
The production of N C has recently been commerciali ed. The world leading 

N C manufacturers include  American Process (USA), Asahi Kasei (Japan), 
Borregaard (Norway), Chuetsu Pulp & Paper Daicel (Japan), Daiichi Kogyo (Ja-
pan), Daio Paper (Japan), Imerys ( rance) , Innventia AB (Sweden), Nippon Pa-
per (Japan), Oji Holdings (Japan), Sugino Machine (Japan), Seiko PMC (Japan) 
and Stora Enso ( inland).  

 
N C has showed the potential as a sustainable material for  

Reinforcing phase in nanocomposites with inorganic matrices (Ardanuy 
et al. 2012), with organic matrices (Srithep et al. 2012) or with other 
wood components matrices (hemicellulose and lignin) (Peng et al. 2011, 
Wang, uan et al. 2012)  
Biocompatible material for medical applications (Borges et al. 2011, 
Valle-Delgado et al. 2016)  
Specialty nano-paper (Henriksson et al. 2008, Masaya et al. 2009)  
Additives in food, cosmetics and medicines (Klemm et al. 2011)  
Hydro-gels and aero-gels (De rance et al. 2017). 

 
Although the research on N C is still at an early stage, several N C-based 

products have been introduced to the market such as  
Adhesives, antioxidants, coatings and paints by Cellu orce (Canada)  
Packagings, composites from UPM ( inland)  
Cellulosic Styrofoam, insulation materials, composites, filters and mem-
branes by J. Rettenmaier & S hne (Germany)  
Super-deodorant diapers, food additives by Nippon paper (Japan)  
Separators for battery and capacitor by Asahi Kasei Chemicals (Japan)  
Toilet cleaner, O2-barrier sheets by Daio paper (Japan). 

  
Currently, N C is typically produced from fully bleached kraft pulps due to 

the confirmed market availability of the raw material. However, unbleached dis-
solving pulp, which has not gained enough research attention, might be a poten-
tial material for N C production. irstly, the elimination of a bleaching stage not 
only minimi es the environmental impact, but also improves the process econ-
omy as well as increases the N C yield with residual lignin. Secondly, high cel-
lulose purity of dissolving pulp could reveal more applications for hemicellu-
lose-lean N C. Besides, lignin-containing N C might exhibit interesting char-
acteristics related to the hydrophobicity and the adhesive properties of lignin 
( errer et al. 2012, Nelson et al. 2016).
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Distillation and extraction are the most common methods for the separation of 
organic solvents from the biomass fractionation spent li uors (Muurinen 2000). 

2.6.1 Distillation 

Distillation is the most common physical method to fractionate li uid mixtures 
in the chemical process industry. Distillation is based on the differences in the 
volatilities of the components of the li uid mixture. Distillation re uires energy 
input to evaporate the mixture, generating a vapor phase rich in the more volatile 
component and an energy output to condensate the vapor separately from the 
original mixture into the li uid phase. Most of the distillation processes are op-
erated in a continuous multi-staged column. igure 6 presents a typical distilla-
tion setup. The feed enters the column at the feed stage, more volatile compounds 
are collected from the column upper part (rectification section) and less volatiles 
ones from the lower part (stripping section). The external heat re uired for the 
evaporation is supplied at the bottom of the column by the reboiler. The vapor 
rises from one stage upwards while the li uid flows downwards, creating inti-
mate contact between the two phases, which facilitates mass transfer and leads 
to gradient enrichment of volatile components in the vapor along the column 
upward and vice versa for the li uid. Mass transfer is further promoted by the 
column internal design (stage trays or packing). The overhead vapor is con-
densed and collected as a distillate, some of which is fed to the top stage to enrich 
the vapor entering the stage and created a li uid down-flow stream. The ratio of 
the distillate return rate and the distillate product removal is defined as the reflux 
ratio. The operation conditions including the number of stages, reflux ratio, tem-
perature, pressure, feed position and flowrates are optimi ed case by case ac-
cording to the system properties such as vapor-li uid e uilibrium (VLE), ther-
mal stability, fluid properties and enthalpy data. (Brown, G. G. 1965, De Haan 
and Bosch 2013a, Richardson et al. 2002a). 

 
There are several variations of distillation including (but not limited to) frac-

tional distillation, vacuum distillation, extractive distillation and reactive distil-
lation. or economic reasons, the simplest technology is often preferred for the 
recovery of organic solvents from the pulping spent li uor. Standard distillation 
is often ade uate for volatile solvents such as alcohol (ethanol, methanol) with-
out 100  distillate purity re uirement. However, the recycling of low-volatile 
solvents, such as GVL (boiling point of 208 C), re uires a reduction in column 
pressure which allows the operation at lower temperature in order to minimi e 
the operational ha ard and thermal degradation. 
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2.6.2 Liquid-liquid extraction 

Another common industrial method for the separation of li uid mixtures is li -
uid-li uid extraction (LLE), a physical method based on the relative solubility 
of a dissolved component in two different (partly) immiscible li uids, usually a 
polar solvent (water) and a non-polar solvent (organic). Extraction occurs when 
the feed, which contains the solute dissolved in the carrier, and the solvent comes 
into intimate contact (facilitated by proper mixing and column internal design to 
increase the interfacial area). The difference in solvent affinity induces a mass 
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transfer of the solute from the feed to the solvent, generating the solute-rich ex-
tract and the solute-lean raffinate. igure 7 presents a typical extraction setup. 
The solvent is recycled to the extraction column, often by distillation. In chemi-
cal engineering, LLE is usually complementary to distillation, especially when 
treating a eotropic mixtures. However, LLE is preferred in case of heat-sensitive 
mixture or energy-intensive distillation (similar volatility). The choice of sol-
vent, the extraction scheme (counter-/co-/cross-current) and the number of 
stages are taken into account on a case by case basis according to the nature of 
the involved components (Brown, G. G. 1965, De Haan and Bosch 2013b, Rich-
ardson et al. 2002b). 

 
Even though extensively applied in petrochemical, metallurgical, biotechno-

logical, nuclear and pharmaceutical processes, LLE is much less popular in bio-
refineries and is usually reserved for the purification of small-scaled and higher-
valued side products such as lignin (Stiefel et al. 2017), pyrolysis oil (Wei et al. 
2014), furfural (Croker and Bowrey 1984) and vanillin (Cl udio et al. 2010). In 
organosolv pulping, distillation is the preferred method for solvent recovery, as 
the solvents are usually sufficiently volatile (alcohol, ketone, carboxylic acids). 
However, in the case of a high-boiling point solvent such as GVL, the excessive 
energy consumption promotes the interest on LLE. Li uid CO2 at 25 C and 75 
bar was suggested as an effective solvent to extract GVL from its a ueous solu-
tion (Luterbacher et al. 2014, Motagamwala et al. 2016, Shuai, Questell-Santi-
ago et al. 2016). 
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GVL was obtained from Sigma-Aldrich at 98 wt  purity for experiments 
where GVL concentration was less than 98 wt . or experiments re uiring 
higher purity, vacuum distilled GVL with 99.9 wt  purity was used. Water was 
produced by the Millipore Synergy  UV purification system (water resistivity 
of 18.2 M .cm). CO2 was provided by AGA in li uid state, stored in steel cyl-
inder at about 56 bar and 20 C. 
 

Beech (Fagus sylvatica) organosolv lignin was prepared by an ethanol/water 
fractionation process (Laure et al. 2014) in raunhofer Center for Chemical and 
Biotechnological Processes. The lignin samples were ground and screened by a 
400- m mesh opening sieve. The finer lignin fraction was collected, dried at 
40 C for 2 days and stored for the experiments. ine chemicals for the lignin 
analyses were supplied by Sigma Aldrich and Merck. This type of lignin was 
selected for the study of solubility in GVL/water due to the unavailability of a 
lignin sample obtained from a GVL fractionation process. Nevertheless, the re-
sults were expected to be applicable for GVL lignin due to  

The resemblance to the wood species subse uently used in the fraction-
ation trials of this work (beech and eucalyptus are both hardwood)  
The resemblance of the preparation method (ethanol/water and GVL/wa-
ter pulping are both slightly acidic organosolv process). 

 
Eucalyptus globulus (E. globulus) wood chips were delivered by ENCE, Spain. 

The chips were screened according to the SCAN-CM 40 01 standard and stored 
at -20 C. Some chips were air-dried and then ground to sawdust and sieved 
(screen opening 0.125 mm). The finer sawdust was collected and stored at -20 C 
for further usage. The identified chemical composition of the wood was 44.1  
glucose, 15.2  xylose, 3.1  other sugars, 27.7  lignin and 1.3  extractive. 
Before the fractionation experiments, the wood was not extracted  therefore, the 
extractives appeared as lignin in the ASL analysis by UV-spectrometry. 

 
The ionic li uid 1,5-dia abicyclo 4.3.0 non-5-ene acetate, DBNH OAc , the 

cellulose solvent in the production of regenerated fibers from GVL/water pulp, 
was synthesi ed from 1,5-dia abicyclo 4.3.0 non-5-ene (DBN, supplied by lu-
orochem, 99  purity) and acetic acid (glacial, supplied by Merck, 100  purity). 
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An e uimolar amount of acetic acid was slowly added to DBN. The temperature 
was controlled and allowed to rise to 70 C in order to avoid solidification of the 
ionic li uid.

The optimum lignin dissolution into an a ueous solution of GVL was estimated 
based on the Hildebrand solubility parameter ( -value) theory, which is applica-
ble to non-polar and slightly polar systems. In general, the optimum dissolution 
is achieved when the -values of the polymer and the solvent are similar (Hilde-
brand and Scott 1950, Schuerch 1952).  
 
The -value of beech wood organosolv lignin was estimated based on the addi-
tive contribution of atomic and functional groups of the repeating unit structures 
(Fedors 1974). or a GVL solution, the -value was estimated based on the basic 
properties of enthalpy of vapori ation, density, molar mass and boiling point 
(Schuerch 1952). The detailed calculation routine for the Hildebrand parameter 
of lignin and GVL solutions are presented in the Experimental Section  of 

.  

The phasic behaviors of the water-GVL-lignin system were investigated with 
several ternary mixtures with varying compositions prepared in 15mL Corning 
Pyrex  glass centrifugal tubes. The experiment protocol was demonstrated in 
Table 4 of . In brief, the solubility measurements started with binary 
mixtures of different concentrations  then proceeded by the addition of the third 
component, followed by an ultrasonic mixing, incubation and analysis of the ob-
tained mixtures. Phase separation was determined visually and microscopically. 
Each experiment was performed in triplicate. 

ractionation trials were conducted in three different scales according to the aim 
of the experiment. Eucalyptus sawdust were fractionated in 30mL vials heated 
in a microwave reactor (Anton Paar Monowave 300). Eucalyptus wood chips 
were fractionated in either 225 mL autoclaves heated in a silicon oil-bath reactor 
(Haato-tuote model 43427) or in 2.5 L autoclaves heated in an air-bath reactor 
(Haato-tuote 16140-538). The pulping parameters and experimental objectives 
are summari ed in Table 2. 

 
The fractionation was stopped by cooling the reactor with cool compressed air 

(Monowave 300) or with cold water (oil-bath and air-bath digester). The pulp 
and raw spent li uor were separated by filtration. In most of the experiments, the 
pulp was washed with 60 wt  EtOH for economi ing on GVL (  and 
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). In , by altering the washing intensity, four pulps containing vary-
ing amount of residual lignin was obtained, the pulps production protocol was 
illustrated in igure 1 of . Washing was performed with 50 wt  GVL 
only in the pulping experiments to produce the spent li uor for the GVL recovery 
( ), and the raw spent li uor was combined with the washing GVL for 
subse uent treatments. The solvent-washed pulp was subjected to a final wash-
ing with hot water (ca. 80 C) until the filtrate appeared clear. After washing, the 
pulp was screened in a table-top screener to determine the amount of rejects. The 
pulp yield was determined gravimetrically. All the solids and li uid fractions are 
collected and analy ed as described in the section 3.10. Detailed description of 
each individual fractionation trial can be found in the experimental section of the 
corresponding paper. Selected pulp samples was bleached with an elemental-
chlorine-free (EC ) se uence of D0-Ep-P. The bleaching procedure was de-
scribed in the Materials and methods  section of . 

Objective Reactor Wood 
type 

GVL 
wt  

T 
C  

L W (a) 
L/kg  

Time 
min  

Effect of GVL concentration Monowave Sawdust 0  98 180 10 120 

Effect of time Oil-bath Chips 50, 60 180 10 60  180 

Effect of L W Air-bath Chips 50 180 2  10 90  150 

Pulp for L-N C production Air-bath Chips 50 180 4 150 

Spent li uor for GVL recovery Air-bath Chips 50 180 4 150 

GVL recyclability - 3 cycles Monowave Sawdust 50 180 10 120 

(a) L W stands for li uor-to-wood ratio 

Selected bleached and unbleached pulps were spun to regenerated cellulosic fi-
bers by the IONCELL-  process, which was a dry-jet wet spinning process 
(Hummel et al. 2015, Sixta et al. 2015). The spinning dope was prepared by 
dissolving the pulp in the DBNH OAc  ionic li uid followed by pressuri ed 
filtration. The dope was shaped into the dimension of the spinning cylinder and 
solidified upon cooling, which was then loaded into the cylinder and melted by 
heating. The molten solution was extruded through a spinneret to an air gap and 
subse uently the filaments were coagulated in a cool water bath, where they 
were guided by rollers to the godet couple. The spun fibers were washed in hot 
water and air-dried. The mechanical properties of regenerated fibers, such as lin-
ear density, elastic modulus, wet and dry tenacity, were determined. The prepa-
ration and characteri ation protocols for IONCELL-  fibers were presented in 
the Materials and methods  section of . 



24 

N C suspensions with different amount of residual lignin were produced from 
the pulps produced as described in igure 1 of . The pulps were diluted 
to 1 wt  consistency, disintegrated and subjected to a 12-pass fluidi ation to 
produce N C. The lignin-containing N C films were prepared from the corre-
sponding N C by pressuri ed filtration method introduced by ( sterberg et al. 
2013). Detailed descriptions of the suspension preparation, film formation and 
conditioning were presented in the Experimental  section of . 
 
Nano-scale topography of the N C was investigated by Atomic orce Micros-
copy (A M). The A M images were processed and analy ed with Bruker Na-
noScope Analysis 1.5 software. The fibril and lignin particle dimensions were 
analy ed from the flattened height images with the section tool. Nano-scale mor-
phology of the free e-dried N C aerogel was examined by Scanning Electron 
Spectroscopy (SEM). Surface charge of the nanofibrils was assessed via their 
eta potentials. Water retention properties of the N C was determined by a mod-

ified SCAN-C 102 E and bo Akademi Gravimetric Water Retention ( A-
GWR) methods. Those techni ues were thoroughly discussed in the Experi-
mental  section of . 
 
Rheological properties of lignin-containing N C suspensions were analy ed at 
23 C with an Anton Paar MCR 300 shear rheometer as presented in details in 
the Experimental  section of . The rheological tests included  

Oscillating and steady shear measurements  
Shear thinning behavior measurements  
Yield stress measurement  
Recovery measurements. 

 
Due to the complexity of the lignin-containing N C suspension, the data varia-
tion of the measurements was ca.10 . Besides, the rheological data contained 
mechanical noise, which were smoothened by the Tikhonov regulari ation. 
 
Mechanical properties of lignin-containing N C films, including tensile 
strength, elastic modulus and breaking strain, were measured by a vertical tensile 
tester. The water contact angle of N C films was determined with an optical 
contact angle goniometer at room temperature. Surface composition and surface 
lignin content of the N C films were evaluated with -ray photoelectron spec-
troscopy ( PS). The N C films characteri ation methods were fully described 
in the Experimental  section of .
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urfural was produced from selected spent li uor. The spent li uor was first con-
centrated with pure GVL to reach a 90 wt  GVL solution, and then heated at 
200 C in the presence of 0.1 M sulfuric acid. The experiments were conducted 
in 30 mL vials in the microwave reactor (Anton Paar Monowave 300), with hold-
ing times ranging from 5 to 120 min. The resulting solutions were analy ed for 
xylose, furanic compounds and organic acids by the same analytical procedure 
as described above for the analysis of the crude spent li uors. 

 

Lignin was isolated from the spent li uor by the addition of water, the anti-sol-
vent. Water was added to the spent li uor with the mass ratio of 0.5 1 to 3 1. The 
precipitated lignin was collected by 15-minute centrifugation at 8000 rpm. The 
washing of precipitated lignin was performed 3 times by the following se uence  
decantation of the supernatant - addition of an abundant amount of water - ultra-
sonic treatment for 15 minutes - centrifugation at 8000 rpm for 15 minutes. The 
washed lignin was then ground to finer particles and dried at 40 C at reduced 
pressure (  100 mbar) for at least 8 hours before the analyses.

3.9.1 Distillation at reduced pressured 

The distillation was conducted in batch mode in a Vigreux column, which was 
silver-coated and vacuum-jacketed. The spent li uor was diluted with water for 
partial lignin removal before being fed to the reboiler. The column was continu-
ously evacuated by a vacuum pump during the experiment. The distillation was 
conducted as a one- or two-staged process (scheme 1 and 2 in supporting mate-
rial 3 of ). Detailed descriptions of the vacuum distillation e uipment 
and operation were presented in the Experimental  section of .
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3.9.2 Extraction by liquid CO2 

A semi-batch extraction system was constructed as illustrated in igure 8. The 
feed was injected to the cell before the extraction. Pressuri ed CO2 was distrib-
uted at constant rate from the bottom of the extraction cell. The extraction was 
operated at 25 C with a solvent-to-feed ratio of 4  1 by mass, without a mixing 
mechanism. The spent li uor could be pretreated by partial lignin or water re-
moval before being fed to the extractor (recovery scheme 3  6 in supporting 
material 4 of ). urther details on the e uipment and operation of the 
li uid CO2 extraction were discussed in the Experimental  section of . 

 

 

 

3.9.3 GVL recyclability in 3 fractionation cycles 

Recyclability of GVL recovered from the spent li uor by li uid CO2, as de-
scribed in section 0, was tested by the fractionation of eucalyptus sawdust in 30 
mL vials heated in a microwave reactor (Anton Paar Monowave 300) for a better 
controllability in order to ensure the reproducibility of the experiment. Three 
fractionation cycles were investigated. The experiment protocol is illustrated in 
supporting material 2 of . 
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3.9.4 Simulation of the recovery process for energy assessment 

Two simulation models were built in the ASPEN PLUS v.10 environment for 
the continuous vacuum distillation and the continuous extraction processes. or 
simplification, only the main components (GVL-water-CO2 for extraction and 
GVL-water for distillation) were included. Dissolved compounds (lignin, carbo-
hydrates and furanic compounds) were not considered. The feed (spent li uor) 
contained 50 wt  GVL and 50 wt  water. Both models targeted similar purities 
of product streams, which are 98 wt  of GVL in the organic phase and 99 
wt  of water in the a ueous phase. Detailed descriptions about the model con-
struction are presented in supporting material 8 of . In brief  

Distillation  the spent li uor was firstly evaporated at reduced pressure, 
leaving a fraction of GVL as residue. The vapor (GVL and water) entered 
the distillation column for separation. 
Extraction  GVL was recovered from the spent li uor in a multi-staged, 
counter-current extraction setup. CO2 was recycled by a 4-staged decom-
pression-recompression at the pressure level of 1  2.9  8.6  25.4  75 
bar (ca. 2.9x step). 
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Characteri ation methods for the pulp, lignin and li uid samples are summari ed 
in Table 3. Detailed descriptions of the individual analyses can be found in the 
corresponding papers. 

Analyses Methods / Standards Papers 

Pulp samples   

Carbohydrates and lignin 2-step hydrolysis (NREL/TP-510-42618) II  IV 

Intrinsic viscosity SCAN-CM 15 88 II  IV 

Kappa number SCAN-C 1 00 II  IV 

ISO brightness SCAN-P 3 93 II 

Hexenuronic acid UV Resonance Raman spectrometer II 

Molar mass distribution  Gel permeation chromatography II  IV 

Lignin samples   

Elemental analysis lash combustion  gas chromatography I, II, IV 

Methoxyl group Zeisel-Vieb ck-Schwappach I, II, IV 

Carbohydrates and lignin 2-step hydrolysis (NREL/TP-510-42618) I, II, IV 

Chemical structures Nuclear magnetic resonance spectrometer I, II, IV 

Molar mass distribution  Gel permeation chromatography I, II, IV 

Glass transition temp. Differential scanning calorimetry IV 

Liquid samples   

Carbohydrates 1-step hydrolysis (NREL/TP-510-42623) II, IV 

Lignin UV spectrophotometer I, II, IV 

uranics and acids Li uid chromatography II, IV 

GVL/water ratio Gas chromatography I, IV 

Recycled GVL structures Nuclear magnetic resonance spectrometer IV 
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Inspired by the pioneering works where GVL had been employed as a medium 
for bio-originated chemical conversion, we started this project to develop a bio-
refinery concept based on wood fractionation in an a ueous solution of GVL, 
aimed at the production of dissolving pulp. The feasibility of such process was 
investigated by the following research uestions  

1. How well does lignin dissolve into GVL/water  ( )  
2. Can dissolving pulp be produced by GVL/water fractionation and what 

is the pulp uality  ( )  
3. Can the pulp be converted to textile fibers with ade uate fiber properties  

( )  
4. Can nano-fibrillar cellulose be mechanically produced from lignin-con-

taining GVL pulp, and what are the properties of the resulting N C sus-
pension  ( )  

5. What are the properties and valori ation potentials of the extracted lignin 
and hemicellulose fractions  (  and )  

6. How to optimi e the GVL/water pulping conditions  ( )  
7. Can GVL be recovered from the spent li uor in a sustainable manner  

( ). 
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Hildebrand parameter provides a simple semi-empirical prediction for the max-
imum solubility of a polymer in a solvent. However, the Hildebrand theory does 
not estimate the numerical value of the solubility. Besides, when applied to pre-
dict the solubility of highly irregular polymer such as lignin, the -value is ex-
pected to be less accurate. Detailed calculations of the Hildebrand solubility pa-
rameters for lignin and GVL solutions are presented in . 

 
The information on lignin structures and functional groups were summari ed 

as Table 3 of . Results from the elemental, methoxyl group and purity 
analyses revealed the empirical formula of beech organosolv lignin as 

. NMR and methoxyl group analysis determined the for-
mula as ( igure 9). The amount of hydrogen was slightly 
over-estimated, which could be justified by the fact that side-chain cleavage (C  
or C  elimination) were not taken into account while building the representative 
structure. Therefore, it can be concluded that the two empirical formulas previ-
ously presented were compatible, thus validating the proposed structures. 

 
 

 
 
(a) 
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(b) 

Average solubility parameter of beech organosolv lignin was 25.5 MPa1/2, as 
calculated from the proposed structure. The result is comparable to those re-
ported earlier such as the ALCELL  lignin from mixed hardwood (Ni and Hu 
1995), 28.0 MPa1/2, the en ymatic hydrolysis/mild acidolysis lignin from ba-
gasse (Wang, Qiang et al. 2011), 28.6 MPa1/2, or the lignin from hydroly ed al-
mond shell (Quesada-Medina et al. 2010), 29.9 MPa1/2. 

 
The enthalpy of vapori ation of GVL solutions were obtained by E uation 4 

of , from which the -value was calculated by E uation 3 of  and 
presented in igure 10. The Hildebrand parameter theory states that the maxi-
mum solubility occurs when the -value of the solvent (GVL/water) is close to 
that of the solute (lignin). igure 10 indicates that lignin exhibits highest solu-
bility in a solution containing ca. 92  96 wt  GVL (70  80 mol  GVL). 
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The solubility diagram for the water-GVL-lignin system at ca. 25 C is illustrated 
in igure 11. Detailed explanations and discussions about the regions on the di-
agram were presented in . Due to the heterogeneity of the lignin sample, 
the diagram exhibits only a ualitative phase behavior of the components with 
relatively high uncertainty, especially with regard to the borders between the 4 
main regions  

1. The homogenous region in which no solid lignin particle is visually de-
tected. Microscopic imaging revealed a colloidal sol structure  

2. The li uid-li uid split region in which a GVL-rich organic phase co-ex-
ists with an a ueous phase  

3. The solid-li uid-li uid split region, which is an extension of region 2 
with an addition of lignin, resulting in the formation of lignin particles  

4. The solid-li uid split region in which the lignin-to-GVL ratio is too high 
for the presence of an organic phase. GVL-surface-wetted lignin particles 
suspend in a ueous phase. 
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Despite proven findings on the phase behavior of lignin in the GVL/water sys-
tem, the results presented in section 5.1 and the phase diagram are of minor im-
portance for the pulping with GVL solution. irstly, biomass fractionations in 
GVL are conducted at temperatures considerably higher than 25 C, rendering 
the phase diagram at RT irrelevant. Secondly, although a higher GVL concen-
tration in the fractionation li uid provides higher driving force for lignin disso-
lution, a higher delignification is not necessarily guaranteed. Delignification is a 
complicated process in which lignin must first be released from the matrix by 
the hydrolytic cleavage of the ether bond in lignin-carbohydrate complex or be-
tween lignin moieties. At elevated temperatures, water facilitates the cleavage of 
acetyl group in hemicellulose to form acetic acid (Brasch and ree 1965), which 
in turn creates the acidic medium, and promotes the aforementioned hydrolytic 
activities. A balance between the lignin liberation and lignin dissolution must be 
achieved. Therefore, the GVL content should not exceed the level at which the 
lignin fragmentation discontinues, but, on the other hand, should not to be too 
low to compromise the lignin dissolution. The only significant information ex-
tracted from the diagram is the approximate limit value for the solvent (GVL/wa-
ter) to the solute (lignin) to avoid the formation of a solid phase leading to scaling 
and blockage in the piping and reactor. 
 
However, the information extracted from the phase diagram is more useful for 
the post-pulping processing of the spent li uor, for example, the lignin isolation 
and GVL recovery, which may occur at ambient temperature (Lê, Zaitseva et al. 
2016). 

The optimi ation of the uncataly ed GVL pulping conditions was systematically 
performed as follows  

ractionation with varying GVL concentrations in the pulping solvent, 
fixed L W, fixed temperature and fixed time. The fixed parameters were 
adapted from an earlier work in our research group ( ang and Sixta 2015) 
( )  

ractionation with varying time, fixed L W, fixed temperature and opti-
mi ed GVL concentrations ( )  

ractionation with varying L W, fixed temperature, optimi ed GVL con-
centration and optimi ed time ( )  

ractionation with varying time, optimi ed L W, fixed temperature and 
optimi ed GVL concentration ( ). 
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5.3.1 Effect of GVL concentration in the cooking liquor (Paper II) 

Small scale fractionation trials with E. globulus sawdust were conducted to de-
termine the optimum GVL/H2O ratio for wood delignification. Previous research 
indicated that the minimum temperature re uired for an effective uncataly ed 
delignification was 170 C ( ang and Sixta 2015). After further in-depth investi-
gations, however, it was confirmed that the residual lignin amount of unbleached 
pulp was still relatively high (ca. 10  on pulp)  therefore, the fractionation tem-
perature was raised to 180 C. Other parameters such as the L W of 10 L/kg and 
the fractionation time of 120 minutes were adapted as a starting point.  
 

 

E. globulus

The main compositions of the obtained pulp (cellulose, hemicellulose and lig-
nin) are summari ed in igure 12, whereby the optimum GVL concentration for 
delignification is about 50  60 wt . The GVL/H2O fractionation appeared to 
be a slightly acid-driven process with a pH in the spent li uor between 2.8 and 
3.7 (Lê, Ma et al. 2016). At lower GVL levels, hydrolysis reactions dominated, 
resulting in extensive hemicellulose removal  however, the lignin dissolution 
power seemed to be inade uate. On the contrary, excess GVL in the fractionation 
li uid impaired the hydrolytic degradation, which led to the reduced delignifica-
tion and hemicellulose removal. The unbleached pulp fraction obtained from the 
fractionation with optimi ed GVL concentration resembled the characteristics of 
dissolving pulp ( 85  cellulose, 6  hemicellulose) (Lê, Ma et al. 2016). 
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5.3.2 Effect of time (Paper II) 

The two optimi ed GVL concentration of 50 wt  and 60 wt  were selected 
to study how the fractionation worked with a reaction time of 60  180 minutes 
( igure 13). The experiment was scaled up with E. globulus wood chips as raw 
material instead of sawdust. The other parameters were fixed as L W  10 L/kg 
and T  180 C. 

 

(a)  
 

 
 

(b)  

E. globulus
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(a) 

 
 

 
(b)  

E. globulus
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The cellulose fraction was moderately well-preserved in both cases even after 
3 hours of pulping. In the 60-minute experiments, a small amount of rejects was 
detected, but none was observed in the longer fractionation trials. The 50 wt  
GVL solution brought a marginal advantage in the delignification and hemicel-
lulose removal at the expense of the intrinsic pulp viscosity ( igure 13, Table 4). 
The full mass balance for the time-series experiments was presented in Table 2 
of .

 
The delignification stagnated after 120 minutes of fractionation, the extension 

of the reaction resulted in a modest additional hemicellulose removal and a sig-
nificant decrease in intrinsic pulp viscosity (Table 4, igure 13 and igure 14). 

Sample (a) 
Yield 
 odw 

Cellulose 
 odp 

Hemicelluloses 
 odp 

Kappa 
 

Lignin 
 odp 

Viscosity 
mL/g 

50-60 52.7 87.0 8.4 26.0 4.7 833 

50-90 47.8 88.9 7.4 17.6 3.6 818 

50-120 46.8 91.2 6.4 12.7 2.4 630 

50-150 45.0 92.0 5.6 10.6 2.4 551 

50-180 44.6 92.7 5.2 10.3 2.1 456 

60-60 51.9 86.4 8.8 27.5 4.8 936 

60-90 48.6 87.3 8.4 19.6 4.3 862 

60-120 47.3 90.2 7.3 13.5 2.6 737 

60-150 45.8 89.7 7.2 14.0 3.1 710 

60-180 44.8 90.9 6.5 11.5 2.6 592 

(a) The sample is named as  GVL concentration wt - ractionation time minutes . 
 

The relatively low pulp viscosity re uirement, together with the moderately 
higher pulp purity favored the 50 wt  GVL fractionation over the 60 wt  GVL 
for the production of dissolving pulp for textile fibers production. urthermore, 
the choice of a lower GVL concentration also had a positive effect on the econ-
omy of the recovery process.  
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5.3.3 Effect of L:W (Paper IV) 

 
Until this section, GVL pulping experiment has been conducted in an excessive 
amount of solvent (L W  10 kg/L), which is impractical regarding the GVL 
recovery effort. With the optimi ed parameters of T  180 C, t  150 minutes 
and 50 wt  GVL, a L W series from 2 to 10 L/kg was investigated ( igure 15).  
 

 

E. globulus

The cellulose fraction was well-preserved in all the experiments. Although the 
reduction of L W moderately influenced the extent of delignification and hemi-
cellulose removal, the degree of polymeri ation of cellulose, especially at L W 

 3 L/kg, was significantly affected, The detailed pulp composition L W series 
experiments were presented in Table 1 of . L W could be reduced to 3 
L/kg without compromising the re uired properties of a dissolving pulp, which 
can easily be converted into regenerated cellulosic fibers, for example, by the 
viscose (Strunk et al. 2012) or IONCELL-  (Sixta et al. 2015) process. The cru-
cial pulp properties are  high cellulosic content (  90 ), good bleachability and 
suitable intrinsic viscosity (400  600 mL/g) after bleaching.  ractionation with 
an even lower L W yielded an excessively degraded pulp for textile fiber spin-
ning  for example, the unbleached intrinsic pulp viscosity was 390 mL/g at an 
L W  2 L/g. The phenomena can be explained by the enhanced hydrolytic ac-
tivity, which correlates with the increased acidity of the fractionation medium 
when a similar amount of hemicellulose-originated organic acids is formed and 
extracted to a lesser amount of li uid. At the same time, the increase in ionic 
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strength of the bulk li uor might enhance the proton activity within the cell wall 
due to the Donnan e uilibrium (Zaranyika and Madimu 1989). 

 
The fractionation at reduced L W  3 and 4 L/kg was further investigated by a 

time-series of 90, 120 and 150 minutes (Table 5). ull mass balances are pre-
sented in the supporting material 6 of  (Lê, Pokki et al. 2018).  

 
With high cellulose and relatively low residual hemicellulose and lignin con-

tent, all of the above six pulps can be readily converted into viscose-grade dis-
solving pulp using standard bleaching techni ues such as the EC -se uence D0-
Ep-P or the TC  se uence O-Z-P. or this section, there is no preferable pulping 
conditions regarding the L W and time. All the 6 set of parameters are of e ual 
relevance. The selection of pulping parameters and bleaching techni ue should 
be considered under the specific conditions of the individual pulp mills (for ex-
ample the utilities price, the environmental legislation, the economic environ-
ment, the product spectrum, the price and the specification of regenerated cellu-
losic fibers). 

Sample (a) 
Yield 
 odw 

Cellulose 
 odp 

Hemicellulose 

 odp 
Lignin 

 odp 
Viscosity 

mL/g 

4-90 50.7 87.5 8.2 4.4 846 

4-120 48.8 88.5 7.8 3.7 769 

4-150 47.1 90.4 6.8 2.8 562 

3-90 48.9 88.1 7.6 4.3 773 

3-120 47.0 89.1 6.9 4.1 597 

3-150 45.6 89.8 6.8 3.4 493 

(a) The sample is named as  L W L/kg - ractionation time minutes . 
 

In summary, it can be stated that in the production of an unbleached viscose 
pulp from hardwood with the GVL fractionation, a similarly high yield can be 
achieved with a comparatively low kappa number as with the acid sulfite pulping 
process (Shah ad 2012). Both methods thus exceed the yield that can be obtained 
with the classical ethanol/water organosolv pulping and the PHK pulping pro-
cesses (Jahan et al. 2008, Kirci and Akg l 2002, Peter and Hoglinger 1986). 

urther advantages of the GVL process include  
Against the ethanol/water pulping  
o Lower operating pressure  which reduces the investment in pressure-

resistant e uipment  
o The absence of mineral acid catalyst while operated at moderate tem-

perature  which simplifies the spent li uor down-stream treatment 
and reduces the investment in corrosion-resistant e uipment. 
 



41 

Against the PHK  
o Simplicity  one-stage versus two-stage cooking. 
Against the AS  
o Environmentally benign  green versus toxic process, which emits 

sulfur-containing streams such as SO2, SO3, sulfite and sulfate  
o Shorter pulping time and simpler cooking li uor preparation. 

 
The aforementioned pulping uality has proved GVL fractionation a sustaina-

ble process for dissolving pulp production. However, the process is not free from 
disadvantage such as the raw material sensitivity. The unpublished results from 
our GVL fractionation experiments with a softwood wood species showed an 
inade uate delignification and a high reject content. The results suggested that 
either a pre-treatment stage or a pulping catalyst is re uired for the GVL pulping 
of softwood. Besides, even though GVL was reported to be stable under acidic 
condition during the biomass fractionation process (Shuai, Questell-Santiago et 
al. 2016), the possibility that GVL might react with the wood components via 
the 4-hydroxyvaleric acid intermediate, the ring-opened form of GVL (Wong et 
al. 2017), could not be completely excluded. A near-complete mass balance of 
GVL was presented in the supporting material 2 of , which showed that 
about 97  98  of the input GVL could be identified in the output streams. It is 
uncertain to assign the 2  3  gap either to analysis and handling errors or to 
the loss reactions. In-depth study into the reaction mechanisms between GVL 
and the wood component model compounds are re uired to clarify this issue.  

Cellulose is the most abundant polymer in wood, naturally making the cellulosic 
products the most important in the biorefinery product spectrum. Therefore, this 
dissertation highlights the valori ation of the cellulose fraction in comparison to 
the other fractions  
 
The unbleached GVL dissolving pulp was characteri ed by high cellulosic con-
tent, moderately low kappa and intrinsic viscosity and high bleachability (GVL 
fractionation was an acidic process  therefore no HexA was thus detected in any 
of the pulp sample). The main cellulosic product was regenerated fibers for tex-
tile application. We also investigated the possibility to produce lignin-containing 
N C from GVL pulp as an alternative valori ation pathway. 

5.4.1 Textile fibers from GVL pulp (Paper II) 

Besides the compositional purities, macromolecular properties of pulp, such as 
intrinsic viscosity and molar mass distribution, are decisive parameters for the 
fiber conversion process. The selected IONCELL-  spinning process typically 
re uired a pulp with intrinsic viscosity in the range 400  500 mL/g. or a better 
economy of the GVL biorefinery, the starting material was chosen in order to 
minimi e the purification and viscosity adjustment efforts. With these re uire-
ments, the unbleached pulp produced in 50 wt  GVL, with L W  10 L/g, at 
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180 C for 180 minutes (Table 4), was spun directly without bleaching, while the 
pulp produced after 150 minutes in the same time series was bleached before the 
spinning with the short EC  se uence D0-Ep-P. The intrinsic viscosity of the 
unbleached (180-min) and bleached (150-min) pulp was 450 and 470 mL/g, re-
spectively. 

 

The molar mass distributions of GVL pulps are almost identical to that of a 
commercial hardwood reference dissolving pulp produced from an AS process, 
but more broadly dispersed than that the reference pulp from a PHK process 
( igure 16). Therefore, the spinning trials were conducted with AS reference 
pulp as the control sample to produce the reference regenerated fibers. 
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Unbleached and bleached GVL could be converted by the IONCELL-  pro-
cess to MMC s ( igure 17) with mechanical properties resembling the reference 
fibers (Table 4 in ) and superior than the common regenerated cellulose 
textile fibers available on the market, such as TENCELL  or Viscose fibers 
( igure 18). Hence, the GVL fractionation enabled the production of a commod-
ity with ualities comparable to those of commercially available products, but in 
a more sustainable manner. 

(a)  

 

(b)  
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5.4.2 Lignin-containing NFC from GVL pulp (Paper III) 

rom the same GVL fractionation of E. globulus wood chips with the conditions  
50 wt   GVL, L W  4 L/kg, 180 C and 150 minutes, a dissolving pulp were 
produced and then washed with altering intensity to produce fours pulps of dif-
ferent lignin contents while maintaining all other parameters constant. The pulp 
production procedure was illustrated in igure 1 of . The reference pulp 
was produced from a separate cook, followed by EC  bleaching. The five lignin 
levels were  

1. High-lignin (H-L)  10.5  odp  
2. Medium high-lignin (MH-L)  4.9  odp  
3. Medium low-lignin (ML-L)  3.1  odp  
4. Low-lignin (L-L)  1.7  odp  
5. No-lignin (No-L)  0.2  odp. 

 
N Cs and N C films with different residual lignin content were produced from 

the corresponding pulps, as demonstrated in igure 19. The properties of the 
pulps, N Cs and films are summari ed in Table 6. The amount of lignin cova-
lently bound to the fibers was 1.7 , which corresponded to the lignin content 
of the L-L pulp, which remained within the fibers even after a thorough washing 
with 60 wt  ethanol solution. In the other lignin-containing pulps, the higher 
lignin contents originated from the incomplete washing of the fibers and the sub-
se uent re-absorbance of lignin onto the fiber surface upon water addition during 
washing. The fractionation conditions were selected so that the cellulose chain 
degradation (expressed by pulp intrinsic viscosity) and the hemicellulose/cellu-
lose ratio were comparable. Therefore, any properties divergence can be solely 
attributed to the varying residual lignin content.  

 
By incorporating more lignin, the N C became more hydrophobic with lower 

water retention values and lower surface charge  on the fibrillar level, the nano-
fibrils became thicker, and their surface appeared to be rougher with the ad-
sorbed lignin particles (A M and SEM images in igure 2 of ). Lignin 
is more reactive than cellulose  therefore, the presence of lignin on the fibril sur-
face might introduce a wide range of N C chemical modification pathway.  

 
N C is typically produced and transported in the form of low consistency (less 

than 10 wt ) a ueous suspensions, their rheological properties significantly af-
fect the processability. Therefore, an extensive rheological characteri ation was 
performed and the results were thoroughly discussed in . In brief, N C 
with higher residual lignin content exhibited more pronounced flocculation ten-
dency, less mobility, better water-expulsion and improved structural elasticity. 
The revealed rheological properties suggested some potential applications for 
this type of N C such as  

Rheological modifier  
Coating  
Solvent exchange to organic solvent (in chemical modification and com-
posite formation) is facilitated by the high dewatering properties.
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The N C films exhibited limited hydrophobi ation of the surface, which is 
expressed in a sluggish increase in water contact angle. The phenomenon was 
justified by the inade uate film preparation techni ue that failed to reach the 
glass transition temperature of lignin, thus preventing the lignin particles from 
being melted and distributed more evenly to enrich the film surface. The accu-
mulation of lignin also created stress centers, which accounted for the inferior 
mechanical properties (Lê, Dimic-Misic et al. 2018). Modifications of the film 
preparation procedure, for example higher processing temperature or addition of 
lignin plastici er, are re uired to obtain N C films with better hydrophobicity, 
uniformity and mechanical properties. 
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More than 90  of the lignin was extracted from wood, mostly into the spent 
li uor and a minor part into the washing li uid (Table 7). The separation of lignin 
from the spent li uor is of utmost importance as lignin significantly interferes 
with the solvent recovery and hemicellulose valori ation by  

Entrapping GVL in sticky residue (further discussed in section 5.7.1)  
Deactivation of catalysts in hemicellulose conversions  
E uipment scaling and piping blockage due to random precipitation. 

 
Therefore, lignin removal must be the first step of a chemical recovery process. 

Sample (a) Pulp lignin SL lignin Washing water lignin SL lignin content 

  odw  odw  odw wt  

4-90 2.2 24.9 0.8 3.74 

4-120 1.8 24.9 0.7 3.71 

4-150 1.3 25.4 0.8 3.78 

3-90 2.1 23.9 1.6 4.97 

3-120 1.9 24.5 1.4 5.06 

3-150 1.5 25.1 1.4 5.30 

(a) The sample is named as  L W L/kg - ractionation time minutes . 
 

The lignin concentration of the spent li uors ranged from 3.7  5.3 wt , posi-
tioned in the one-phase li uid region 1 of the water-GVL-lignin ternary phase 
diagram ( igure 11). In order to precipitate lignin, the GVL content should be 
reduced to 35 wt  so that the mixture composition enters region 3 or region 4 
where a solid lignin phase exists. The spent li uor sample 4-150 was selected for 
the lignin isolation trial in which water was added to the spent li uor in a mass 
ratio of 1  1, resulting in a mixture with  25 wt  GVL from which about 70  
of the dissolved lignin could be precipitated. The chemical and structural prop-
erties of the precipitated lignin are expected to be similar to those reported in 
Table 5 of , with a reduction in the molar mass resulted from the en-
hanced depolymeri ation by hydrolysis at reduced L W ( igure 20). GVL lignin 
was a typical sulfur-free organosolv-derived lignin, rich in alcoholic and phe-
nolic functionalities, high purity (limited carbohydrate and ash contamination), 
low molar mass and low polydispersity. 

 
In addition to lignin precipitation by adding an anti-solvent (water), lignin can 

also be recovered by the removal of solvent (GVL) by li uid-li uid extraction, 
as presented in and section 5.7.2. 
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The first and most direct application of lignin is the combustion for energy 
generation to sustain the fractionation process. The absence of sulfur and ash 
offers GVL lignin a considerable advantage over lignosulfonate and kraft lignin 
in terms of the investment in the combustion plants and exhaust gas treatment. 
Preliminary assessment of lignin application as an energy source is discussed in 
section 5.8. 

Lignin is the only renewable feedstock in large uantities consisting of aro-
matic structures (Tuck et al. 2012). However, lignin tends to undergo irreversible 
condensation when treated at high temperature under acidic conditions (Roberts 
et al. 2011, Shuai, Amiri et al. 2016, u et al. 2014, Zak eski et al. 2010), which 
significantly affects the production of aromatic compounds through depolymer-
i ation pathways. During the GVL recovery process, lignin can be fractionated 
according to the molar mass (section 5.7.1 and 5.7.2). The more condensed, lig-
nin fraction with higher molar mass can be utili ed as precursor for activated 
carbon (Suhas, et al. 2007), resin (Zhang, W. et al. 2013) or carbon foam (Alonso 
et al. 2017). The less condensed, lignin fraction with lower molar mass, might 
be suitable for depolymeri ation, however, this possibility should be further in-
vestigated. 

urthermore, GVL lignin showed similarities to the organosolv lignin sample 
obtained from an ethanol/water fractionation process when analy ed with the 
same routine in our lab (Lê, Ma et al. 2016, Lê, Zaitseva et al. 2016). Therefore, 
GLV lignin can be safely assumed suitable for any application developed for 
lignin obtained from ethanol fractionation process, the most popular and exten-
sively researched organosolv lignin. 
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During GVL pulping of E. globulus wood chips, a small fraction of wood hem-
icelluloses remained in the pulp, while the largest proportion (more than 80 ) 
was hydroly ed and extracted into the spent li uor as  

Oligomeric and monomeric carbohydrates (mainly xylan)  
uranic compounds (mainly furfural)  

Organic acids (mainly formic acid and acetic acid)  
Other unidentified components (humins). 

 
Hemicellulose-derived products are typical biorefinery by-products closely in-

tegrated into the recovery process. The development of a detailed workup and 
recovery of the hemicellulose-based products during the GVL fractionation was 
not the subject of this work  therefore, only the potential valori ation pathways 
for hemicelluloses are discussed in this section. 

Sample (a) ylose (b) urfural Organic acids (c) 

 mg/L mg/L mg/L 

10-90 6043 1747 5393 

10-120 4956 2579 5064 

10-150 3807 3320 5080 

4-90 9466 2222 4988 

4-120 7423 3487 6235 

4-150 4661 5460 7072 

3-90 9486 4535 7235 

3-120 7127 6155 8789 

3-150 6011 6979 9272 

(a) The sample is named as  L W L/kg - ractionation time minutes  
(b) The xylose content of spent li uor after acid hydrolysis  
(c) ormic acid, acetic acid and levulinic acid. 

 
The production of platform furanic chemicals via the dehydration of mono-

meric sugar is particularly emphasi ed in this work. As the raw material was 
eucalyptus, a hardwood rich in hemicellulosic pentosans, furfural would be the 
main targeted product. Along the course of fractionation, under acidic condi-
tions, extracted xylan was hydroly ed to xylose, which, in turn, degraded to fur-
fural and carboxylic acids via the hydrolysis and dehydration reactions (Ahmad 
et al. 1995, Dunlop, A. P. 1948, Maloney et al. 1985, Nimlos et al. 2006). Table 
8 summari es the concentrations of hemicellulose-based product identified in 
some selected spent li uor samples. The wood-e uivalent contents (  odw) of 
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carbohydrates, furanic compounds and acids contents for these experiments can 
be found in the supporting material 3 of  and the supporting material 6 
of . The mass balances indicated a limited degradation of furfural after 
its formation from the dehydration of xylose, which was consistent with the pre-
vious discovery of the ability of the GVL/water system to suppress furfural loss 
reactions (G rb  et al. 2013). 

 
A preliminary furfural production experiment was conducted with the 10-150 

spent li uor sample homogenously cataly ed with sulfuric acid. The results 
showed that the treatment of spent li uor at 200 C for 5 min converted the xy-
lose into furfural at a yield of 84 mol , and thus increased the total conversion 
from 40 to 51 mol  of the extracted xylose (supporting material 5 of ). 
Prolonged treatment initiated furfural degradation, resulting in lower yield. The 
optimi ation of the furfural production was beyond the scope of this thesis  
therefore, no further study was conducted. One viable optimi ation for the fur-
fural production from spent li uor could be the use of a heterogeneous acid cat-
alyst, which was proven in an earlier study (Alonso, Wettstein, Mellmer et al. 
2013). Although the drawback of sulfuric acid can be eliminated by the use of a 
solid acid catalyst, its stability in the presence of the extracted lignin is uestion-
able. An extensive preceding lignin purification is thus re uired for protecting 
the solid catalyst from deactivation. Such a furfural production scheme can only 
be discussed after a valid chemical recovery strategy has been established. The 
separation of furfural from the spent li uor is also dealt with in section 5.7.2. 

 
An alternative product for the valori ation of the hemicellulose fraction in the 

spent li uor could be GVL, synthesi ed from the extracted carbohydrates via the 
levulinic acid hydrogenation pathway (Alonso, Gallo et al. 2013, Assary and 
Curtiss 2012, Braden et al. 2011, Dunlop, Andrew P. and Madden 1957, Upare 
et al. 2011, Wettstein et al. 2012). GVL is an emerging green solvent with high 
market value. urthermore, since GVL is both the solvent and product of the 
process, the economy of the biorefinery would be improved by avoiding the pu-
rification and separation stages, which are usually energy intensive. 

In addition, up to 10  of the original wood was collected as organic acids such 
as formic, acetic and levulinic acids (supporting material 3 of  and sup-
porting material 6 of ), which can further contribute to the product 
portfolio of the GVL biorefinery. The recovery process of these acids must be 
integrated into the GVL solvent recovery process. 
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The low volatility of GVL, which offered several advantages during pulping, 
became an obstacle for the recovery by distillation, because water must be evap-
orated before the GVL removal from the spent li uor. Besides, the distillation 
must be operated under partial vacuum to avoid high temperature, which might 
trigger the degradation of the extracted components. Conse uently, the process 
became considerably energy intensive. However, the solvent recycling by distil-
lation at reduced pressure was still conducted, as the benchmark process. Li uid-
li uid extraction with pressuri ed CO2 as solvent was investigated as an alterna-
tive. Based on these two separation techni ues, six recovery schemes were sug-
gested (supporting material 3 and 4 of . or simplification, only the 
separation of the main components of GVL, water and lignin was emphasi ed in 
this early work on chemical recovery. 

 
The spent li uor obtained from the fractionation of wood under the conditions 
of 50 wt  GVL, 180 C, 150 minutes and L W  4 L/kg was selected for the 
GVL recovery study. The content of the spent li uor (by mass fraction) was 
47.07  GVL, 47.27  water, 3.73  lignin, 0.65  carbohydrate, 0.57  furanic 
compounds and 0.71  organic acids. The sum of individual components was 
normali ed to 100  unidentified substances such as humins were considered 
minor and therefore not taken into account. 

5.7.1 Distillation at reduced pressure 

One- and two-staged vacuum distillation (scheme 1 and 2 in supporting material 
3 of ) were conducted with a lignin precipitation step prior to each 
distillation. The mass balances for the recovery of GVL from 100 g spent li uor 
were presented in igure 2 of . In principle, the composition of the 
spent li uor was shifted from the homogenous region 1 in the phase diagram 
( igure 11) towards region 3 or 4 by water addition (with a water-to-SL of 1  
2), inducing solid lignin phase separation. The water removal by distillation 
moved the spent li uor composition back to region 1. In the second precipitation, 
a higher water-to-SL were re uired due to the lesser dissolved lignin concentra-
tion. About 90  of lignin in spent li uor can be recover with high purity in the 
two-staged distillation scheme.  
 
An effective separation of GVL and water was not achieved with our existing 
distillation e uipment and the selected operational parameters. However, the 
fractionation and pulp washing re uired only a GVL purity of 50 wt , i.e. the 
water removal could be terminated earlier, leaving a higher water content in the 
organic (GVL) distillate, which can potentially simplify the distillation process 
and economi e on energy.  
 

urther than the immense energy consumption, the distillation approach experi-
enced a significant recovery limitation due to GVL being trapped in the sticky 
residual li uid containing lignin having lower molar mass. An extension of the 
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precipitation-distillation circle can minimi e but not eliminate the formation of 
such residue. Other advanced lignin removal techni ue should be adopted. 

 
The time limitation and e uipment unavailability did not allow the implemen-

tation of a continuous vacuum distillation process. However, based on the expe-
rience from the batch vacuum distillation trials, a continuous process was pro-
posed as demonstrated in igure 3 of ). In the continuous process, the 
presence of lignin in the distillation column must be avoided by including a spent 
li uor pre-evaporation stage. The vapor fraction, containing GVL, water, furanic 
compounds and organic acids, enters the distillation column for further separa-
tion. A fraction of GVL is left in the residue together with other involatile com-
pounds such as lignin, carbohydrates and humins. Lignin and humins can be 
separated by water addition. The remaining lignin-lean diluted li uid is recycled 
to the evaporator.  

5.7.2 Liquid CO2 extraction 

The spent li uor could be subjected to pretreatment before the li uid CO2 ex-
traction (supporting material 4 of )  

Partial lignin removal by water addition (scheme 3)  
No pretreatment of spent li uor (scheme 4)  
Partial water removal by vacuum distillation (scheme 5)  
Partial lignin and water removal (scheme 6). 

 
Scheme 5 was proven unpractical due to high lignin content in the concentrated 

feed, resulting in an uncontrollable lignin precipitation, which caused lignin de-
posit and instrumental blockage. Therefore, scheme 5 would not be further in-
vestigated. The mass balances of recovery scheme 3, 4 and 6 were presented in 

igure 4, 5 and 6 of , respectively. It is worth noticing that, unlike the 
distillation residue, which was a highly concentrated lignin solution in GVL with 
complicated behavior, the residue li uid from the extraction was simply the li -
uid entrapped in the dead volume of the piping system, and therefore comprised 
of only GVL and water, which can be combined with the extract. 

 
The other 3 schemes delivered an effective GVL recovery rate until about 90 , 

beyond which the GVL removal stagnated even with excessive amount of sol-
vent (CO2). The limitation originated from the lack of a mixing mechanism. In 
the early course of extraction, when GVL was still abundant in the feed, the par-
tition coefficient (of GVL between CO2 and water) was high (Pokki et al. 2018), 
mass transfer was thus still effective even with minimal mixing. As the mass 
fraction of GVL decreased, the partition coefficient approached unity and the 
GVL recovery levelled off without mixing. However, the experiments confirmed 
that li uid CO2 could effectively remove GVL from its a ueous solution. ur-
thermore, from the mass balances, the affinity of furanic compounds towards the 
GVL/CO2 phase was detected, with a major part could be collected in the GVL-
rich extract. The distinguished boiling points (207 C of GVL, 161 C of furfural 
and 115  of 5-hydroxymethylfurfural) enables a subse uent purification by 



53 

standard distillation at reduced pressure. This is an advantage over the case of 
an a ueous furanic solution where more advanced methods such as extractive 
distillation (Buell and Boatright 1947) or reactive distillation (Metkar et al. 
2015) are re uired. However, in scheme 6 ( igure 6 of ), the pre-dis-
tillation must be optimi ed for minimi ing the loss of GVL and furanic com-
pounds into the distillate. 

 
Lignin separation was effective in all three scheme 3, 4 and 6 with ca. 90  

recovered in high purity. The retained lignin in the raffinate (about 10 ) existed 
in colloidal form ( igure 21), unlike the sticky residue formed in the distillation. 
This lignin could be recovered by more advanced techni ues such as ultra-filtra-
tion or resin- absorption. urthermore, if the extraction were optimi ed, the low 
GVL content in the raffinate would increase the amount of lignin precipitated 
during extraction. 

 

Similar to the determination of pulping parameters, the selection of a recovery 
scheme is not single-dimensional. Several factors must be taken into considera-
tion such as the biorefinery product portfolio, energy consumption, purity re-
uirement and the pulping conditions. Currently, the three most promising re-

covery schemes are two-staged vacuum distillation (scheme 2), CO2 extraction 
of the untreated spent li uor (scheme 4) and CO2 extraction of the re-concen-
trated lignin-lean spent li uor (scheme 6). 
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5.7.3 GVL recyclability 

Three consecutive GVL fractionation cycles was conducted as described in sec-
tion 3.9.3. The GVL purity and pulping performance were consistent (supporting 
material 9 and Table 4 of ). Similar pulp properties (yield and compo-
sition) were obtained from the fractionation using either fresh (cycle 1) or recy-
cled GVL (cycle 2 and 3). However, there was a slow accumulation of furanic 
compounds after each cycle, due to their high affinity to GVL as discussed in 
the previous section. The impurity did not yield any visible effect on the pulp 

uality at such low concentration, which eliminates the need for a costly distil-
lation for every fractionation cycle. urther study on the furanic compounds ac-
cumulation threshold, at which the pulping performance is compromised, is re-
uired for the design of a separation strategy. 

A GVL biorefinery producing bleached dissolving pulp for textile application 
consists of the following stages  

Wood handling  
Cooking  
Pulp washing  
Pulp screening  
Bleaching  
Pulp drying  
GVL recycling  
Water treatment  
Other minor processes. 

 
This section presents an estimation for the electricity and steam demands for 

the most crucial stages  Cooking, pulp washing and GVL recycling. The calcu-
lation routine was adapted from the calculation for a kraft pulp mill operating 
with batch digester (Gullichsen and ogelholm 1999). igure 22 illustrates the 
simplified process for those three stages with the specifications  

1. The steam streams were assumed similar to those produced in a kraft pulp 
mill. High-pressure steam was used for electricity production while me-
dium-pressure (MP) and low-pressure (LP) steam were used for heating  

2. The moist chips were treated with low-pressure steam for air-removal 
and preheating to 100 C   

3. The pulping were pre-heated to 100 C  
4. The pulping li uor was heated to 180 C by the combination of low-pres-

sure and medium-pressure steam (50  energy contribution for each)  
5. The cooking was operated in batch digester with the conditions  50 wt  

GVL, L W  4 L/kg, 180 C and 180 minutes. Heat of reaction and loss 
of volatiles during digester discharge were not considered   

6. irst pulp washing stage  50 wt  GVL, L W  4 L/kg, 100 C  
7. Second pulp washing stage  water, L W  4 L/kg, 100 C  
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8. The washing li uors were combined with raw spent li uor, forming the 
spent li uor. The washed pulp consistency was assumed 33  

9. Water was removed from the spent li uor in a 3-effect evaporator so that 
the GVL content is 50 wt . The steam consumption is assumed 0.4 kg 
steam/kg water evaporated (Grosse and Duffield 1954)  

10. Heat from the hot digester discharged (point 5) and evaporated water 
(point 9) was used to heat the li uors to 100 C (point 3, 6 and 7)  

11. GVL recovery was carried out as demonstrated in the supporting material 
8 of . The energy re uired to compress CO2 was 51.2 kJ/kg 
spent li uor (50 wt  GVL), with 70  efficiency. 

 
The energy calculation are summari ed in Table 9 and Table 10. 
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Wood Species E. globulus  

 Specific heat (applied for pulp also) 1.50 kJ/(kg.K) 
 Pulp yield (unbleached) 46   

 Wood moisture 33   

  Chips temperature 10 C 

GVL Density 1.05 kg/m3 

inlet Specific heat 1.90 kJ/(kg.K) 

  Temperature 100 C 

Water Density 1.00 kg/m3 

inlet Specific heat 4.19 kJ/(kg.K) 

  Temperature 100 C 

Digester Mass 6000 kg/todp 
 Specific heat (steel) 0.53 kJ/(kg.K) 

  Temperature before cooking 100 C 

Cooking Steaming temperature 100 C 
 L W 4 L/kg 
 Temperature 180 C 
 GVL content 50 wt  

Raw Dry solid content 12   

spent li uor Dry solid specific heat 1.50 kJ/(kg.K) 

GVL L W (GVL 50 wt ) 4 L/kg 

Washing Temperature 100 C 

Water L W 4 L/kg 

Washing Temperature 100 C 

Recovery Evaporation of water (3-effect) 100 C 
 Evaporator steam consumption 0.4 kg/kg water 

  Extraction of GVL by li uid CO2 25 C 

Enthalpies Medium-pressure steam (12.5 bar, 190 C) 2785 kJ/kg 
 Low-pressure steam (4.1 bar, 150 C) 2748 kJ/kg 
 Condensate at 100 C (during steaming) -419 kJ/kg 
 Condensate at 190 C -796.1 kJ/kg 
 Condensate at 150 C -628.5 kJ/kg 
 Saturated steam (1 bar, 100 C) 2256 kJ/kg 
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Stage Stream Mass T Energy 

  kg/todp K MJ/todp 

Steaming Wood 2174 90 293.5 

 Water in wood 1071 90 403.8 

 LP steam (100 ) TOTAL 697.3 

Cooking Wood 2174 80 260.9 

 Water in wood 1370 80 459.3 

 GVL 4348 80 660.9 

 Water (addition) 2978 80 998.1 

 Digester (steel) 6000 80 254.4 

 LP steam (50 ) 
TOTAL 2633.5 

 MP steam (50 ) 

Digester Dry pulp 1000 -80 -120.0 

Discharge Digester 6000 -80 -254.4 

 GVL in SL 4348 -80 -660.9 

 Water in SL 4348 -80 -1457.4 

 Dry solid in SL 1304 -80 -140.9 

Washing GVL (1st washing stage) 4348 75 619.6 

 Water (1st washing stage) 4348 75 1366.3 

 Water (2nd washing stage) 8696 0 0 

   TOTAL -647.7 

Evaporation Water 6696 LP steam   kg/todp 

Extraction SL (50 wt  GVL) 17391 Electricity   kWh/todp 

 
The utili ation of the heat from the hot digester discharge streams to heat the 
washing li uid eliminated the need for steam during washing stages. It is worth 
noticing that the significant heat stored in the steam produced in the evaporator 
could be integrated to other processes of the GVL biorefinery. Assuming a heat 
loss of 10  during the process, the steam demand for cooking, pulp washing and 
chemical recovery is about 3998 kg LP steam/todp and 736 kg MP steam/todp. 
The total energy re uirement (steam and electricity) is thus ca. 5.0 GJ/todp. In 
the production of 1 ton odp, approximately 500 kg lignin can be isolated. With 
the calorific value of about 21.8 MJ/kg (Demirba  2001) and heat-to-steam yield 
of ca. 70  (Sixta 2006d), the precipitated lignin could generate ca. 7.6 GJ/todp, 
which can cover the demand for these investigated stages. 
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In this research, E. globulus wood was effectively fractionated in a single step 
into its principal components. The uncataly ed pulping process was optimi ed 
for the production of dissolving pulp production with the operational conditions 
of 50 wt  GVL with relatively low L W of 3  4 L/kg at 180 C for 90  150 
minutes. However, the possibility to further reduce the L W to 2  2.5 L/kg 
should be investigated for the process implementation to industrial scale. The 
production of paper-grade pulp from GVL pulping might also be reali ed by the 
alteration of cooking parameters, such as increasing the GVL concentration or 
reducing the retention time, in order to limit the hemicellulose extraction and 
preserve the cellulose degree of polymeri ation. 
 
GVL dissolving pulp, obtained with relatively high yield, was of viscose grade, 
characteri ed by high cellulose purity and high bleachability. The primary val-
ori ation pathway for the pulp fraction was the production of regenerated cellu-
losic fibers for textile application. ully bleached GVL pulp had similar chemi-
cal and macromolecular properties to those of a commercially produced hard-
wood acid sulfite pulp. Therefore, bleached GVL pulp was expected to be com-
patible with the commercial spinning techni ues such as the viscose process. In 
this work, the IONCELL-  spinning process was adopted, producing GVL tex-
tile fibers (both bleached and unbleached) with comparable mechanical proper-
ties to those of the best MMC s currently available in the market. Together with 
the consistent growth in dissolving pulp demand, especially for textile fibers, 
(The iber Year 2016, The iber Year 2017, The iber Year 2018), the consum-
ers have been developing the awareness and responsibility towards the product 
sustainability (Buerke et al. 2017). Under such circumstance, novel biorefinery 
concepts, such as the GVL pulping process, would be appreciated as more sus-
tainable alternatives to the current dissolving pulp production processes. Beside 
the pulp conversion to textile fibers, the possibility to produce N C from GVL 
dissolving pulp was also investigated. The N C suspensions exhibited interest-
ing rheological and water retention properties, which could prove beneficial for 
several applications.  
 
The spent li uor obtained from the fractionation was a complex mixture of ex-
tracted carbohydrates, lignin and their degradation products. About 90  of the 
lignin could be recovered from the spent li uor by different techni ues. The pre-
cipitated lignin was characteri ed by low carbohydrate and ash contamination, 
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high phenolic content, relatively low polydispersity and low molecular mass. 
The lignin extracted by GVL/water fractionation may thus be suitable for a wide 
range of energy, material or chemical applications. Pentosans were the dominant 
hemicelluloses in the spent li uor, which can be upgraded to valuable furanic 
platform chemicals in subse uent catalytic conversion processes. A preliminary 
biorefinery yield assessment (Table 11) exhibited a satisfactory rate of raw ma-
terial utili ation. Moreover, the preliminary estimation of process energy bal-
ance indicated that GVL biorefinery could be energetically self-sustained. 

Eucalyptus 
 odw 

Products 
Amount  

 odw 

Cellulose 

(46.3) 

Regenerated fiber 

(Unbleached) 
46.2  

Lignin 

(27.7) 
Sulfur-free Lignin 23.9 

Hemicellulose 

(22.1) 

urfural  HM  (a) 

urfural  HM  (b) 

Organic acid (a) 

6.5 

9.8  10.8 

7.4 

Wood total 

(96.1) 

Total Yield 

Max Yield 

84.0 

87.3  88.3 

(a) As received during fractionation  
(b) 60  80 mol  conversion of hemicelluloses in spent li uor to furanic compounds. 
 

Insight into the phasic behavior of lignin in a ueous GVL solution was sum-
mari ed as a ternary phase diagram. Despite the lack of applicability to the pulp-
ing parameters selection, the diagram was useful in the interpretation of the phe-
nomena occurring during the recovery of lignin from the spent li uor. 

 
The solvent recovery were investigated with vacuum distillation, li uid CO2 

extraction and the combination of those two techni ues. Three feasible recovery 
schemes were identified  

Multi-staged vacuum distillation  
CO2 extraction of the untreated spent li uor  
CO2 extraction of the re-concentrated lignin-lean spent li uor. 

 
The GVL recovery in the vacuum distillation process was not only energy inten-
sive, but also limited by the formation of a sticky residue rich in lignin and other 
non-volatile compounds. Advanced techni ues to treat such problematic residue 
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must be developed in order to use distillation for the recovery of a high boiling-
point solvent. Li uid CO2 appeared as a more promising method that operated 
at ambient temperature with an inert solvent. Process simulation estimated a sig-
nificantly reduced energy consumption for the extraction compared to the vac-
uum distillation. The mass transfer was limited in our experiment, resulting in 
an excessive use of CO2 and ineffective GVL removal after ca. 90  recovery. 
However, the problem could be overcome by the installation of a mixing mech-
anism. 

 
In conclusion, this Doctoral thesis is a proof-of-concept for a novel biorefinery 

based on GVL pulping of hardwood biomass. The experimental findings served 
as a basis of future research for the advancement of the GVL biorefinery concept  

Overcoming the limitation in the recovery techni ues, thereby develop-
ing a continuous GVL recovery process  
Valori ing of hemicelluloses by thermo-chemical or en ymatic pro-
cesses to platform chemicals  
Valori ing the lignin to aromatic chemicals by depolymeri ation or to 
thermoplastic resins by condensation  
Investigating the delignification reaction mechanism and kinetics  
Investigation of possible GVL loss reactions during the fractionation pro-
cess  
Evaluating the GVL pulping performance on other biomass types, such 
as softwoods, annual plants and agricultural residues, based on the 
knowledge of the delignification  mechanism  
Modification of the GVL pulping process to produce paper-grade pulp, 
which can be subse uently fractionated (e.g. by extraction) to dissolving 
pulp and a hemicellulose fraction  
Techno-economic assessment of the GVL biorefinery. 
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