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1. Introduction and outline of the study

The reduction of conventional petroleum reserves and rapid climate change are 
two of the pressing global issues for human society. Therefore, it is necessary to 
utilize biomass for the production of biofuels as a replacement for conventional 
fuels. Lignocellulose represents a potential group of feedstocks suitable for 
many bioconversion processes. However, most lignocellulosic biomass is con-
sidered as waste materials from industrial processing and burnt as a source of 
energy. It is especially appealing that lignocellulosic feedstocks are renewable 
and available in abundance. Many processes have been studied and documented
for the bioconversion of lignocellulosic biomass into various value-added prod-
ucts, such as biochemicals, biofuels, and biomaterials (Roberto et al., 1995, Duff 
and Murray, 1996, Olsson and Hahn-Hagerdal, 1996, Kim et al., 1999, Rabino-
vich et al., 2002, Sun and Cheng, 2002, Malherbe and Cloete, 2003). 

A number of processes are candidates for biorefinery platforms. Long-prac-
ticed acid sulfite (AS) pulping is widely used for manufacturing dissolving pulp 
as well as paper pulp, with side products of bioethanol and lignosulfonates. In-
efficient chemical recovery and sugar losses, however, prevent the adoption of 
new capacities. Organosolv pulping processes are capable of the clean separa-
tion of cellulose, hemicellulose sugars, and lignin at high yields, but none of 
these have to date been implemented at full scale. Several chemical pathways 
for the direct conversion of biomass into biofuels (for example, without separat-
ing biomass components), such as anaerobic digestion, acid or enzymatic hy-
drolysis combined with fermentation have been developed as well. However, 
enzymes are unable to significantly hydrolyze cellulose in untreated biomass 
(Yamamoto et al., 2014b). Therefore, a large number of pretreatment methods 
have been performed prior to enzymatic hydrolysis, such as steam explosion, 
hot water, dilute acid, and sulfite pretreatment to overcome the recalcitrance of 
lignocellulose (SPORL) in a substantial shortening of the cellulose chains and 
in some cases partial dissolution. Unfortunately, feedstock flexibility, chemicals 
recovery, and sugar degradation are common problems in these processes.

In the present study, American Value Added Pulping (AVAP®) technology, uti-
lizing SO2-ethanol-water (SEW) solution, was applied for fractionation of sug-
arcane (SC) straw. This technology combines the advantages of AS and organo-
solv fractionations while avoiding many of their disadvantages. The AVAP®

technology is currently demonstrated on a 3.5-ton-biomass-per-day demonstra-
tion scale in Thomaston, Georgia, USA, by American Process Inc.
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The objective of this dissertation is to understand the AVAP® conversion of SC 
straw into the streams of fiber (pulp), hemicellulose sugars, lignin, and ligno-
sulfonates. First, process kinetics at industrially relevant conditions were stud-
ied in detail in Paper I, in terms of delignification, xylan removal, and cellulose 
depolymerization. The changes in pulp composition after AVAP® fractionation 
were determined. The effects of temperature and time were studied at a fixed 
liquor composition and liquor-to-solid ratio (L/S). Comparisons were made 
with the previous studies on AVAP® fractionation of spruce, beech, and wheat 
straw. Paper II addressed the fate of SO2 in AVAP® fractionation of sugarcane 
straw. The effect of straw washing prior to fractionation on SO2 make-up was 
also evaluated. In Paper III, the delignification process was further investi-
gated, with emphasis on yields and the degree of sulfonation of the residual and 
dissolved lignin, as well as lignin precipitating upon ethanol removal. The ef-
fects of straw batches, ethanol concentrations in the liquor, ash removal and 
NaOH addition, low temperature impregnation and post-sulfonation on the lig-
nin behavior were assessed in this paper. Furthermore, the mass balance of car-
bohydrates and ethanol was established.

The scheme of the experimental combinations of the dissertation is presented 
in Figure 1.1.

Figure 1.1. Scheme of the experimental combinations of the dissertation.
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2. Background

2.1 Structural components of lignocellulosic biomass

Lignocellulosic biomass dry matter consists of three main polymers: cellulose 
(27-50%), hemicellulose (25-35%), and lignin (10-25%). Besides these struc-
tural components, lignocellulosic biomass also contains minor amounts of ex-
tractives and inorganics (Rowell et al., 2005, Himmel et al., 2007, Jorgensen et
al., 2007, Kumar et al., 2009).
The composition of lignocellulosic biomass differs between species and growth 

regions. The composition of a variety of non-woody (for example, agro-indus-
trial residues) and woody lignocellulosic biomass is summarized in Table 2.1.

Table 2.1. Composition of lignocellulosic biomass.

Composition (%, dry basis) References

Cellulose Hemicellulose Lignin

Corn fiber 15 23-64 8
Dien et al., 1997

Howard et al., 2003
Saha, 2003

Corn cob 45 35 15 Howard et al., 2003
35-39 38-42 4.5-6.6 Okeke and Obi, 1994

Corn stover
38-40 25-28 7-21

Howard et al., 2003
Saha, 2003

Reddy and Yang, 2005
39 19.1 15.1 Lee, 1997

41.7 20.5 18 Merino and Cherry, 2007

Rice straw
28-36 23-28 12-14

Howard et al., 2003
Saha, 2003

Reddy and Yang, 2005
41 21.5 9.9 Lee, 1997
39 15 10 Merino and Cherry, 2007

Wheat straw

35-40 20-30 17-19 Reddy and Yang, 2005
Qureshi et al., 2007

30 50 15 Howard et al., 2003
36.6 24.8 14.5 Lee, 1997
44 29.6 10.4 Dijkerman et al., 1997
33 23 17 Merino and Cherry, 2007

41.3 30.8 7.7 Bridgeman et al., 2008

Sorghum stalks 27 25 11 Howard et al., 2003
Reddy and Yang, 2005

Fresh bagasse

33.4 30 18.9 Howard et al., 2003
38.1 26.9 18.4 Lee, 1997
39.3 27.2 12.2 Dijkerman et al., 1997
43 25 24 Merino and Cherry, 2007

Sugarcane 
bagasse 40-50 24-25 25

Pandey et al., 2000a
Howard et al., 2003

Saha, 2003
Hardwood 43-47 25-35 16-24 Koch, 2006
Softwood 40-44 25-29 25-31 Koch, 2006
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2.1.1 Lignin in annual plants: differences compared to trees

Lignin has been described as a random, three-dimensional network polymer 
comprised of variously linked phenylpropane units, such as hydroxyphenylpro-
pane (H), guaiacylpropane (G), and syringylpropane (S), which are derived from 
p-coumaryl, conifer, and sinapyl alcohols, respectively (Figure 2.1, Sjöström,
1993). These units exhibit different abundancies depending on their origin 
(Hage et al., 2009).

Figure 2.1. Lignin structural units (adopted from Sjöström, 1993).

Wood lignin mainly contains G and S units, whereas the lignin in annual plants 
contains all three structural units (H, G, and S) in significant amounts with dif-
ferent ratios. Softwood lignin is composed primarily of G units, for instance the 
ratio H:G:S for spruce lignin is 5:94:1 (Eriksson and Lindgren, 1977), whereas 
hardwood lignin contains roughly equal amounts of G and S units (Adler, 1977). 
Contrary to wood lignins, annual plant lignins contain significant amounts of H 
units, for example, the ratio H:G:S for rice straw is 15:45:40 (Lapierre, 1993,
Lapierre et al., 1995) and for SC straw is 35:26:31 (Lopes et al., 2011).
Lignin is always associated with carbohydrates (in particular with hemicellu-

lose) via covalent bonds at two sites, -carbon and C-4 in the benzene ring, and 
this association is called a lignin-carbohydrate complex (LCC). All annual plants
contain considerable amounts of hydroxycinnamic (p-coumaric and ferulic, Fig-
ure 2.2) acid units. Straw lignin contains up to 5% ferulic acid units; most of the 
ferulic acid is bound to lignin and arabinoxylan, forming LCC. Therefore, the 
LCCs from annual plants are structurally different from those in woods, and are 
often referred to as a “lignin/phenolics-carbohydrate complex” (Lapierre and 
Monties, 1989).
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Figure 2.2. Hydroxycinnamic (p-coumaric and ferulic) acids (adopted from Buranov and Mazza, 

2008).

Ferulic acid is usually bound to lignin through ether bond involving phenolic 
hydroxyl in the acid and aliphatic hydroxyl in lignin ( -O-4 or -O-4 bonds). It 
can also be bound through ester bond at -carbon in lignin (3-20% of lignin 
weight), which was found to be preferentially attached to S units (corn stover 
and wheat straw, Buranov and Mazza, 2008). Ferulic acid is usually bound to 
arabinoxylan through ester bond involving a carboxylic group in the acid and 
hydroxyl at C5 of the arabinofuranose unit. Ester linkages between p-coumaric 
and ferulic acids and lignin have been confirmed in milled wood lignin of grasses 
by analytical and spectrophotometric procedures (Higuchi et al., 1967, Buranov 
and Mazza, 2008). In Figure 2.3, these alkali-labile linkages involving arabinose 
predominate over alkali-stable bonds such as phenyl glycosidic and benzylether 
linkages (Chesson et al., 1983 Ford, 1986). Because of these differences, up to 
half of the total phenolics in annual plants are removed with NaOH already at 
room temperature, while wood lignin is not soluble in NaOH. Ferulic acid can 
be liberated from annual plants by using feruloyl esterases. Acids cleave most of 
the ether groups and part of the ester groups. Alkali cleave most of the ester 
groups and part of the ether groups, liberating the ferulic acid residue and lignin 
from carbohydrates yielding a small amount of ferulic acid (1-4.3%) (Smith and 
Hartley, 1983, Sun et al., 2002, Buranov and Mazza, 2008).
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Figure 2.3. The cleavage sites of lignin/phenolics-carbohydrate complexes during acid and alkali 

pretreatments (adopted from Buranov and Mazza, 2008).

The reason for the high alkali solubility of straw lignin is the fact that it contains 
a very high fraction of phenolic groups (in contrast to wood, which consists 
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largely of non-phenolic lignin groups). The second major difference of straw lig-
nin is its monomeric composition; straw lignin contains all three H, G, and S 
subunits. Another structurally important factor with annual plants is that straw 
lignin is acylated (acetylated, p-coumaroylated, p-hydroxybenzoylated), which 
can reach up to 50% in kenaf bast fibers.

2.1.2 Cellulose

Cellulose is the major dry component of the fiber wall, accounting for 35-50% 
of dry lignocellulosic biomass weight. It is composed of linear chains of D-glu-
cose linked by ß-1,4-glycosidic bonds with a degree of polymerization (DP) rang-
ing from 15 to as high as 10-15,000 (Gullichsen, 2000). Cellulose molecules are 
arranged in antiparallel fashion, with adjacent chains running in opposite di-
rections (Figure 2.4). Cellobiose is the repeating unit that contains two glucose 
units and is considered to be a basic unit of cellulose. There are three hydroxyl 
groups in every anhydroglucose unit. C2 and C3 carry secondary hydroxyls, 
while C6 carries the primary hydroxyl group. The hydroxyl groups at the termi-
nal positions (C1 and C4) behave differently. The hydroxyl at the anomeric car-
bon (C1) represents the reducing end group, while the C4 hydroxyl represents 
the non-reducing group (Koch, 2006).
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Figure 2.4. Structure of cellulose (adopted from Koch, 2006).

Microfibrils are formed by cellulose bundles, where the cellulose polymer chains 
are linked with each other by hydrogen bonds. A crystalline region forms during 
the aggregation of the microfibrils. This region exhibits a lower reactivity than 
the non-crystalline region. The latter is also called the amorphous regions. The 
structure of the crystalline regions among different types of cellulose might not 
be the same. Therefore, their physical properties might vary (Koch, 2006).

2.1.3 Hemicellulose

Hemicellulose is widely dispersed among plants, with different polysaccharides 
on hardwood (glucuronoxylan and glucomannan) and softwood (galactogluco-
mannan and arabino-glucuronoxylan). The most common hemicellulose poly-
saccharides in annual plants are xylans, constituted of xylose units. Xylans from 
annual plants have the same backbone as wood xylans. However, they contain 
smaller proportions of uronic acids and are more highly branched, and also con-
tain large proportions of L-arabinofuranosyl units. The major hemicellulose in 
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wheat straw was found to be ß-1,4 xylan, with side chains consisting of L-arabi-
nofuranosyl and D-xylopyranosyl groups attached at the C3 position, and D-
glucopyranosyluronic acid or the 4-O-methyl-D-glucopyranosyluronic acid 
group attached at the C2 position (Figure 2.5). There are an L-arabinofuranosyl 
group, a D-xylopyranosyl group and a uronic acid unit at every 13, 18, and 26 of 
the D-xylopyranosyl units, respectively (Suna et al., 1998).
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Figure 2.5. A structure of wheat straw hemicellulose (adopted from Suna et al., 1998). 

The structure of the xylan content is highly dependent on the plant source and 
can also vary according to the sugarcane plant fractions (Brienzo et al., 2014).
The hemicelluloses from sugarcane bagasse (SCB) are mainly represented by L-
arabino-(4-O-methyl-D-glucurono) xylans, which are similar in structure to
those from wheat straw (Figure 2.6). Xylose accounts for more than 70% of the 
xylan, on average, with a reported range of 43 to 93% (Sun et al., 2004, Xu et 
al., 2006, Brienzo et al., 2009, Peng et al., 2009, Banerjee et al., 2014). This 
polysaccharide exhibits branched groups of arabinose, acetyl groups and uronic 
acids. The xylan backbone is made up of xylose -1,4 linkages, with 
branched groups at the C2 and C3 positions with arabinosyl, uronic acids and 
acetyl groups (Puls, 1997, Sun et al., 2004). Arabinose is the branch group that 
appears in a higher amount. It is linked to the xylan backbone b - -1,3 
linkages; galactose is linked by a -1,5 linkage to the xylan backbone. In addi-
tion, there are both alkali-soluble and acidic organic solvent-degraded hemicel-
luloses in SCB, which contain minor quantities of bound lignin and hy-
droxycinnamic acids, such as ferulic and p-coumaric acids. The alkali-soluble 
hemicelluloses are more linear, acidic and possess higher molar weight and 
higher thermal stability than the acidic organic solvent-soluble hemicelluloses.
Furthermore, it has been proved that there are small amounts of p-coumaric 
and ferulic acid in the SCB cell wall and the p-coumaric acids are ester-linked to 
the cell wall components, mainly lignin (Sun and Ren, 2010).
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Figure 2.6. A structure of hemicelluloses from sugarcane bagasse (adopted from Sun and Ren, 

2010).

2.2 Extractives and ash

Extractives are a generic name for a large group of organic components, nor-
mally having a low molar mass and rich in color and smell, and functioning as 
chemical protection and nutritive reserve for biomass (de Carvalho, 2015). The 
main compounds in extractives include resin and fatty acids, terpenes, tannins,
and a variety of phenolic compounds (Alén, 2000). These compounds are gen-
erally soluble either in water or in organic solvents. The organically soluble ex-
tractives content varies depending on the lignocellulosic species. For hardwood, 
softwood, and annual plants, the extractives content equals 2-8%, 1-5%, and 5-
17%, respectively (Koch, 2006, Saad et al., 2008, da Silva et al., 2010, Costa et 
al., 2013).
The inorganic compounds (ash) are usually absorbed directly from the soil. The

range of ash content in various straws is 1-12%; in particular, SC straw ash con-
tent was reported at 1-3% (da Silva et al., 2010, Canilha et al., 2011, Rabelo et 
al., 2011, Rocha et al., 2011). For SC straw, the silica components cause problems 
in pulping and papermaking processes, but they also have important physiolog-
ical functions in terms of promoting growth and self-protection against her-
bivory (McNaughton et al., 1985).

2.3 Organosolv fractionation of agricultural residues as a raw 
material

Due to the current demand in the biorefinery industry for utilizing carbon neu-
tral, non-food, abundant, and renewable feedstock to produce multiple value-
added products, several studies have focused on the possibility of the utilization 
of agricultural residues (such as wheat straw, SC straw and bagasse, rice straw,
and kenaf) for the production of pulp/paper and biofuels (Area et al., 2009, Sa-
berikhah et al., 2011, Snelders et al., 2014, Moniz et al., 2015).
SC straw and bagasse have been considered as high potential feedstock for bio-

fuel and biochemical processing. For instance, bagasse represents a byproduct 
from the sugarcane industry (one quarter of the processed sugarcane), while 
only half of its available quantities has been efficiently utilized for providing en-
ergy to the sugar mill (Pandey et al., 2000b, Alonso Pippo et al., 2007). Due to 
the unclear usage and lack of storage, the remaining bagasse is currently burnt,
which leads to serious environmental problems (Lavarack et al., 2000). In order 
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to utilize the lignocellulosic biomass, the sugars stored in the form of hemicel-
lulose and cellulose must first be released. Therefore, lignocellulose has to be 
pretreated and hydrolyzed to release all the sugars that can be utilized by the 
microorganisms in the subsequent fermentation process (Howard et al., 2003 
Jorgensen et al., 2007, Yat et al., 2008).
Organosolv fractionation processes utilize organic solvent-water mixtures to 

convert lignocellulosic biomass, including hardwoods and annual plants, into 
cellulose, hemicellulose sugars, and lignin (Huijgen et al., 2012). Using an or-
ganic solvent allows for an improved dissolution of lignin without excessive 
chemical modification (minimal condensation), which can then be recovered 
upon removal of the solvent. Organic solvent ensures full penetration of the lig-
nocellulosic matrix within a very short impregnation period, leading to an even 
delignification with very little fiber bundles (rejects and shives) present in the 
fiber product (Kleinert, 1975, Girard, 1998). In addition, the presence of ethanol 
protects sugars from decomposition via two routes – first, organic solvent de-
creases the effective acidity of the system by decreasing the dissociation of acids 
(due to the lower dielectric constant), and second, by the ethoxylation/ethanoly-
sis of sugars (chemical protection in situ, Hu et al., 2012, Bouxin et al., 2014, 
Grisel et al., 2014).

2.4 Examples of acidic biorefinery processes

2.4.1 Autohydrolysis and dilute acid pretreatment

The pretreatment of lignocellulosic biomass is mainly associated with biochem-
ical enzymatic hydrolysis, which improves the efficiency of the following enzy-
matic hydrolysis step. Among a variety of pretreatment techniques, autohydrol-
ysis (also called hydrothermal pretreatment or hot water pretreatment) is a 
chemical-free and environmentally friendly pretreatment technology. The auto-
hydrolysis pretreatment process carried out at elevated temperatures (140 to 
220 °C) only uses water as a reaction medium, without additional chemicals and 
associated lower costs for construction materials. The process has been widely 
studied for the generation of sugars from agricultural and municipal wastes 
(Garrote et al., 1999, Vegas et al., 2004, Vazquez et al., 2005, Tan et al., 2008, 
Lee et al., 2009). The severity of autohydrolysis pretreatment varied from a few 
seconds at higher temperatures to several hours in milder conditions. The acid-
ity required for depolymerization reactions originates largely from the release 
of organic acids from biomass components and a decrease in the pKw of the 
water at the elevated temperature (Capek-Ménard et al., 1987, Saska and Ozer, 
1995, Pu et al., 2013). In the first stage of the autohydrolysis, water releases the 
hydronium ion and acts as a weak acid mainly to depolymerize the hemicellu-
loses (Vegas et al., 2008). During further treatment, the hemicelluloses are de-
polymerized and converted into soluble oligomers (as the main reaction), and 
into monosaccharides (Lee et al., 2009). Hardwood is more suitable for autohy-
drolysis compared to softwood due to the larger amount of acetyl groups, thus 
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creating a higher acidity during the process. Softwood requires a higher autohy-
drolysis intensity (the so-called P-factor) than hardwood, to achieve a compara-
ble extent of hemicelluloses removal. This may be attributed to the different lig-
nin structure compared to that of hardwood lignin, which favors condensation 
reactions at the C5 of the aromatic ring due to the lack of methoxyl substituents 
(Koch, 2006, Borrega et al., 2011). The resulting condensation products impair 
the diffusion of degraded hemicellulose fragments into the hydrolysate. How-
ever, hemicellulose sugar yields from autohydrolysis are limited to less than 
about 65% of the maximum possible, while adding dilute sulfuric and other ac-
ids can recover up to about 90% of the theoretical maximum (Yang and Wyman, 
2009).

Dilute acid hydrolysis is also based on the acid-catalyzed cleavage of ether 
bonds between hemicellulose and lignin complexes. The process is considered 
to be among the leading and most promising pretreatment technologies that can 
enhance biomass sugar release performance (Chandra et al., 2007, Yang and 
Wyman, 2008, Wyman et al., 2009, Lee et al., 2013). Dilute acid pretreatment 
is generally carried out using 0.2-0.4% (w/w) H2SO4 at a temperature of 120-
200 °C, (Pu et al., 2013). Based on the type of end application, two types of acid 
pretreatments have been developed: high temperature (above 180 °C) for short 
duration (1–60 min) and low temperature (<120 °C) for long duration (30–
90 min), respectively (Kumar and Sharma 2017). The treatment offers good per-
formance in terms of converting solubilized hemicelluloses to fermentable sug-
ars, thus eliminating or reducing the need for hemicellulose enzyme mixtures 
(Grohmann et al., 1985, Saha et al., 2005). However, the hemicellulose sugars 
might be further degraded to furfural and hydroxymethylfurfural (HMF), which 
are strong inhibitors to microbial fermentation (Sassner et al., 2008). Further-
more, acids can be corrosive and neutralization results in the formation of solid 
waste. Also this pretreatment is especially suitable for biomass with low lignin 
and ash content, as almost no lignin is removed from the biomass, while the 
presence of ash requires higher acid charges. Moreover, inefficient acid recovery 
is an important drawback of dilute acid pretreatment.

2.4.2 Acid sulfite process

In AS fractionation, the cooking liquor contains hydrogen sulfites (referred to 
as combined SO2) and sulfur dioxide (called free SO2, Sjöström, 1981). The em-
ployed cations are calcium, magnesium, sodium, or ammonium (Deslauriers 
et al., 2006). AS pulping is carried out in the pH range of 1 to 2 when measured 
at room temperature. In the AS process, the cooking is performed at 110 to 150 
°C, and the heating rate should be low (0.2-0.4 °C min-1) to allow for the homo-
geneous distribution of the active cooking chemicals within the wood structure 
(Sixta et al., 2006). This leads to long heating times to achieve the maximum 
temperature due to the very slow (up to six hours) low-temperature impregna-
tion stage (Rydholm, 1965, Fengel and Wegener, 1989). The sulfite process per-
forms well for some softwoods (such as spruce, fir, and hemlock) and hard-
woods (such as poplar and eucalyptus). However, the resinous softwoods and 
tannin-containing hardwoods are more difficult to handle. AS fractionation is 
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not suitable for annual plants for long overall fractionation duration and ineffi-
cient chemicals recovery. The poor carbohydrate yields of pulping straw were 
reported and explained by the relatively labile carbohydrates of straw (Bier-
mann, 1996). A further drawback of the sulfite pulps is the weaker paper sheets 
compared to kraft sheets (Johansson et al., 1987), but the sulfite pulps are 
lighter in color than kraft pulps and can be bleached more easily. An important 
disadvantage of AS pulping is the wasteful oxidation of monosaccharides to al-
donic acids by hydrogen sulfite anions (Sixta et al., 2006).
Although the production of sulfite pulps is much smaller than the production 

of kraft pulps, sulfite pulps are more suitable for special paper grades, tissue,
and dissolving pulp (Deslauriers et al., 2006).

2.4.3 Organosolv process for annual plants

Organosolv fractionation is one of the promising pretreatment processes for 
converting annual plants to bioethanol and biochemicals (Zhang et al., 2016). 
This method employs organic solvent-water mixtures as fractionation liquor, 
with the advantages of low environmental impact, higher pulp yield, and high 
recovery rates of lignin and sugars for profitable utilization (Saberikhah et al.,
2011). Among the studied solvents, ethanol was shown to have the highest po-
tential for annual plants (Area et al., 2009, Fernando et al., 2010, Mesa et al.,
2010, Wildschut et al., 2013). However, uncatalyzed organosolv fractionation 
requires high temperatures (190-200 °C) and associated pressures (ca. 35 bar). 
It has been demonstrated that by utilizing acid as a catalyst, the processing tem-
perature can be decreased without a decrease in the yield of cellulose.  Moreo-
ver, the yield of dissolved hemicellulose sugars can be improved due to lower 
sugar degradation at lower temperatures (Area et al., 2009, Mesa et al., 2010, 
Wildschut et al., 2013). By utilizing ethanol-based organosolv fractionation, a
relatively large amount of pure, sulfur-free, and reactive lignin can be recovered 
(Fernando et al., 2010).
Another example of a fractionation method is the Alcell process, which was in-

troduced by Kleinert (1974). This is an uncatalyzed organosolv pulping process 
using 50% aqueous ethanol as the cooking liquor, a temperature range of 
190-200 °C, and pressure of about 30 bar; no external catalyst is added to the 
cooking liquor. The cooking time has been found to be a function of the pH, 
temperature, alcohol concentration, and type of wood, according to studies by 
Pye and Lora (1991). The presence of ethanol facilitates rapid penetration of the 
liquor into the wood chips, and as a consequence, oversized chips and knots can 
be cooked effectively in the Alcell process. The pulp yield was reported to be at 
least 2% higher than that for the kraft process for the same species (Pye and 
Lora, 1991).
The major process advantages are easy chemical recovery and less pollution 

abatement technologies. In addition, the process allows isolating lignin in a rel-
atively pure form as well as the hemicellulose sugars. The disadvantages are 
high temperatures and pressures, and thus high energy consumption, non-ap-
plicability to softwoods, and sugar degradation to furanic compounds 
(Sundquist, 2000).
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2.4.4 AVAP® fractionation process

The AVAP® process is a technology utilizing SO2-organic solvent-water solu-
tions to fractionate lignocellulosic feedstocks into the principal components –
cellulose, hemicellulose sugars, and lignin, at nearly full yields. The AVAP® pro-
cess has been suggested as a promising platform for forest biorefinery (Iakovlev 
and van Heiningen, 2012a, Pylkkanen et al., 2015). The chemistry of the process 
is close to that of AS pulping, with the difference being that the base is replaced 
by an organic solvent, for example, ethanol. Therefore, the process can be con-
sidered a hybrid between AS and organosolv pulping. The presence of SO2 leads 
to the dissolution of hemicelluloses in high yield largely as monomeric sugars, 
while lignin becomes soluble through sulfonation. The absence of a base (such 
as Na, Mg or Ca) and the presence of ethanol in the cooking liquor in a typical 
ratio of 1:1 to 1:3 leads to very low hydrogen sulfite anion concentrations, which 
greatly simplifies the recovery to cycle (Iakovlev et al., 2014a). The function of 
the organic solvent is similar to that in organosolv processes. The acidity of the 
AVAP® cooking liquor at the fractionation temperature is similar to that of AS 
cooking, due to an increased acid dissociation constant (pKa) of SO2·H2O in a 
solvent-water solution (Wedzicha et al., 1991). Furthermore, the organic solvent 
dramatically increases the impregnation rate of dissolved SO2 into biomass, 
eliminating the need for a separate impregnation stage. Thus, the fractionation 
time of an AVAP® cook is considerably shorter than the cover-to-cover cooking 
time of a batch AS cooking.
A wide range of lignocellulosics, including low-quality forest (such as branches 

and tree tops; softwoods/hardwoods, Yamamoto et al., 2014b) and agricultural
residues (such as wheat straw and oil palm empty fruit bunches, Sklavounos et 
al., 2013a,b), have been used as feedstock for AVAP® fractionation, producing 
relatively pure cellulosic fibers and monomeric hemicellulose sugar solution. 
Softwood lignocellulosics are known to require higher enzyme charges com-
pared to hardwood lignocellulosics. The exceptional ability of the AVAP® pro-
cess to delignify softwoods is due to the high nucleophilicity of SO2, while the 
acidic nature of the process allows for avoiding scaling problems related to the 
alkaline solubilization of silica in the case of annual plants. The enzyme dosage 
required for the high lignin AVAP® pulps correlates well with the values re-
ported for softwood materials at similar lignin content. To reach about 90% con-
version within 48 hours for partially delignified softwood, around 15–20 filter 
paper unit (FPU)/g enzyme charge is often required (Iakovlev and van 
Heiningen 2012a, Yamamoto et al., 2014a-c). Low residual lignin and hemicel-
lulose contents result in high sugar yields at low enzyme charges. Yamamoto et 
al. (2014b) have reported that spruce AVAP® pulps containing about 1.5% (w/w) 
lignin, with 90% enzymatic digestibility, were achieved at 10 FPU enzyme 
charge and 24 hours of hydrolysis time. Previous studies on autohydrolysis pre-
treatment of wheat straw and sugarcane bagasse have revealed that at 10 FPU/g 
for 96 hours, a total sugar recovery of 72.3% and 87.2% can be achieved, respec-
tively (Ertas et al., 2014, Batalha et al., 2015).
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2.4.5 Comparing the AVAP® process to current pretreatment/fractiona-
tion processes

In the AVAP® process, cellulose is retained at near-full yields despite a substan-
tial reduction in the degree of polymerization (Iakovlev and van Heiningen,
2012a,b), contains small amounts of lignin (1-10%), and is highly digestible by 
commercial enzyme mixtures at low charges (Yamamoto et al., 2014a-c). The 
amount of residual hemicelluloses in cellulose fibers can be adjusted depending 
on the final use (1-25%, Iakovlev et al., 2012b, 2014a). Glucose represents feed-
stock for various chemical and biochemical processes, most importantly fer-
mentations to alcohols (for example, ethanol, butanol, and butanediol) and or-
ganic acids (for example, lactic and succinic acids). 
AVAP® cellulose is also an excellent feedstock for the production of dissolving 

pulp for the manufacture of regenerated cellulose fibers, both viscose and 
Lyocell (Iakovlev et al., 2014b), cellulose nanofibrils, and nanocrystals (Nelson 
et al., 2016), as well as traditional paper products (Iakovlev et al., 2010). 
In the AVAP® process most of the lignin dissolves in the liquor during the frac-

tionation. Delignification results from partial sulfonation by SO2 and hydroly-
sis, and the lignin fragments are solubilized in an ethanol-water solution. Dur-
ing the chemical recovery where SO2 and ethanol are removed from the liquor 
(distillation), non-water-soluble lignin precipitates, while lignosulfonates re-
main in the hemicellulose sugars stream.
Table 2.2 lists the advantages of the AVAP® process compared to other pre-

treatments/fractionation processes. Most processes are designed only for spe-
cific raw materials (often hardwoods and/or annual plants with required size 
reduction), while the AVAP® process is suitable for a wide range of lignocellu-
losics with powerful impregnation (ethanol) and delignifying (SO2) agents. 
Likewise, the drawback of most pretreatment processes is the narrow range of 
products. Acidic treatment at high temperatures (as in most acidic pretreatment 
processes) results in a substantial decrease in molecular weight and applications 
that are limited to combustion. Reversible ethoxylation of lignin in the AVAP®

process protects the alpha position in lignin, resulting in about 50% on biomass 
yield of reactive low molecular weight lignin suitable for a number of applica-
tions (Sharazi et al., 2018). Most processes suffer from high sugar degradation, 
through alkaline peeling (alkali process), dehydration to furanic compounds 
(most acidic processes), and oxidation to aldonic acids (AS and bisulfite pulp-
ing). The AVAP® process preserves sugars due to excess ethanol (through eth-
oxylation and lowering effective acidity) and SO2. The recovery of chemicals is 
a decisive factor for the economic viability of a process. Nonvolatile inorganic 
acids (dilute acid), alkalis and salts (acid sulfite, SPORL) cannot be efficiently 
recovered, while volatile chemicals (SO2, alcohols) are considerably easier to re-
cover using distillation. Overall, AVAP® technology combines the advantages of 
AS and organosolv fractionations while avoiding many of their disadvantages.
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Table 2.2: AVAP® process advantages comparison with other pretreatment / fractionation pro-

cesses.
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2.5 Chemistry of acid sulfite and AVAP® processes

2.5.1 Lignin reactions

The main lignin reactions in acidic cooking processes include sulfonation, hy-
drolysis, and lignin condensation. These reactions proceed through the for-
mation of benzylic carbocation, and therefore involve both phenolic and non-
phenolic lignin units.
The sulfonation reaction has a strong dependence on the pH (Sixta et al.,

2006). At low pH values, the sulfonation reaction is always the fastest reaction. 
In the AS cooking, the sulfonation agents are SO2 and hydrogen sulfite ions 
(HSO3-). Sulfonation takes place almost exclusively at the -position of the lig-
nin side chain, introducing sulfonic acid groups, which leads to an increase in 
the lignin hydrophilicity. The lignin molecules become hydrophilic, and can eas-
ily be dissolved in the cooking liquor. However, in AVAP® cooking, the concen-
tration of HSO3- is very low (due to the absence of a base) and the sulfonation is 
carried out by SO2. Eliashberg et al. (1955) proved that SO2 species can sul-
fonate lignin without hydrogen sulfite anions. The sulfonation rate in AVAP®

liquors is of the same order of magnitude (Vishnevskaya et al., 1981).
The acid hydrolysis reaction of lignin is slower than the sulfonation process. 

Hydrolysis breaks the ether bonds between the phenyl propane units, reducing 
the molecular weight and creating free phenolic hydroxyl groups (Gellerstedt 
and Gierer, 1971). Figure 2.7 illustrates the hydrolytic cleavage of lignin.
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H3O H2O

R-OH

Figure 2.7. Hydrolysis of lignin (adopted from Sixta et al., 2006).

The reaction between different lignin units, which generate new carbon-carbon 
bonds, is called a condensation reaction. This reaction counteracts lignin deg-
radation and retards the delignification. Condensation reactions compete with 
sulfonation and hydrolysis reactions (Gierer, 1985).

Condensation becomes pronounced at high acidities and temperatures (Ro-
zenberger, 1961). Figure 2.8 illustrates that the C6, C5, and C1 sites of the lignin 
unit might form new C-
structures (Sixta et al., 2006).
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2.5.2 Delignification kinetics

The rate of AS delignification is generally believed to be proportional to the ionic 
product, [H+][HSO3-]n, where n can be taken as unity (Sixta et al., 2006). Gen-
erally, efficient delignification is achieved when depolymerization and hy-
drophilization (through sulfonation and hydrolysis) are favored over repoly-
merization (for example, condensation reactions). Delignification proceeds in 
two phases – bulk and residual. Bulk AVAP® delignification kinetics were char-
acterized in the previous research (Primakov, 1961a, Iakovlev et al., 2011), and
revealed that bulk AVAP® delignification follows first-order kinetics in lignin, 
with similar rates for spruce, beech, and wheat straw. Activation energy (EA)
values are close for spruce and beech, while residual delignification proceeds 
slower for beech than for spruce (Iakovlev et al., 2011).  

According to Richards and van Heiningen (2004), the following equation de-
scribes the kinetics of AS delignification:[ ] = , [ ][ ] = [ ][ ]= , [ ],                                                                                        (1)
where ALig – pre-exponential factor for the bulk delignification rate constant; 
kLig, L mol-1 min-1; [Lig] – residual lignin content, % on wood; [SO2] – SO2 con-
centration in the fresh liquor, mol L-1; R – gas constant, 8.314 J mol-1 K-1; T –
temperature, K; EA,Lig – activation energy of delignification, J mol-1; kLig,obs =
kLig[SO2]free.
From this equation, it is apparent that the delignification rate depends on the 

concentration of sulfonating species (such as SO2 and HSO3-). Acidity (for ex-
ample, the concentration of hydroxonium caions H3O+) is not included in the 
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equation. In practice, delignification is controlled by varying the amount of total 
and combined SO2. At constant combined SO2, a higher SO2 concentration leads 
to a higher delignification rate (Sixta et al., 2006, Richards and van Heiningen,
2004), while at a constant total SO2, a higher bound SO2 leads to a lower delig-
nification (due to lower acidity). The bulk delignification rates are the same for 
AS and AVAP® fractionation at the same free SO2 concentration lower than 12% 
(Richards and van Heiningen, 2004, Iakovlev et al., 2011).

According to Iakovlev and van Heiningen (2012b), the AVAP® delignification 
rate is significantly different at different SO2 concentrations. Figure 2.9 illus-
trates that especially high differences are observed in the region of 3.0-12%, 
where the delignification rate is proportional to the SO2 concentration. By con-
trast, at high SO2 concentrations (12-27%), no considerable increase in the del-
ignification rate is observed. In addition, the handling of highly concentrated 
SO2 solutions presents a practical challenge.

Figure 2.9. SO2 concentration effect on delignification of spruce: decimal logarithm of residual 

lignin versus fractionation duration: 55 v/v% ethanol, L/W 6 L kg-1, 135 °C (Iakovlev and van 

Heiningen, 2012b).

The L/S has little effect on the process during the (delignification) bulk phase, 
while in the residual phase the effect becomes pronounced. During the latter 
phase, lower liquor-to-wood ratios (L/W) lead to a higher residual lignin con-
tent, lower residual hemicelluloses, and pulp viscosity, but higher hemicellu-
loses removal selectivity. Residual delignification becomes important when the 
production of highly pure pulps is targeted (Iakovlev et al., 2014a).

Temperature has a strongly positive effect on the rate of AVAP® delignification 
in the range of SO2 concentrations at 5-15% (Primakov, 1961a, Iakovlev et al.,
2011). The dependence of the rate constant on temperature is described well by 
the Arrhenius equation (see equation (1)). In this equation, the higher EA values,
the higher the increase in the rate constant with temperature will be. EA values
of 93-115 kJ mol-1 for larch (Primakov, 1961a), 107 kJ mol-1 for spruce, and 102 
kJ mol-1 for beech (Iakovlev et al., 2011) for AVAP® delignification were re-
ported.
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The (limited) available data indicate that very high or very low organic solvent-
to-water ratios do not allow for effective fractionation in terms of delignifica-
tion. At high ethanol concentrations, the acidity is relatively low, and the hydro-
lytic reactions proceed slower, while at low ethanol concentrations, high acidity 
leads to pronounced carbohydrates hydrolysis and lignin condensation (Eliash-
berg et al., 1960, Primakov, 1961a, Reznikov et al., 1988, Sierra-Alvarez and 
Tjeerdsma, 1995). It should be noted that the organic solvent assumes a role 
similar to that of a base in AS pulping by mitigating the acidity of the system. 
Therefore, similar patterns with regard to the effects of organic solvent-to-water 
ratio and the amount of bound SO2 (in AS pulping) can be expected (Iakovlev 
and van Heiningen, 2012b).

The delignification rates for the Alcell and AVAP® processes are compared in 
Table 2.3. It should be noted that SO2 is a catalyst in AVAP® processes. The del-
ignification of both processes occurs in two phases (bulk and residual), which 
follows pseudo-first-order kinetics in lignin.

Table 2.3. Comparison of delignification rates for Alcell and AVAP® processes: bulk delignification 

(Iakovlev, 2011).

Process Alcell AVAP®

Catalyst - SO2

Liquor composition
42.4 w/w.%a,
50 v/v.%b,c

ethanol-water

15% SO2 in 50 w/w.% eth-
anol-water

Liquor-to-solid ratio, L kg-1 10 6

Temperature, ºC 185 135

Rate constant for hardwoods, 10-3 min-1
30 (poplar)a

29 (eucalyptus)b

28 (birch)c

51 (birch)d

71 (aspen)d

Rate constant for softwoods, 10-3 min-1 15 (spruce)a 48 (spruce)d

29 (larch)e

EA for hardwoods, kJ mol-1 108 (eucalyptus)b

85 (birch)c –

EA for softwoods, kJ mol-1 118 (spruce)a 93 (larch)e

a Kleinert 1975, air-dried wood; b Curvelo et al., 1995, c Girard, 1998, d calculated from Prima-
kov, 1961b, e calculated from Primakov, 1961a.

2.5.3 Polysaccharides reactions

The main reactions of polysaccharides in acidic fractionation processes include 
hydrolysis to oligo- and monosaccharides, followed by the dehydration and ox-
idation of the latter.

The rate of acid-catalyzed hydrolysis of glycosidic bonds is governed both by 
the chemical structure and morphology of polysaccharides and depends on acid-
ity and temperature. The rate of heterogeneous cellulose hydrolysis is one to two
orders of magnitude lower than that for the methyl- -D-glucoside due to the 
highly ordered cellulose structure (Fengel and Wegener, 1989). This fact, in ad-
dition to a high initial DP of cellulose, results in lack of substantial cellulose dis-
solution during acidic fractionation. For example, no cellulose dissolution was 
found for AVAP® fractionation (Iakovlev, 2011, Iakovlev and van Heiningen,
2012a). Contrary to cellulose, hemicelluloses are amorphous low-DP material 
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and their hydrolysis proceeds relatively fast, leading to dissolution. Another im-
portant hydrolytic reaction is the removal of acetyl groups from hemicelluloses 
(Sjöström, 1981).

Dissolved monosaccharides undergo dehydration to produce furfural (pen-
toses) and HMF (hexoses). The reaction is more pronounced at higher temper-
atures and acidities. However, at relatively mild conditions of AS and AVAP®

fractionation, the amount of formed furanic compound is low (less than 0.5% in
wood, Sixta et al., 2006, Iakovlev and van Heiningen, 2012a, Sklavounos et al., 
2011).

In the AS process, carbohydrates are oxidized by hydrogen sulfite anions to 
form aldonic acids. At a higher HSO3- concentration (for example, at lower acid-
ity), the oxidation is more pronounced. According to a study by Pfister and 
Sjöström (1977), in AS cooking about 50% of arabinose, 40% of galactose, 
15-25% of xylose, 9-11% of mannose, and 12% of glucose are converted to aldonic 
acids. The side product of this reaction is thiosulfate anions participating in the 
unwanted liquor decomposition and lignin condensation reactions (Sixta et al.,
2006).

In AVAP® cooking, the concentration of HSO3- is very low due to the absence 
of a base, which explains the absence of oxidation in AVAP® cooking (Iakovlev 
and van Heiningen, 2012a).

2.5.4 Hemicelluloses removal

Hemicelluloses removal proceeds in two phases – initial and bulk. In the initial 
phase (down to 70% of pulp yield), more than half of the hemicelluloses (both 
galactoglucomannan and arabino-4-O-methyglucuronoxylan) are removed 
from the lignocellulosic biomass (Iakovlev and van Heiningen, 2012a,b, 
Iakovlev et al., 2014a). Practically, all galactose and arabinose side-units are 
cleaved during this stage. It appears that hemicelluloses are removed together 
with lignin in the form of LCCs, as the removal rate during the initial stage is 
directly correlated to the delignification rate (Iakovlev and van Heiningen,
2012b).

Second-phase hemicelluloses removal can be described as an acidity- and 
temperature-dependent function (Iakovlev et al., 2014a):

where [Hemi] – hemicelluloses content of the pulps, % based on raw material, 
at time t, min; [H3O+] – hydroxonium cation concentration; k'Hemi and kHemi –
real and composite rate constants for hemicelluloses removal; EA,Hemi – activa-
tion energy of hemicelluloses removal, J mol-1; AHemi – pre-exponential factor, 
min-1; R = 8.314 J mol-1 K-1 – gas constant.
According to recent studies, in both AS and AVAP® fractionation the solid res-

idue yield increases with the decrease in free SO2 concentration at the same 

[ ] =  [ ][ ]=  [ ] = , [ ],                             (2)
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kappa number (Sixta et al., 2006, Iakovlev, 2011, Iakovlev and van Heiningen,
2012a,b, Iakovlev et al., 2014a). Eliashberg et al. (1960) demonstrated the effect 
of ethanol concentration on the lignin-free yield (LFY) of spruce. The increase 
in LFY, and therefore in hemicelluloses retention, with the increase in ethanol 
concentration is explained by the decrease in acidity of the cooking liquor.

For AS pulping, the effect of temperature has been studied for a wide range of 
conditions covering both paper and dissolving grade pulps, while the AVAP®

process has mostly been studied for paper pulp conditions. The solid residue 
yield at constant kappa number decreases with the increase of temperature in 
both AS and AVAP® fractionation. AVAP® pulp yields are lower than those for 
AS pulps at the same kappa number. Iakovlev (2011) reported that the ratio of 
the hemicelluloses removal rates for glucomannan and xylan is about 1:2 (at any 
temperature) and less than one for AVAP® and AS fractionation, respectively. 
The somewhat higher stability of glucomannan in AS cooking can be explained 
by the stabilization effect, taking place during the impregnation stage. For the 
conditions corresponding to paper pulp, the L/W has very little effect on hemi-
celluloses removal, when the L/W is decreased from 6 to 2 or even to 1. The 
increase in acidity associated with a decrease in the L/W does not seem to affect 
the hemicelluloses dissolution, probably due to another mechanism, such as 
protection by lignin (Iakovlev, 2011, Iakovlev et al., 2014a).

2.5.5 Cellulose hydrolysis

It has been found that in heterogeneous acidic conditions the rate of cellulose 
hydrolysis is much lower than that of hemicellulose hydrolysis, due to the high 
crystallinity of cellulose. Marchessault and Rånby (1959) demonstrated that the 
initial hydrolysis rate for the glucose units containing electrophilic substituents 
is a hundred times faster than for normal glycosidic bonds in cellulose. After the 
first stage, the slower hydrolysis of the “regular” glycosidic bonds in the amor-
phous regions takes place. Iakovlev (2011) also found that cellulose degradation 
in the AVAP® process corresponds to amorphous cellulose hydrolysis. The third 
step is the slowest hydrolysis, when cellulose is approaching its levelling-off DP 
values.
The cellulose DP can be calculated according to the following equation (da 

Silva Perez and van Heiningen, 2002):

= . [ ] [ ][ ] .
,                                                                            (3)

where [ ] – intrinsic viscosity of pulps in CED, mL g-1; [Hemi]pulp – hemicellu-
loses content of pulp, unit fraction; [Cel]pulp – cellulose content of pulp, unit 
fraction.
The equation provides the viscosity-average cellulose DP, DPv, which is close 

to the weight-average DP, DPw (Rusten, 1962).
According to recent studies, in both AS and AVAP® fractionation, cellulose DP 

at the same kappa number increases with the increase in SO2 concentration.
This behavior is similar to that of hemicelluloses dissolution: the acidity is sim-
ilar at different SO2 concentrations, while delignification is much slower at a
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lower SO2 concentration. Iakovlev (2011) studied the effect of SO2 concentra-
tion using spruce chips and a temperature of 135 °C: at a lower SO2 concentra-
tion (3-6%) a certain delay period was seen prior to steady-state cellulose hy-
drolysis, which was explained by the protection of cellulose by lignin.
The effect of ethanol concentration on cellulose hydrolysis has been studied for 

the Alcell process. Cellulose hydrolysis decreases monotonously with increasing 
ethanol concentration (juvenile poplar, L/W 8 L kg-1, 195 °C, 210 min, Sierra-
Alvarez and Tjeerdsma, 1995). The observed behavior is explained by the de-
crease in the acidity of the system with increasing ethanol concentration.
It has been reported (Richards and van Heiningen, 2004, Iakovlev, 2011) that 

the intrinsic viscosity decreases (at constant kappa number) with an increase in
the temperature. At a constant temperature, the intrinsic viscosity remains high 
down to kappa number 20-30, while at higher kappa number it increases slowly 
and at lower kappa number it decreases steeply in AVAP® cooking.
Assuming random first-order acid hydrolysis of cellulose containing weak 

links, amorphous and crystalline regions, Calvini et al. (2008) developed a 
model describing the process as follows:

= 1 = 1  + 1 + 1 ,            (4)
where S – number of scissions, DP is the average degree of polymerization and 

its value at t = 0, ,   , and  are the initial amounts of weak links and 
of glycosidic bonds in the amorphous and crystalline regions, respectively, is 
the initial amount of acidity (in general), k is the rate constant of the hydrolytic 
mechanism (with suffixes a, amorphous regions of cellulose; c, crystalline re-
gions of cellulose; w, weak links).
At AVAP® fractionation conditions, cellulose weak links are hydrolyzed very 

quickly, presumably during the heating period. The rate of hydrolysis in the 
crystalline regions is much lower than that in the amorphous regions, for exam-
ple, kc ka. The number of available bonds in amorphous cellulose is given as:

= 1,                                                                                                          (5)   

where LODP represents the levelling-off degree of polymerization.
Therefore:

1 = 1 1 ,                                                                            (6)
Applying approximation of 1 :

1 = 1 ,                                                                                           (7)
Assuming and LODP to be constant for the same raw material and fraction-
ation process. The acidity level at the fractionation temperature is not known,
but is likely to be rather constant at a constant temperature due to the excess of 
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sulfur dioxide. This brings us to Ekenstam’s zero-order approximation for cel-
lulose hydrolysis, which is still used extensively despite its limitations:1 1 = = , ,                                                                                     (8)
where is the DP of the original cellulose in SC straw (after weak links hy-
drolysis); kCel – observed cellulose hydrolysis rate constant; EA,Cel – activation 
energy of cellulose hydrolysis, J mol-1; ACel – pre-exponential factor, min-1.

2.6 Fractionation chemicals mass balances and recovery

Sulfur dioxide sulfonates lignin, resulting in lignosulfonic acids. Sulfur dioxide 
mass balance has been demonstrated earlier for the AVAP® fractionation of 
spruce at relatively mild conditions (135 °C, 60-80 min, Iakovlev and van 
Heiningen, 2012a). It has been shown that 0.9 g and 19-22 g SO2 per oven-dried 
(o.d.) kg spruce (corresponding to 0.1 and 0.25 S/C9 ratio in lignin) was bound 
to pulp and dissolved solids, respectively, while the rest of the SO2 was recov-
ered by distillation (97% of charged amount). The comparison of sulfur balance 
in AVAP® fractionation and the conventional Mg-AS process is presented in Ta-
ble 2.4. Although in the AVAP® process higher amounts of SO2 are charged for 
fractionation, also substantially higher amounts of SO2 can be recovered, com-
pared to the AS process. This is explained by the absence of a base in the AVAP®

process, which eliminates the side reactions involving hydrogen sulfite anions 
and simplifies the recovery cycle.

Table 2.4. Sulfur balance for AVAP® and Mg-AS processes (for wood species).

AVAP® (Iakovlev and van 
Heiningen, 2012a) Mg-AS (Sixta et al., 2006)

Total sulfur charge, % on wood 36-72 16-25

Recovery rate of sulfur, % of total charge 98 80

Make-up sulfur, % on wood 1.1 3.2-5.0

No information has been found in open literature on the SO2 material balance 
for the fractionation of agricultural residues containing high amounts of ash 
which might potentially bind SO2, resulting in higher required make-up.
The recovery rate of ethanol is the key characteristic determining the viability 

of the process. There is a variety of pathways for ethanol consumption under 
acidic conditions, for instance, dehydration to diethyl ether, oxidation to acet-
aldehyde, lignin and carbohydrate ethoxylation and ethanolysis, formation of 
acetals, ethyl acetate, and sulfurous acid esters. Nonetheless, Primakov (1961a)
was able to distill 99.2% ethanol from the suspension after AVAP® fractionation 
of larch and 98.9% from spent and wash liquors (for example, after pulp sepa-
ration through washing). Peter and Höglinger (1986) have demonstrated that 
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ethanol was built during organosolv fractionation, which implies that the theo-
retical recovery yield exceeds 100%. Again, no data are available for ethanol 
mass balance for AVAP® fractionation of agricultural residues.
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3. Experiments

3.1 Characterization of raw materials

Three batches of SC straw were used as the raw material. The raw material was 
analyzed (in duplicate) for extractives (SCAN-CM 49:03), ash (NPEL/TP 510-
42622), lignin, and carbohydrates (NPEL/TP 510-42618). Alkali metals (Na and 
K) in ash were analyzed by atomic absorption spectrophotometry (AAS), while 
other metals (Ca, Fe, Al, and Mg) and silicon were analyzed by inductively cou-
pled plasma (ICP, Laitinen et al., 1996, Hatanpää, et al., 1997).

3.2 Methods

3.2.1 AVAP® fractionation

Deionized (DI) water and ETAX A ethanol (96.1 v/v %) were used for the prep-
aration of the ethanol-water solution and then gaseous SO2 was injected into the 
solution. It should be noted that the SO2 concentration was adjusted based on 
the increase in the weight of the solution. The reported composition of the frac-
tionation liquor corresponds to the weight ratios of SO2, ethanol, and water. For 
example, SEW 12:43.5:44.5 means a solution containing 12% SO2, 43.5% etha-
nol, and 44.5% water (by weight). The water from straw is taken into account in 
the preparation of the liquor.
Fractionation was carried out in a silicon oil bath. Raw material and fresh liq-

uor at a L/S 4 L kg-1 or 6 L kg-1 were placed into a 220 mL reactor. The reactors 
were put into the silicon oil bath at 135 °C to 160 °C and for various durations. 
Reported durations include 8 minutes of heating up. After cooling in an ice bath, 
the solid residue was separated from the spent liquor by using a nylon washing 
bag. The solid residue obtained from each bomb was washed three times (I-III) 
with 2.2 mL/o.d. g straw of 55% (v/v) ethanol-water solution at 60 °C and finally 
twice with 33 mL/o.d. g straw of DI water at room temperature. The spent and
ethanol-water wash liquors (I-III) were combined to form the mixed SEW 
(MSEW) liquor.

3.2.2 Pulp analyses (Papers I, II, and III)

The produced cellulosic fibers (pulps) were characterized by yield. Air-dried 
pulps were analyzed for kappa number (SCAN-C 1:00) and intrinsic viscosity in 
cupriethylenediamine (CED, SCAN-C 15:99). Ground pulps were analyzed for 
acid-insoluble residue (AIR), acid-soluble lignin (ASL), and carbohydrates 
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(NPEL/TP 510-42618) by using double-stage H2SO4 hydrolysis (72%, 30 °C, 1
hour; 4%, 121 °C, 1 hour), followed by high-performance anion-exchange chro-
matography with pulsed amperometric detection (HPAEC-PAD) analysis. Sili-
con in pulp and in AIR was analyzed by AAS. Nitrogen content was analyzed in 
straw batch I, selected pulps, AIR, and acetone extracted pulp by utilizing a
CHN/S Perkin Elmer analyzer. One of the pulps (conditions SEW 12:44:44, L/S 
4 L kg-1, 150 °C, 70 min) was extracted with acetone in Soxhlet apparatus for 
four hours (SCAN-CN 49:03). The original pulp was also extracted with 1% 
NaOH at a L/S 100 L kg-1, at room temperature and vigorous stirring for one 
hour. The pulp was separated from the solution by using a nylon bag and washed 
at room temperature (each stage at L/S 100 L kg-1): three times with DI water, 
one time with 1% acetic acid, and three times with DI water. Air-dried acetone-
and NaOH-extracted pulps were analyzed for yield, kappa number, AIR, acid-
insoluble ash (AIA), and ASL.

3.2.3 Lignin behavior in AVAP® fractionation and chemicals recovery 
(Paper III)

MSEW liquor (at a total L/S of approximately 10 L kg-1 straw) was cooled to 20
°C and the precipitated lignin (denoted as precipitate I) was separated by cen-
trifugation (washed twice with water) for some condition sets (Table A.2 in Pa-
per III). In other condition sets precipitate I was not separated. Ethanol was 
evaporated from MSEW liquors at 65 °C to 68 °C, vacuum 0.8 bar to 0.9 bar, 
duration 30 to 60 minutes. Liquor weight reduction was 65% to 75%. The re-
moval of ethanol resulted in substantial precipitation of lignin (denoted as pre-
cipitate II). After separation of precipitate II, the remaining liquor was collected 
and denoted as evaporation (EVAP) liquor.
Lignin fractions (in pulp, in precipitates I and II, dissolved in MSEW and EVAP 

liquors) were characterized in terms of their yield, physical state (char/colloidal 
precipitate), and degree of sulfonation.
Lignin in pulp and liquors was determined by double-stage acid hydrolysis of 

dried material (air-dried pulp and liquor completely evaporated in a Rotavap 
evaporator, at 45°C, vacuum 60 mbar, duration 30 min).

3.2.4 Hydrogen sulfite behavior during drying at 105 °C (Paper II)

A volume of 10mL of fresh SO2-ethanol-water liquor (at weight ratios of 
12:44:44) and 2.2 mL 1 M NaOH was put in a glass vessel, mixed and dried over-
night at 105 °C. The residue was dissolved in water or 25 mL water containing 2 
mL 30% H2O2 and transferred to a 100 mL flask, followed by an additional 100 
times dilution and characterization of sulfite and sulfate content by ion chroma-
tography (IC) (Dionex ICS 1500, Sunnyvale, CA, USA).

3.2.5 Degree of sulfonation of lignin (Paper III)

The degree of sulfonation was determined based on covalently bound sulfur 
content determined by combustion. Pulps and precipitated lignin samples (pre-
cipitates I and II) were air-dried prior to combustion. MSEW and EVAP liquors 
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were treated as follows. A volume of 10 mL of MSEW or EVAP liquor was put in 
a glass vessel. In most cases 0.17 mL of 37% hydrochloric acid was added. The 
mixture was dried overnight at 105 °C. The residue was detached from the walls 
and mixed using a metal spatula.

Approximately 100 mg of pulp or dried liquor residue were combusted in the 
Schöniger flask containing 1 mL 30% H2O2 in 50 mL water, transferred to a 500 
mL flask, filled with water to the mark, mixed, filtered, and characterized for 
sulfite and sulfate anion content by IC. Degree of sulfonation = Sulfur, % / Lig-
nin, % *190/32 (190 g mol-1 and 32 g mol-1 – molecular weight of lignin unit and 
sulfur, respectively, Rydholm, 1965).

3.2.6 Lignin post-sulfonation (Paper III)

The spent liquor after cooking (SEW 12:44:44, L/S 4 L kg-1, 155 °C, 58 min) was 
analyzed for residual SO2 after adding excess NaOH using IC. The additional 
amount of SO2 was bubbled through the liquor to bring the total concentration 
to 12% and 15.6%, and sodium hydroxide was also added. Prior to post-sulfona-
tion, precipitate I was not separated from the liquor. Post-sulfonation was per-
formed at 135 °C for 60 minutes.
After post-sulfonation, the liquors were diluted with 55 v/v% ethanol-water 

with a dilution ratio of about 2.5, to mimic the addition of the pulp wash liquor. 
Evaporation was performed as described in section 3.2.3. Precipitate II and 
EVAP liquors were obtained and characterized.

3.2.7 Liquid phase analyses: Carbohydrates and degradation products 

Xylan is the major hemicellulose in straw and its mass balance was followed in 
this work. Xylose is known to be susceptible to degradation in acidic conditions 
(Moxley and Zhang, 2007). In order to establish the xylose mass balance and 
quantify the extent of sugar degradation for SC straw AVAP® fractionation, 
three analytical methods were used for the determination of total xylose (for 
example, combined polysaccharides xylan, xylooligosaccharides, ethyl xylo-
sides, and xylose). Method A involved removal of SO2, ethanol and water by 
evaporation prior to double-stage acid hydrolysis (72% and 4% H2SO4). This 
method was utilized earlier for softwood/hardwood AVAP® mass balances by 
Yamamoto et al. (2014b) and Sklavounos et al. (2013b). High acidity in the last 
stages of evaporation is avoided in Method B, where pH 5 was utilized and also 
the concentrated acid hydrolysis step was skipped. Method C was performed in 
the presence of SO2 and ethanol, and was the simplest to perform; however, the 
presence of ethanol led to unknown acidity. The sheme of the MSEW liquor 
analysis is presented in Figure 3.1.

Method A: 2 mL MSEW liquor and 2 mL ethanol (96.1% ETAX A) were put in
a 25 mL pear-shaped flask. The mixture was evaporated under vacuum for 25 
min to remove most of the ethanol and SO2. The water bath temperature was 45
°C and the vacuum 30 mbar. A volume of 0.714 mL of 72% H2SO4 was added 
and the pear-shaped flask was put into a water bath with a temperature of 30 °C 
and the samples were incubated for 60 minutes. After the specified time, the 
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flask was removed from the water bath, followed by the addition of 20 mL dis-
tilled water (resulting in 4% acid). This was done in portions, for example, four
times 5 mL (to make the total volume exactly 20 mL). All contents were trans-
ferred to an autoclave bottle (25 mL), and the bottle was placed in an autoclave 
at 121 °C for 60 minutes. After cooling, the suspension was filtered and diluted 
25 times for sugar analysis. The sample was filtered with a 20 microns filter and 
inserted in a plastic vial for HPAEC analysis.

Method B: 10 mL MSEW liquor (pH = 1.4) and 4 mL to 4.5 mL 0.05 M NaOH 
were put in a 25 mL pear-shaped flask, the final pH was 5.0 to 5.2. The liquor 
mixture was evaporated under vacuum to reach 65% weight reduction. The wa-
ter bath temperature was 60 °C and the vacuum 130 mbar to 400 mbar. After 
evaporation, 72% H2SO4 was added to bring the acid concentration to 4% (con-
sidering the pH of the EVAP liquor), then all contents were transferred to an 
autoclave bottle (20 mL), and autoclaved for one hour at 121 °C. After cooling, 
the suspension was filtered and diluted 800 times for sugar analysis. The sam-
ple was filtered with a 20 microns filter and inserted in a plastic vial for HPAEC 
analysis.
Method C: 10 mL MSEW liquor was put in an autoclave bottle (20 mL), 72% 

H2SO4 was added to bring the acid concentration to 4% (based on measured 
pH), air was replaced with nitrogen (for safety reasons), and then all contents 
were autoclaved for one hour at 121 °C. After cooling, the suspension was filtered 
and diluted 800 times for sugar analysis. The sample was filtered with 20 mi-
crons filter and inserted in a plastic vial for HPAEC analysis.

Figure 3.1: MSEW liquor analysis scheme.

Monosaccharides and aldonic acid in the MSEW liquor were analyzed by 
HPAEC-PAD according to NREL/TP-510-42623. Furfural and HMF in the 
MSEW liquor and acid hydrolysate were analyzed by high-performance liquid 
chromatography (HPLC), and oligosaccharides in the acid hydrolysate were an-
alyzed by HPAEC equipped with a DionexCarboPac PA100 column (Table 3.1).
The HPLC analyses were performed both directly at the filtrate solution (mon-

osaccharides) as well as after addition of H2SO4 for conversion of oligosaccha-
rides into monosaccharides. The difference between the two HPLC analyses was 
used to determine the amount of oligomeric sugars present. 
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Table 3.1. Chromatography methods.

Components Chromato-
graphy

Column 
name Eluent composition Total time, 

min

MSEW liq-
uor

Monosugars HPAEC CarboPac
PA-20 H2O 45

HMF, furfural HPLC Acclaim or-
ganic acid

Acetonitrile/
H2O = 30/70 19

Aldonic acid HPAEC CarboPac
PA-20 0.2 M NaOH 40

Acid
hydroly-

sate

Total sugars HPAEC CarboPac
PA-20 H2O 45

HMF, furfural HPLC Acclaim or-
ganic acid

Acetonitrile/
H2O = 30/70 19

Oligosaccharides HPAEC CarboPac
PA-100

Mixture of H2O, 0.2 M 
NaOH and 0.5 M 

NaOAc
50

3.2.8 Sugar reactions in model AVAP® system

Pure sugars (glucose, xylose, galactose, arabinose, and mannose; >99% pure, 
purchased from Sigma-Aldrich) were treated with H2SO4-EtOH-H2O
(0.08:49.9:49.9 w/w; 7.8×10-3 M H2SO4) as well as SEW (12:44:44 w/w) solu-
tions at L/S 100 mL g-1, 150 °C and 60 min. Acidity levels in both systems are 
assumed to be similar (Iakovlev and van Heiningen, 2012b). The solutions be-
fore and after treatment -D-xylopyranoside (~10 g
L-1, purchased from Carbosynth Ltd) were run on HPLC, column Aminex HPX-
87P (P-column), 80 °C, 0.6 mL h-1, water and column Aminex HPX-87H (H-
column), 35 °C, 0.6 mL h-1, 0.005 M H2SO4. CaCO3 was used to neutralize the 
samples before P-column.

3.2.9 Regeneration of SO2 after AVAP® fractionation (Paper II)

The fresh SEW liquor was prepared by bubbling SO2 through an ethanol-water 
solution. A volume of 50 mL of the fresh SEW liquors was put in oil bath reac-
tors. To some of the reactors sugarcane straw, washed sugarcane straw, and 
spruce wood chips were added (Table 5.3 from section 5.8 for liquor composi-
tion and L/S). Washing of straw was performed at water-to-solid ratio of 4 L kg-

1, 60 °C, 30 minutes (mixing by hand; washed straw yield was 90.8%). The re-
actors were put in the oil bath at 150 °C or 155 °C for 60 or 68 minutes (including 
heating-up time of 8 minutes; see Table 5.3), and then cooled in an ice bath. The 
valves of the reactors were then connected consecutively to two SO2 absorbers 
submerged in an ice bath. Both absorbers contained either a sodium hydroxide 
solution (250 mL of 0.5 M in the first absorber, and 500 mL of 0.25 M in the 
second) or hydrogen peroxide solution (250 mL of 25 g L-1 in the first absorber, 
and 500 mL of 5 g L-1 in the second). The valves were then opened and the reac-
tors were put into a water bath at 98 °C to 100 ºC. Most of the SO2 bubbles were 
seen during the 10 minute heating period. After approximately 30 to 45 
minutes, a vacuum of -900 mbar was applied for 10 to 30 minutes. Almost no 
bubbles were visible during evacuation, but the volume in the washing flask in-
creased corresponding to the ethanol amount in the fractionation liquor. Liquid 
from absorbers was then transferred to 2 L flasks and brought to volume. The 
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sulfate and sulfite anion content of the solution was measured by IC (Dionex 
ICS 1500, Sunnyvale, CA, USA). The scheme of recovery of SO2 from spent 
AVAP® suspension is presented in Figure 3.2. The sulfur contents in selected 
pulps and dissolved solids were measured by combusting the samples using the 
Schöniger combustion flask method (Schöniger, 1956).

Figure 3.2. Recovery of SO2 from spent AVAP® suspensions scheme.

3.2.10 Ethanol recovery after AVAP® fractionation 

AVAP® fractionation was performed in a Parr reactor (sand bath) on SC straw, 
at SEW 12:22.5:65.5 (w/w), L/S 6 L kg-1, 155 °C, 78 min (including 8 min heat-
ing-up). Blow (pressure relief) was then performed at 98 °C for approximately
one hour. The gases were absorbed into a 20% caustic solution.
Distillation of the caustic solution was performed in the distillation column at 

a reflux ratio of 2:1 (condenser temperature 25 °C and receiving flask tempera-
ture 0 °C). Temperature of the solution was 103 °C. Vapor temperature was 77
°C to 78 °C (ethanol), followed by a raise from 78 °C to 99 °C (some ethanol and 
all furfural). Total duration was 1.5 hours.

Pulp washing was performed in four stages (all at 6% consistency, 25 °C, 30 
min): two stages with 50% (w/w) ethanol-water and two stages with water. The 
wash liquors were separated by centrifugation (3700 rpm, 25 °C, 20 min). Cen-
trifugation allowed concentrating only to 10% consistency.

Ethanol stripping was performed in the distillation column at a reflux ratio of 
2:1 (condenser temperature 25 °C and receiving flask temperature 0 °C). The 
temperature of the solution was slowly increased from 80 °C to 100 °C. The va-
por temperature was constant 77 °C to 78 °C (ethanol), due to very low amounts 
of other compounds in the vapor. Duration was one hour.
Ethanol was determined by HPLC (column Aminex HPX-87H, 35 °C, 0.6 mL 

h-1, 0.005 M H2SO4).
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4. Research questions

The AVAP® technology employing SO2-organic solvent-water mixtures as a 
fractionation medium has been extensively studied recently and many crucial 
benefits have been identified, including highly efficient and selective fractiona-
tion, ease of a recovery cycle, and flexibility in terms of feedstock and products. 
However, the information concerning fractionation of annual plants is limited 
mostly to a small study on wheat straw fractionation. In addition, pilot-scale 
trials have not yet been performed, and the practical issues for the lignin behav-
ior have not yet been addressed in open literature. Thus, in Chapter 5, the results 
and discussion aim to answer the following research questions:

1) What is the effect of variation in raw material properties (in particular, 
ash) from batch to batch?

2) What controls the cellulose hydrolysis and hemicelluloses removal from 
the fiber during cooking?

3) How do the fractionation parameters (temperature, SO2 and ethanol 
concentrations, and liquor-to-solid ratio) affect the properties of pulps?

4) How do lignin and sugar behavior in the spent liquor processing?

5) What are the recovery rates of sulfur and ethanol in the AVAP® fraction-
ation process?

6) What technical problem does the AVAP® fractionation process solve? 
Which/what invention should it solve?
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5. Results and discussion

5.1 Raw materials’ chemical compositions (Papers I, II, and III)

Table 5.1 presents the composition of the three batches of SC straw which were 
used for the experiments. The composition is typical for SC straw and other ag-
ricultural residues (Canilha et al., 2012) featuring high amounts of xylan and 
low amounts of lignin, similar to hardwoods. The cellulose content is substan-
tially lower compared to wood species (Iakovlev et al., 2011). Some variation 
between the batches is observed in terms of extractives, carbohydrates, and lig-
nin. The important difference between the batches is the ash and cations con-
tent. 

Table 5.1. Raw material characterization and composition (Papers I, II, and III).

Composition, % based on o.d. raw material

Sugarcane straw batch I II III
Dry matter content, % on total 

weight 89.4 89.3 94.5

Acetone extractives 4.8 2.1 2.1

Total ash 6.5 5.9 8.5

Acid-insoluble ash (AIA) 2.7 1.9 4.9

Acid-soluble ash (ASA) 3.9 4.0 3.6

Silicon (as SiO2) 1.70 1.38 3.3

Na 0.01 0.02 0.03

K 0.72 0.61 0.55

Mg n.m. n.m. 0.20

Ca 0.30 0.51 0.03

Fe 0.08 0.09 0.21

Al 0.14 0.45 0.38

Total lignin 20.0 20.7 20.2

Acid-insoluble lignin (AIL) 19.5 20.0 17.5

Acid-soluble lignin (ASL) 0.5 0.7 2.7

Total carbohydrates 51.4 52.6 59.9
Arabinan 0 0 2.8

Galactan 0.8 1.0 0.8

Glucan 32.8 32.3 35.7

Xylan 17.4 19.1 20.1

Mannan 0.4 0.3 0.44

Total analyzed 82.7 81.3 90.7

n.m. – not measured.
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The total amounts of metal cations (Na+, K+, Mg2+, Ca2+, Al3+, and Fe2+/3+) in 
straw batches I, II and III were 0.53, 0.96, and 0.87 mol eq. kg-1 straw, respec-
tively. The sum of Na+, K+, Mg2+,and Ca2+ were 0.34, 0.42, and 0.33 mol eq. kg-1

straw, for batches I, II, and III, respectively. By comparison, wood contains ap-
proximately an order of magnitude lower amounts of ash elements (0.08 mole 
eq. o.d. kg-1 spruce). As will be demonstrated in the following sections, the 
amount of salts of lignosulfonic acids for all the straw batches was 0.35 to 0.76 
mol eq. kg-1 straw (corresponding to 0.5 to 0.8 mol S /mol C9 in lignosulfonic 
acid). Thus, the mole equivalent amount of cations in straw was about the same 
as that of the formed lignosulfonic acid groups and it was expected that most/all 
formed lignosulfonic acids are becoming neutralized with cations during the 
cooking, leading to lower acidity of the system compared to wood fractionation. 
However, the amount of cations was not sufficient to form hydrogen sulfites and 
sulfites (strong lignosulfonic acids are preferentially neutralized). This was
proven by the fact that treatment of the spent liquors with concentrated hydro-
chloric acid did not release any SO2 (judged by the total sulfur content before 
and after treatment, see section 5.4). The minimal oxidation of sugars to aldonic 
acids also confirmed the absence/low amounts of hydrogen sulfite (see section 
5.7).

5.2 Ash behavior in AVAP® fractionation (Papers II and III)

Table 5.2 compares the ash content of the original straw and that of the AVAP®

pulp. Most of the acid-soluble ash (ASA) and its elements (Na, K, Fe, and Al) 
were removed from the fiber phase and likely to dissolve in the liquor. Almost 
20% of the AIA was removed from the fiber phase as well. For the two pulps 
silica content was measured and it indicated a decrease of approximate 80% and 
40%. It is doubtful that AIA and its main component silica were soluble in the 
conditions of AVAP® fractionation, but it was possible that their adherence to 
pulp was low and the components became partly suspended during fractiona-
tion. Ash was subsequently removed from the pulp during washing, using a ny-
lon bag (on the contrary, in the acid-insoluble ash analysis procedure, the filter 
crucible likely captured most of the silica). This phenomenon might also explain 
the large difference between the retention of silica in the two characterized 
pulps. As will be described in the following sections, part of the lignin precipi-
tated from the spent liquor upon cooling down or dilution with 40% ethanol 
(denoted as precipitate I). This lignin was found to contain 7.6% silica (~2000 
ppm based on straw), indicating that the suspended silica was co-precipitated 
with lignin.
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Table 5.2. Dissolution of ash components during AVAP® fractionation. All data are in ppm based 

on o.d. straw (Paper III).

Component SC Straw Batch III AVAP® Pulp*

Ash 85 000 35 000*

Acid-insoluble ash 49 000 28 000*

Acid-soluble ash 36 000 7 000*

Na 300 9.8*

K 5 500 19.7*

Ca 280 127*

Fe 2 120 155*

Al 3 840 538*

SiO
2 32 900 5 600*

19 900 / 20 000**
* Cooking conditions SO2:EtOH:H2O = 12:43.5:44.5 (w/w), L/S 4 L kg-1, 155 ºC, 58 min. The data 
are obtained by analyzing acid-insoluble ash.
** Cooking conditions SO2:EtOH:H2O = 12:43.5:44.5 (w/w), L/S 4 L kg-1, 160 ºC, 58 min. The first 
number is obtained by analyzing acid-insoluble ash, while the second one by analyzing acid-
insoluble residue.

5.3 Kinetics of sugarcane straw AVAP® fractionation

The kinetics of AVAP® fractionation were determined for sugarcane straw in 
terms of pulp composition (glucan, hemicelluloses, and AIR+ASL) and proper-
ties (kappa number, intrinsic viscosity, and cellulose DP). The effects of temper-
ature (135 °C to 165 °C) and time were studied at fixed SEW liquor composition 
(12:22.5:65.5) and L/S (4 L kg-1). The effects of SEW liquor composition and L/S
were studied at two fixed temperature/duration combinations (145 °C/78 min 
and 160 °C/48 min).

5.3.1 Delignification (Paper I)

Delignification in the AVAP® (two-phase, bulk, and residual) and kraft (initial, 
bulk, and residual) processes follow pseudo-first-order kinetics in lignin
(Primakov, 1961a,b, Sixta et al., 2006). In kraft pulping of wheat straw, only 15%
to 25% of the lignin is removed during the rapid initial phase (Gonzalo Epelde 
et al., 1998). For both AVAP® and kraft processes, the bulk phase covers most 
of the lignin removal. The bulk phase of delignification follows the Arrhenius 
equation. Gonzalo Epelde et al. (1998) reported that for the kraft process the 
bulk delignification of straw was 93 kJ mol-1, which is much lower than the val-
ues 127 kJ mol-1, 117 kJ mol-1, and 150 kJ mol-1of spruce, birch, and pine, respec-
tively (Sixta et al., 2006). 
In the AVAP® fractionation, the kappa number correlated well with the resid-

ual lignin in various wood and non-wood pulps as shown in Figure 5.1a 
(Iakovlev and van Heiningen, 2012b). Similar to beech and wheat straw 
(Iakovlev, 2011), the kappa number of SC straw rapidly decreases to 30. How-
ever, the decrease below kappa number 20 for the SC straw is slower than for 
beech and spruce. The lowest kappa numbers achieved for the various species 
using the AVAP® process were: 7 to 9 for beech, 6 to 10 for spruce, and 13 to 15 
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for wheat straw. The development for different SC straw batches is rather simi-
lar, which indicates a limited effect of ash variation in straw on the fractionation.

Figure 5.1b depicts the development of combined AIR + ASL vs. the fraction-
ation duration. It can be seen that AIR+ASL rapidly decreased to below 8% on 
straw (19% on pulp). Contrary to wood species, the decreased in AIR+ASL for 
SC straw did not follow the first-order kinetics. Interestingly, the first-order plot 
‘ln (kappa number × pulp yield) vs. duration’ was reasonably linear (not illus-
trated), indicating that kappa number might be a better representation of lignin, 
compared to AIR + ASL values. Thus, a large share of AIR was represented by 
non-lignin organics, which was also supported by elevated residual lignin-to-
kappa number values of approximately 0.4 versus the normal 0.15 to 0.2 
(Iakovlev and van Heiningen, 2012b), as well as the high acetone extractive con-
tent of the pulps (for example, proteins, which is part of ongoing investigation). 
For the residual phase in the kraft cooking of wheat straw, the amount of the 
residual lignin was affected by the hydroxide ion and temperature in a manner 
similar to the effects on residual-phase lignin in spruce and birch. In addition, 
unlike other studied biomass species, a high scatter was observed for SC straw,
which might be related to its morphological heterogeneity (for example, lignin, 
ash, and extractives). The lowest residual AIR+ASL achieved (% on raw mate-
rial): beech 0.6% to 0.8%, spruce 0.4% to 0.8%, and SC straw 3%. (Iakovlev et 
al., 2011, 2014a). 
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Figure 5.1. Kinetics of lignin removal for AVAP® fractionation of SC straw: SO2:EtOH:H2O = 

12:22.5:65.5, L/S 4 L kg-1. 5.1a. Kappa number vs. fractionation duration; 5.1b. AIR + ASL, % on 

straw vs. fractionation duration.

5.3.2 Hemicelluloses removal (Paper I)

Xylan removal from the SC straw during AVAP® fractionation is illustrated in 
Figure 5.2a. Xylan removal was characterized by very clear, consistent curves,
similar to wood AVAP® pulps (Iakovlev et al., 2014a). The development for dif-
ferent straw batches was very similar despite the different ash/cations content 
and the differences in acidity of the system. It should be noted that other hemi-
celluloses are mostly removed: mannan is present in pulps at 0.0% to 0.3%, ga-
lactan at 0.0% to 0.1%, and arabinan at 0.0% (all % on pulp).
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Two phases of hemicelluloses removal were observed for SC straw in Figure
5.2b. In the first phase, about two thirds of the initial SC straw xylan was re-
moved very fast, probably together with two thirds of the lignin (as ligno-carbo-
hydrate complexes). In the second phase, the correlation between ln([Xyl], % 
on straw) and the duration was linear and strongly depends on temperature. At 
higher temperatures the transition point occurred at a lower time and lower re-
sidual xylan content. 
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Figure 5.2. Kinetics of xylan removal for AVAP® fractionation of SC straw: SO2:EtOH:H2O = 

12:22.5:65.5, L/S 4 L kg-1. 5.2a. Xylan content, % on pulp vs. duration; 5.2b. Xylan content, % on 

straw vs. duration (logarithmic scale).

A similar behavior was observed for spruce AS dissolving pulp (Sixta et al.,
2006): the presence of 4-O-methylglucuronide acid side units considerably sta-
bilizes xylan in both AVAP® and AS cooking. However, the retention of gluco-
mannan was highly dependent on the conditions at the beginning of cooking.
Therefore, glucomannan stabilization should decrease faster in AVAP® than in 
AS cooking. Furthermore, the present results were consistent with two studies: 
1) crystallization of xylan is hindered by the presence of uronic acid side units 
(Annergren and Rydholm, 1959); and 2) glucomannan is mostly associated with 
cellulose, while xylan is more associated with lignin (Salmen and Olsson, 1998).

5.3.3 Cellulose hydrolysis (Paper I)

Figure 5.3a indicates the glucan content of the AVAP® pulps. Higher glucan con-
tent (% on pulp) was obtained at higher temperatures due to the corresponding 
higher severities resulting in higher removal of both non-carbohydrate compo-
nents (lignin and ash) and xylan. The glucan content of the pulps varied between 
23% and 36% (on straw) without apparent correlation with fractionation condi-
tions. It appeared to be mostly/fully retained in the fibers and represents cellu-
lose. The near-full retention of cellulose in the solid phase was also characteris-
tic of the AVAP® fractionation of other lignocellulosics (Iakovlev et al., 2011, 
2012a). The scatter in cellulose retention in SC straw pulps could be explained 
by its uneven distribution in the raw material. 1 1 = = , ,                                                                                     (8)
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Equation (8) was used in the Iakovlev et al. (2014a,b) work on AVAP® fraction-
ation as well. Similar to wood AVAP® fractionation, SC straw cellulose is hydro-
lyzed according to zero-order kinetics (Figure 5.3b): the plot ‘DP-1 vs. duration’
is linear. 
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Figure 5.3. Kinetics of cellulose depolymerization for AVAP® (SO2-ethanol-water) fractionation of 

SC straw: SO2:EtOH:H2O = 12:22.5:65.5, L/S 4 L kg-1. 5.3a. Glucose content, % on pulp vs. 

duration; 5.3b. Inverse DP vs. duration.

The rate of the carbohydrate hydrolysis was very sensitive to temperature, as 
was apparent from Figure 5.3. It could be mooted that in SC straw cellulose hy-
drolysis at 135 °C a delay exited prior to steadystate cellulose hydrolysis which 
could be explained by the protective effect of lignin on cellulose hydrolysis dur-
ing the initial phase.

5.3.4 Cellulose DP vs. hemicelluloses removal (Paper I)

The relationship between pulp intrinsic viscosity or cellulose DP and residual 
hemicelluloses had a low sensitivity to temperature (Figure 5.4). It has been
demonstrated for spruce that AVAP® fractionation conditions (SEW liquor 
composition, temperature, and time) have little effect on this correlation, which 
is explained by the similar chemistry of hemicelluloses removal and cellulose 
depolymerization (Iakovlev et al., 2014a). The relationship was also rather close 
for different biomass species. However, at a residual hemicelluloses level of 
higher than approximately 6% on pulp, viscosity values were somewhat lower 
for SC straw pulps compared to wood pulps (Iakovlev et al., 2011, 2014a). Dif-
ferent starting cellulose DP in raw materials as well as the extent of lignin pro-
tection might play a role. This correlation is important, for example, for dissolv-
ing pulp production where unbleached pulp should meet certain requirements: 
for viscose-grade dissolving pulp, the intrinsic viscosity should be >500 mL g-1

and hemicelluloses retention <5% on pulp, which has been achieved by the 
AVAP® process for different lignocellulosic species including SC straw (Iakovlev 
et al., 2011, 2012a, 2014a,b).
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Figure 5.4. AVAP® fractionation of SC straw: SO2:EtOH:H2O = 12:22.5:65.5, L/S 4 L kg-1.  Intrin-
sic viscosity vs. xylan content, % on pulp.

5.3.5 Effect of SO2 concentration 

In Figure 5.5a, AVAP® fractionation of SC straw demonstrates that decreasing 
the SO2 concentration from 12% to 3% resulted in twice as high a kappa number. 
This might be explained by less lignin condensation at the same amount of del-
ignification when the SO2 concentration was higher, since condensation de-
creased with the decreasing acidity and increasing sulfonation. However, when 
the SO2 concentration was increased to 18%, the delignification increased at a 
slower rate. 
Figures 5.5b and c illustrate that decreasing the SO2 concentration from 12%

to 3% resulted in twice/thrice as high residual xylan and intrinsic viscosity. 
Mostly higher residual xylan/intrinsic viscosity was obtained at a lower temper-
ature fractionation of SC straw, which was similar to spruce and beech
(Iakovlev, 2011). At a particular cooking duration, the solid residues had lower 
residual xylan/intrinsic viscosity when using a higher SO2 concentration. This 
behavior was similar to the selectivity of delignification of spruce, which im-
proved by increasing the SO2 concentration (Iakovlev, 2011, Iakovlev et al.,
2014a).
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Figure 5.5. SO2 concentration effect on the AVAP® fractionation of SC straw, EtOH/H2O = 

25.5:74.5 (w/w), L/S 4 L kg-1. 5.5a. Kappa number; 5.5b. Xylan content, % on pulp; 5.5c. Intrinsic 

viscosity versus SO2 concentration.

Due to a considerable reduction in the delignification rate at the lower SO2 con-
centrations, the 12% concentration was chosen for the further experiments. 
Even higher concentrations are beneficial from a kinetics point of view, how-
ever, they might be associated with certain technical problems.

5.3.6 Effect of ethanol concentration 

The kappa number had a low of approximately 32% to at least 42% EtOH/H2O
(excluding SO2), as depicted in Figure 5.6a, the previous value being lower than 
that for spruce (Iakovlev et al., 2014a). The shift was probably related to the high 
ash content in the SC straw decreasing the acidity. At high ethanol concentra-
tions the acidity was too low to initiate the cooking process, while at low ethanol 
concentrations the acidity was higher, which led to pronounced carbohydrate 
hydrolysis and lignin condensation. 
A very strong and clear effect of ethanol concentration on the residual xylan 

and cellulose DP were observed (Figure 5.6b,c). Similar trends were observed 
for SC straw and spruce. Increasing the EtOH concentration from 18 to 74% (on 
EtOH+H2O) resulted in approximately five to ten times as high residual xylan. 
The explanation was that higher ethanol concentrations led to lower acidity dur-
ing fractionation.

Figure 5.6d illustrates the ethanol concentration effect on the pulp composi-
tion. It can be seen that the total weight accounted was 94 to 98% (based on 
pulp), with some variation due to the content of arabinose and rhamnose, which 
were below detection limit.



Results and discussion

39

0 10 20 30 40 50 60 70 80
5

10
15
20
25
30
35
40
45

a

  L/S 6 L kg-1, 145 oC, 78 min
  L/S 6 L kg-1, 160 oC, 48 min
  L/S 4 L kg-1, 145 oC, 78 min
  L/S 6 L kg-1, 160 oC, 48 min

K
ap

pa
 n

um
be

r
EtOH/H2O (excl. SO2), w/w %

0 10 20 30 40 50 60 70 80
0

3

6

9

12

15

18

b

Xy
la

n,
 %

 o
n 

pu
lp

EtOH/H2O (excl. SO2), w/w %

0 10 20 30 40 50 60 70 80
0

200

400

600

800

1000

1200

cIn
tr

in
si

c 
vi

sc
os

ity
, m

L 
g-

1

EtOH/H2O (excl. SO2), w/w %
25.5 32.9 41.5 49.4 49.40

25

30

35

40

45

d

155 oC, L/S 4L kg-1, 58 min

Re
si

du
al

 c
om

po
ne

nt
s,

%
 o

n 
o.

d.
 s

tra
w

EtOH/H2O (excl. SO2), w/w %

ASL
AIR
Gal
Man
Xyl
Glc
Measured yield

Figure 5.6. Ethanol concentration effect on AVAP® fractionation of SC straw, 12% SO2 (w/w). 

5.6a. Kappa number; 5.6b. Xylan content, % on pulp; 5.6c. Intrinsic viscosity, versus ethanol con-

centration; 5.6d. Residual components, % on straw (L/S 4 L kg-1, 155 °C, 58 min).

It is apparent from the obtained results that efficient delignification was critical 
for the AVAP® process. Higher temperatures and lower ethanol concentrations 
allowed for achieving low residual hemicelluloses content.

5.3.7 Effect of liquor-to-solid ratio 

Figure 5.7 includs the properties of the liquid and solid phases obtained from 
the fractionation of SC straw at L/S 2 L kg-1 to 9 L kg-1. The kappa number was
similar at L/S 4 L kg-1, 6 L kg-1, and 9 L kg-1. However, a further reduction in L/S
led to slower delignification, for example, at 3 L kg-1 and 2 L kg-1, an increase in 
the kappa number was observed (Figure 5.7a). The explanation might be, first, 
which at a higher L/S the acidity of the cooking liquor was lower, leading to the 
decrease in harmful lignin condensation reactions. Second, at lower L/S lignin 
solubility might appear as a limiting factor in delignification. It was possible that 
at higher L/S sulfonation was promoted, resulting in a higher degree of sulfona-
tion. It also has to be noted that Mg-based AS cooking results in much lower 
residual lignin content, even at very low L/S. This can be explained by much 
more efficient sulfonation as compared to SEW fractionation.

The L/S had the opposite effect on carbohydrate reactions compared to delig-
nification (Figure 5.7b,c): the lower the L/S, the higher the carbohydrate hydrol-
ysis observed, and therefore, the lower the hemicelluloses retention and the 
lower the viscosity. The possible reason for the enhanced cellulose depolymeri-
zation and hemicellulose hydrolysis was the Donnan effect: the distribution of 
free H3O+ ions between the two phases is such that concentration of free H3O+
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ions in the cell wall is higher than the concentration in the liquid phase; since 
the L-SO3- concentration was higher in the case of low L/S, more protons dif-
fused inside the cell wall. According to Donnan’s theory, the difference in the 
concentration of H3O+ ions in the two phases could be minimized by the addi-
tion of a diffusible salt.
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Figure 5.7. Liquor-to-solid ratio effect on the AVAP® fractionation of SC straw, SEW = 

12.5:22.5:65.5 (w/w). 5.7a. Kappa number; 5.7b. Xylan content, % on pulp; 5.7c. Intrinsic viscosity

versus liquor-to-solid ratio.

It could be concluded that the L/S affected delignification rates; the effect on 
selectivity for SC straw seemed to be weaker than for spruce (Iakovlev et al., 
2014a). Especially interesting was the slight effect on hemicelluloses removal 
selectivity: somewhat lower hemicelluloses retention was observed at lower L/S
and higher temperatures.
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5.4 Determination of the degree of sulfonation of lignin and test 
for presence of hydrogen sulfite (Paper II)

The degree of sulfonation of lignin is an important parameter affecting lignin 
solubility and SO2 make-up. In this thesis study the sulfonic acid content was 
measured as sulfate after combustion of dried solids (both pulps and liquors) in
oxygen in the presence of hydrogen peroxide, assuming all sulfur to be present 
in the form of sulfonic acids. During drying at 105 °C the AVAP® liquor solids 
became free from residual SO2 but could still contain hydrogen sulfites and sul-
fites, which have not been observed for wood species with very low ash amounts. 
In a model experiment, a solution was prepared by combining 19 mmol SO2

(excess) with 2.20 mmol NaOH, resulting in a mixture of 2.20 mmol sodium 
hydrogen sulfite (NaHSO3) and approximately 18 mmol free SO2. The solution 
was dried overnight at 105 ºC. After dissolving the residue in water, the amount 
of sulfate measured by IC was 1.02 mmol and sulfite 0.04 mmol. Dissolution of 
the same residue in a second experiment in the presence of hydrogen peroxide 
resulted in 1.01 mmol sulfate and no sulfite. The results suggested that about 
half of the hydrogen sulfites remained after drying. The following reactions were
suggested to occur during drying of the liquors at 105 ºC:

2 =  +  ,                                                                                             (9)= + ,                                                                                                 (10)+  1/2 =  ,                                                                                            (11)
Total equation: 2 +  1/2 =   +  + ,                                 (12)

Thus, in this procedure every mol equivalent of the metals bound by hydrogen 
sulfite will result in 0.5 mol of sulfur (determined as sulfate), leading to an over-
estimation of the degree of sulfonation of lignin. This overestimation of the de-
gree of sulfonation due to the presence of hydrogen sulfites could be avoided by 
adding a little amount of concentrated hydrochloric acid to the liquors before 
drying, releasing SO2 from the salts. The sulfur content of the MSEW liquor 
(straw batch I, SEW 12:44:44, L/S 4 L kg-1, 155 °C, 58 min) was 12.26 mg and 
12.31 mg sulfur per 10 mL liquor, with and without HCl treatment, respectively. 
Therefore, it could be concluded that practically, no sulfur was present in the 
liquor in the form of sulfates and hydrogen sulfites, and all sulfur was covalently 
bound to lignin. This also implied that cations in the spent liquors were not pre-
sent as hydrogen sulfites, but rather as lignosulfonates, chlorides, phosphates, 
etc. The absence of hydrogen sulfites is important as they are responsible for 
sugar conversion to aldonic acids (Sixta et al., 2006) and higher SO2 make-up.
For the degree of sulfonation reported below, it is assumed that all the sulfur 

determined in the liquors by combustion of dried solids is in the form of ligno-
sulfonates/lignosulfonic acid.
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5.5 Lignin behavior in AVAP® fractionation and chemicals recov-
ery (Paper III)

After the AVAP® fractionation of SC straw, a part of the lignin (approximately 
3% to 15% of the total lignin amount in straw, or 0.5% to 3% on o.d. straw) pre-
cipitated when spent liquor was cooled down to 4 ºC. In this thesis study it is 
called precipitate I. It was soluble in MSEW liquor at 60 ºC. However, it did not 
dissolve in pure 55 v/v% ethanol-water, even at 90 ºC. It dissolved easily in 1 M
NaOH at 60 ºC. It should be noted that this type of lignin has never been ob-
served for wood AVAP® fractionation. The carbohydrate analysis indicated less 
than 5% sugars, 7.6% silica, and a degree of sulfonation of 0.07 to 0.15 mol 
S/mol C9. Thus, it appeared that this fraction was a co-precipitate of lignin with 
silica. It was noticed that if pulp was washed using Buchner filtration, this frac-
tion precipitates, leading to relatively high kappa number values (ca. 70 vs. ca. 
20, when using a nylon bag).
Figure 5.8a illustrates the distribution of lignin between pulp, precipitate I, and

the MSEW liquor, while in Figure 5.8b the MSEW lignin is split into precipi-
tate II (precipitate formed upon ethanol removal) and EVAP lignin (lignin re-
maining in the liquor). In previous work with wood species (Sklavounos et al.,
2013b), lignin precipitated in the form of colloidal precipitates, while in the case 
of SC straw, the precipitate is char-like, for example, dark, dense material. This 
was similar to oil palm empty fruit bunch (OPEFB) AVAP® lignin (Sklavounos 
et al., 2013a). It should be noted that the precipitated lignin in wood, OPEFB,
and SC processing is not sticky, contrary to acid/water hydrolysis processes.
Various AVAP® fractionation conditions were used with the aim of decreasing

the amount of precipitate II, or at least changing its form from dense, char-like 
material to colloidal precipitate, as it might pose problems in the distillation 
column. Increasing the degree leading to higher water solubility seemed to be 
the logical solution.
One of the approaches was to alter the cations content by the removal of ash 

from the straw or by the addition of sodium hydroxide to the fractionation. Cat-
ions bound to formed lignosulfonic acids, leading to a decrease in the acidity of 
the system. With a high enough cation content, they also bound to SO2, forming 
hydrogen sulfites which are known to be a good sulfonating agent, potentially 
producing fully water-soluble lignosulfonates (similar to standard AS pulping).
Annual plant lignin is known to be very prone to condensation, while conden-

sation reactions have high activation energies. Thus, another approach is using 
low temperature impregnation (similar to AS pulping), which should promote 
sulfonation and eliminate competing condensation reactions.
Two straw batches, two ethanol concentration levels and higher L/S in frac-

tionation were also examined.
The results presented in Figure 5.8 indicate that lignin behavior in terms of 

distribution between the fractions and degree of sulfonation was rather inde-
pendent from the conditions. For most of the conditions applied, the amount of 
precipitates I and II fluctuate between 1.6% and 3.1%, and between 6.8% and 
13.8% on straw, respectively. The degree of sulfonation of lignin in pulp, MSEW 
liquor, and precipitates I and II was within 0.086-0.16, 0.50-0.8, 0.08-0.30,
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and 0.08-0.19 mol S/mol C9, respectively. The addition of NaOH to fractiona-
tion was the only condition set, leading to an increase in the degree of sulfona-
tion in all the streams. However, lignin precipitation (char) is reduced only 
slightly, despite the high degree of sulfonation with NaOH addition. In all cases, 
lignin precipitated in the form of dense char.

Figure 5.8. Lignin mass balance (bars height) and degree of sulfonation (mol S/mol C9, values 

on the bars) for the AVAP® fractionation of sugarcane straw and lignin precipitation upon ethanol 

removal. a – Lignin in pulp, precipitate I (Nos. 1-9) and MSEW liquor; b – Lignin in pulp, precipi-

tates I and II (separately for Nos. 1-9, combined for Nos. 10-14) and EVAP liquor. In Nos. 1-9, 

straw batch III (lignin content 20.3%) was used, while in Nos. 10-14, straw batch I (lignin content 

20.0%) was used. For conditions, see Table A.2 in Paper III.
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Note that precipitate II contained very little silica and sugars (0.052% and 0.3%, 
respectively) and thus represented a rather pure lignin stream (~99% purity) 
with low sulfur content (<2%). The degree of sulfonation was primarily depend-
ent on the cations content in the liquor, but did not strongly affect the lignin 
precipitation.

5.6 The degree of post-sulfonation of lignin (Paper III)

Precipitated lignin is a valuable product. However, if its separation is not feasi-
ble, its precipitation in the distillation columns in the form of char could be un-
favorable. Thus, in order to study the possibility of the solubilization of precipi-
tated lignin, it was attempted to increase the degree of sulfonation of the AVAP®

lignin in the spent liquor prior to ethanol removal, using post-sulfonation. The 
liquor was enriched with SO2 and mixed with NaOH at various dosages (Figure 
5.9). It should be noted that the amount of SO2 in the spent liquor, measured by 
IC after neutralization, was only 2.94% (compared to 12% SO2 in the original 
liquor). Such substantial losses of SO2 during handling of spent SEW liquor and 
such profound degradation reactions were unlikely. It was more plausible to as-
sume that SO2 was present in a form which was not measurable by IC (for ex-
ample, adducted to aldehyde groups). 
The post-sulfonation was found to decrease the amount of precipitate II and 

increased the degree of sulfonation of the MSEW lignin at NaOH charges higher 
than approximately 2% on straw. Surprisingly, the degree of sulfonation of pre-
cipitate II decreased with a NaOH charge. At 7.4% to 7.7% NaOH charge on 
straw and 12% to 15.6% SO2 in the liquor, the precipitate turned its physical state 
from char-like material to a light colloidal precipitate.
However, the amount of SO2 to the spent liquor for the post-sulfonation step 

was based on the results provided by IC. Therefore, in reality the SO2 concen-
tration during post-sulfonation was likely to be higher than 12% and 15.6%. 
Prior to post-sulfonation, precipitate I was not separated from the liquor, as this 
will not be done in practice either. Producing completely water-soluble AVAP®

lignin of SC straw proved to be challenging and unachievable in this step.
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Figure 5.9. Liquor post-sulfonation effect (135 °C, 60 min) on lignin precipitation upon ethanol 

removal. Lignin amounts are represented by bars indicating height, degree of sulfonation values 

(mol S/mol C9) are given on the bars.  a – Lignin in pulp, (precipitate I) and post-sulfonated MSEW 

liquor; b – Lignin in pulp, combined precipitates I and II and EVAP liquor (Paper III).
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5.7 Glucose and xylose mass balance 

The glucose mass balance for various AVAP® conditions is illustrated in Fig-
ure 5.10a. Glucan was mostly retained in the fiber phase (pulp) during AVAP®

fractionation. In most cases, only 6% to 11% of glucan in straw dissolves in the 
liquor determined as total glucose. The degradation of glucose to HMF was min-
imal (0.02% to 0.03% on straw). This portion likely represented non-cellulosic 
glucan.
Figure 5.10b presents the xylose mass balance for various AVAP® conditions. 

As could be seen, most of the xylan removed from the straw is present in the 
MSEW liquor as total xylose, as determined by methods A, B, and C.
Some xylose was found in the last two water washing stages (stages IV and V), 

which were not combined as part of the MSEW liquor. The total xylose in com-
bined washing stages IV and V liquor analyzed by 4% H2SO4 hydrolysis at 43.5% 
ethanol equals 0.69% on straw (dry solids content was 5.70% on straw).
Pentose degradation products, for example, furfural and xylonic acid, were also 

found in the liquors. Furfural amounts equal 1.5% to 1.8% and 0.7% to 1.0% 
based on straw at 16.2% and 43.5% ethanol, respectively. For comparison, 0.4%
to 0.6% (on raw material) furfural was reported for AVAP® fractionation of 
hardwood biomass (Yamamoto et al., 2014b).
Xylonic acid amounts to 0.3% to 0.6% based on straw at 16.2% ethanol and to 

0.1% to 0.2% on straw at 43.5% ethanol. These amounts are quite low, compared
to 0.8% for OPEFB AVAP® fractionation (Sklavounos et al., 2013a), but still 
higher than observed for wood fractionation (total aldonic acids 0% to 0.02% 
on wood, Iakovlev and van Heiningen, 2012a, Sklavounos et al., 2013b). This 
might indicate the presence of relatively small amounts of hydrogen sulfite ani-
ons, in particular at lower ethanol concentrations. In classical AS pulping (hy-
drogen sulfite concentration 0.3 mol L-1, Sjöström, 1981), 10% to 20% of sugars 
are converted to aldonic acids (for example, approximately 2 to 4% on raw ma-
terial, an order of magnitude higher amounts than observed in AVAP® fraction-
ation of agricultural residues).
Both furfural and xylonic acid amounts increase with decreasing ethanol con-

centration, which might be related to the higher dissociation degree of acids at 
lower ethanol concentrations (higher hydroxonium cation activity led to higher 
furfural formation, while higher hydrogen sulfite anion concentration led to 
higher aldonic acids formation).
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Figure 5.10. Glucose and xylose balance in SO2-ethanol-water (AVAP®) fractionation of sugar-

cane straw. Straw batch III, cooking conditions: SEW 12:16.2:71.8 (Nos. 15 and 19), SEW 

12:22.5:65.5 (Nos. 16, 20, and 24), SEW 12:28.9:59.1 (Nos. 17, 21, and 25), SEW 12:36.5:51.5 

(Nos. 18, 22, and 26), SEW 12:43.5:44.5 (Nos. 23 and 27-29), L/S 4 L kg-1 (all); 150 °C, 68 min 

(Nos. 15-18), 160 °C, 38 min (Nos. 19-23), 155 °C, 58 min (Nos. 24-29). Method A, B, and C are 

described in section 3.2.7.

Overall, the xylose mass balance closure was within approximately 80% to 
120%. The variation in the results could be explained by the high xylose degra-
dation in 4% sulfuric acid hydrolysis at 121 °C, leading to high values and high 
variation in sugar degradation factors (1.2-1.3 vs. 1.0-1.05 for C6 sugars, Moxley 
and Zhang, 2007).
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It should be noted that the sugar balance determined by method A for soft-
woods was closed somewhat better (Sklavounos et al., 2013b, Yamamoto et al.,
2014b). Softwood hemicelluloses are mostly comprised of C6 sugars (mannose, 
glucose, and galactose) which are relatively stable in 4% H2SO4 hydrolysis, 
while hardwood and annual plants hemicelluloses are primarily built from C5 
sugars (mostly xylose) which are vulnerable at 4% H2SO4 hydrolysis conditions 
(121 °C), as recommended by the NREL standard, and a lower acid concentra-
tion has been recommended to avoid degradation (Moxley and Zhang, 2007).
Figure 5.11 depicts the xylose monomers’ share (out of the total xylose content) 

in the MSEW liquor at 12% SO2. The monomer share was increased from ~50%
to 60% at 44.5% ethanol to ~65% to 80% at 16.8% ethanol. Compare these num-
bers to approximately 50% monomers in wood AVAP® fractionation (Iakovlev 
and van Heiningen, 2012a, Sklavounos et al., 2013a) and to 90% monomers in 
AS pulping of wood. The author believed that most of the non-monomeric part 
of the total sugars in AVAP® spent liquors is represented by ethyl glycosides 
rather than oligosaccharides, as will be demonstrated below. This was based on 
the fact that xylan was hydrolyzed and ethanolyzed in AVAP® fractionation and 
the equilibrium composition is determined by the ethanol concentration. A
higher ethanol concentration resulted in a higher equilibrium concentration of 
ethyl xylosides (~50% ethyl xyloside at 50% ethanol-water and ~25% ethyl xy-
loside at 25% ethanol-water, Iakovlev, 2016).
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Figure 5.11. Xylose monomers’ share in MSEW liquor: 12% SO2.

5.8 Sulfur dioxide material balance (Paper II)

Sulfur dioxide is a gas and is easily lost during processing in the lab, including 
in spent liquor separation, pulp washing, etc. Therefore, it was decided to per-
form the recovery experiments from the reactors directly after fractionation, 
without the separation of pulp and spent liquor.
Experiments Nos. 1a and 1b were performed at SEW 12:22.5:65.5, and Nos. 2 

and 3 at SEW 12:44:44 (Table 5.3). Between 85% and 88% of charged SO2 was 
recovered by distillation. Based on the previous experiments (see section 5.4), 
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0.2% and 12% to 13% of SO2 were bound to pulp and dissolved solids, respec-
tively. The total accounted SO2 was close to 98% to 100%. Therefore, it appeared
that all non-consumed SO2 could be recovered by distillation. 
Straw was washed with water to assess the effect of dirt on SO2 consumption, 

although water washing was not effective in removing ash from cane straw 
(Iakovlev, 2016). Approximately 10% of the material was washed away. In a sep-
arate experiment, pulps were produced from both unwashed and washed straw 
and had kappa numbers of 16 and 13, a pulp yield of 34% and 34%, and a xylan 
content of 5.2% and 6.3%, respectively. Therefore, straw washing did not affect 
the fractionation process, considering experimental errors.
Thus, in all the straw experiments, the required SO2 make-up was within 57 g

to 65 g SO2 per o.d. kg straw. This was almost three times higher than the cor-
responding number found for spruce, for example, 22 g SO2 per o.d. kg 
(Iakovlev and van Heiningen, 2012a). To confirm the difference, SO2 recovery 
was performed in the present work under comparable conditions to straw (ex-
periments Nos. 4a and 4b in Table 5.3). The determined make-up was only 5 g
to 7 g SO2 per o.d. kg spruce. Therefore, it was clear that straw required a higher 
SO2 make-up, which was likely related to the higher degree of sulfonation of its 
lignin (S/C9 ratio of 0.5-0.8 vs. 0.25). The near absence of hydrogen sulfites and 
sulfites in the liquor was confirmed by treatment with 1 M hydrochloric acid at 
105 °C, which did not release any sulfur. Thus, it could be concluded that while 
formed lignosulfonic acids (strong acids) are likely to be at least partly neutral-
ized by the cations released from straw, the amount of cations is not enough also 
to bind SO2 to form sulfites and hydrogen sulfites. The overall SO2 mass balance 
for AVAP® fractionation of SC straw is depicted in Paper II.
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Table 5.3. Sulfur dioxide balance in SO2-ethanol-water (AVAP®) fractionation (Paper II).

No. Raw 
material

Liquor compo-
sition

SO2:EtOH:H2O / 
L/S, L kg-1

Fractiona-
tion temp.
°C / dura-
tion1, min

Sulfur dioxide,
g per o.d. kg of original straw/spruce and

% on charged amount

C
harged

R
ecovered 

by distilla-
tion

B
ound to 
pulp

B
ound to 

M
S

E
W

 liquor / 
of w

hich 
bound to pre-
cipitated lignin

Total ac-
counted

1a SC 
straw 12:22.5:65.5/ 4 150/68 449 392NaOH 0.9 53 / 4.1 446

Percentage 100 87.3 0.2 11.8 / 0.9 99.3

1b SC 
straw 12:22.5:65.5 / 4 150/68 424

409* 361H
2

O
2 0.9 53 / 4.1 415

100 85.1
88.3*

0.2
0.2*

12.5 / 1.0
12.9* / 
1.0*

97.9
101*

2 SC 
straw 12:44:44 / 4 155/68 455 392NaOH 1.2 48 / 4.3 440

100 86.2 0.2 10.5 / 0.9 96.7

3
Washed 

SC 
straw

12:44:44 / 4 155/68 411 346NaOH n.m. n.m. n.m.

100 84.2 n.m. n.m. n.m.

4a Spruce 12:44:44 / 6 150/60 645 640 H
2

O
2 n.m. n.m. n.m.

100 99.3 n.m. n.m. n.m.

4b Spruce 12:44:44 / 6 150/60 645 638 H
2

O
2 n.m. n.m. n.m.

100 98.8 n.m. n.m. n.m.

1 Duration includes heating-up time (8 min);
NaOH – sulfur dioxide was distilled and captured by NaOH solution and measured as sulfite and 

sulfate anions (part of sulfite is oxidized to sulfate);
H2O2 - sulfur dioxide was distilled and captured by H2O2 solution and measured as sulfate anions 

(SO2 + H2O2 = H2SO4);

Charged SO2 was determined based on the amount recovered by distillation of fresh liquor;

*Charged SO2 was determined based on the IC results;

n.m. – not measured.

The reasons for the difference in the degree of sulfonation observed for dis-
solved lignosulfonic acids of spruce and SC straw were not clear, but several dif-
ferences between the lignin structure in annual plants and wood could be re-
sponsible for the effect. Lignin in annual plants in general and SC straw in par-
ticular is characterized by a lower molecular weight and is largely of a phenolic 
nature, as revealed by thioacidolysis studies, while wood-derived lignin is 
mostly non-phenolic (Buranov and Mazza, 2008). Benzyl alcohol groups are ac-
tivated by free phenolic groups, and thus, straw lignin is more reactive both to-
wards sulfonation and condensation. It is known that up to half of the total phe-
nolics in annual plants are already removed with NaOH at room temperature, 
while wood lignin is not soluble in NaOH (Buranov and Mazza, 2008, Fardim,
2011). Other prominent differences include the presence of all three types of lig-
nin units (G, S, and H) and high amounts of hydroxycinnamic (p-coumaric and 
ferulic acids 5% to 20% based on lignin). In addition, bisulfite adducts of car-
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bonyl groups (loosely-bound SO2) could be partly responsible for the high ap-
parent degree of sulfonation values. However, the formation of the adducts re-
quires hydrogen sulfites anions which are not present in considerable amounts 
in the liquors. Various decomposition reactions reported for the AS process 
leading to the formation of thiosulfate anions also require SO2 in the form of 
hydrogen sulfites anions (Rydholm, 1965).

5.9 Ethanol balance 

Ethanol is much less volatile than SO2 and thus, it was possible to simulate the 
real process more closely in the lab, compared to SO2 recovery. Fractionation, 
blow, pulp washing, and distillation were included in the experiments. Ethanol 
concentration was followed in all the streams. Table 5.4 summarizes the mass 
balance before and after fractionation, blow, pulp washing, and distillation.
Approximately 20% of cooking ethanol was transferred to a caustic solution 

during blow and recovered from there by distillation. Most of the ethanol was
found in the spent cooking and four spent wash liquors. The pulp contained
some free ethanol because washing was not optimal (concentration to only 10% 
consistency in the lab centrifuge). Approximately 7 g per o.d. kg straw ethanol 
was released by H2SO4 hydrolysis from pulp, which was likely to originate from 
ethoxyl groups. The ethanol balance before and after fractionation, blow, and 
pulp washing was closed within approximately 3%.

Table 5.4. Ethanol material balance for AVAP® fractionation of sugarcane straw before and after

fractionation, blow, and pulp washing.

In g per kg o.d. straw Out g per kg o.d. straw

Fresh SEW liquor 1300 Spent cooking liquor 422

1st wash liquor 1290 1st spent wash liquor 793

2nd wash liquor 1290 2nd spent wash liquor 1060

3rd spent wash liquor 582

4th spent wash liquor 333

Mixed spent/wash liquor 3190

Caustic absorber (distilled from) 269

Pulp 514 / 521*

Total 3880 3980 (103%)

*After double-stage (72%, 30 °C, 1 hour; 4%, 121 °C, 1 hour) H2SO4 hydrolysis of pulp.

Distillation of the mixed spent/wash liquor released most of the ethanol, leaving 
a relatively small amount in the evaporated liquor. About 9 g per o.d. kg straw 
ethanol was released by H2SO4 hydrolysis from the evaporated liquor, presum-
ably originating again from ethoxyl groups. This implies that most of the sugar 
ethoxylates (~50 g per o.d. kg straw) are hydrolyzed during the distillation pro-
cess to original sugars and ethanol. The ethanol balance around liquor distilla-
tion was closed within approximately 3% as well (Table 5.5).

Thus, considering the analytical errors, it could be concluded that no consid-
erable losses of ethanol occurred in AVAP® fractionation of sugarcane straw.
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It should be noted that in order to recover all ethanol from cellulose fibers, 
countercurrent washing is utilized which is a common practice in pulp and pa-
per mill operation.

Table 5.5. Ethanol material balance for AVAP® fractionation of sugarcane straw before and after 

distillation.

In g per kg o.d. straw Out g per kg o.d. straw

Mixed spent/wash 
liquor 3190 Distillate from ethanol stripping 3185

Liquor after ethanol stripping 78 / 87*

Total 3190 3270 (103%)

*After 4% H2SO4 hydrolysis of the liquor (121 °C, 1 hour).
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6. Answers to research questions

1) Despite large differences in ash content and different pH values of the 
MSEW liquors, different straw batches behave similarly in terms of 
kappa number, residual xylan, and intrinsic viscosity/cellulose DP. 
However, fractionation of the high-ash straw results in higher AIR+ASL 
values. Overall the ash content is considerably higher than that of wood 
species (~6-9% vs. ~0.5%, Iakovlev and van Heiningen, 2012 a). This 
will have an effect on acidic fractionation processes, including the 
AVAP® process. In the AVAP® process acidity is governed by excess SO2 

(pKa ~ 3.5 at fractionation temperature, Rydholm, 1965, p. 456), as well 
as formed lignosulfonic acids (Lig-SO3H, S/C9 of 0.3 or higher, pKa ~ 1,
Vishnevskaya et al., 1981) and could be controlled by varying the ethanol 
concentration in the system (Iakovlev et al., 2014a). A too high amount 
of cations in the feedstock can potentially lead to neutralization of ligno-
sulfonic acids followed by sulfurous acid, resulting in the formation of 
hydrogen sulfite anions, and unwanted species responsible for SO2 and 
sugar consumption.

2) SC straw hemicelluloses removal and cellulose hydrolysis rates at 
SO2:EtOH:H2O = 12:22.5:65.5 (w/w) are similar/slightly higher com-
pared to those for spruce at SO2:EtOH:H2O = 12:43.5:44.5 (w/w), pre-
sumably due to a combination of two factors: 1) the lower ethanol/water 
ratio increases the acidity and the rate; 2) the presence of ash decreases 
the acidity and the rate. The activation energy values are similar for SC 
straw (hemicelluloses 107 kJ mol-1, and cellulose 166 kJ mol-1) and 
spruce (hemicelluloses 108/110 kJ mol-1, and cellulose 165 kJ mol-1). 

3) The SO2 concentration has a pronounced positive effect on the rate of 
delignification, hemicelluloses removal, and cellulose hydrolysis. The 
delignification selectivity could be improved by decreasing the tempera-
ture and increasing the SO2 concentration. Typical kappa number values 
for unbleached AS pulps are close to 5. The highest delignification effi-
ciency and selectivity are achieved at 42 v/v% EtOH/H2O (excluding
SO2). On the one hand, temperature strongly affects SEW fractionation 
rates, but does not substantially change the relative rates of the reac-
tions, leading to the same delignification and hemicelluloses removal se-
lectivity. On the other hand, the L/S affects both the rates and selectivity. 
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However, the lowest kappa at L/S 2 L kg-1 is as high as 40, while at a L/S 
9 L kg-1, it is about 13.

4) Most of the lignin and ash is removed during the AVAP® delignification 
of SC straw. Compared to wood AVAP® delignification, somewhat higher 
amounts of residual lignin, a higher degree of sulfonation of dissolved 
lignin, and dense char-like precipitate formation upon ethanol removal 
are observed. Similar to wood species and also to the ethanol-water or-
ganosolv process, 40% to 80% of lignin is precipitated after ethanol re-
moval as a pure (~98%) and sulfur-lean (<2%) fraction. Variation in 
fractionation conditions do not have a significant effect on lignin prop-
erties, while post-sulfonation is capable of changing its form from char-
like to colloidal precipitate. Most of the glucan is retained in the solid 
residue while only ~10% dissolves, likely representing non-cellulosic 
polymer. By contrast, most of the xylan, galactan, arabinan, and mannan 
dissolve in the liquor. Sugar degradation is mostly to furfural at 0.5-2% 
on o.d. straw. 

5) During chemicals recovery, the lignin fraction, bound xylose, and etha-
nol are recovered. Sulfur dioxide is primarily bound to lignosulfonic ac-
ids, while considerably lower amounts are bound to pulp and precipi-
tated lignin. The higher degree of sulfonation of SC straw lignin could be
explained by the higher reactivity of straw lignin due to the lower molec-
ular weight and largely phenolic nature, contrary to wood lignin. There-
fore, SC straw requires a higher SO2 make-up in the AVAP® process 
compared to wood. Some 5.4% SO2 on straw is bound to lignin, while 
the rest of the SO2 and nearly the whole amount of charged ethanol are 
recovered.

6) Many acidic fractionation processes are less suitable for the lignocellu-
losic feedstocks containing high amounts of ash, particularly metal cati-
ons, due to the neutralization of the supplied acid (dissolved SO2) and 
generated acids (for example, lignosulfonic, sulfurous, and acetic acid). 
In this thesis study, the SC straw has been treated with solutions con-
taining SO2, ethanol, and water (SEW). In particular, a decreasing etha-
nol concentration is beneficial for feedstock rich in ash. In addition, the 
choice of ethanol is another means to adjust the acidity. The reduction 
in acidity, as indicated by an increase in the pH, slows down hydrolytic 
reactions responsible for delignification, hemicelluloses dissolution, and 
hydrolysis, leading to an improved monomeric sugar yield. In some em-
bodiments of the invention, AVAP® fractionation followed by ‘condition-
ing’ produces a fermentable aqueous sugar stream at a total sugar con-
centration of close to 100 g L-1. This sugar stream is rich in sugar mono-
mers. The invention could be integrated in a process that can utilize ex-
isting waste material collection infrastructure. This results in low trans-
portation costs.
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7. Concluding remarks

The AVAP® process effectively fractionated SC straw into cellulose fibers (% of 
input), sulfur-lean lignin (% of input), monomeric xylose (% of input), and ethyl 
xylosides (% of input). Despite large differences in ash content and different pH 
values of the MSEW liquors, different straw batches behaved similarly in terms 
of kappa number, residual xylan, and intrinsic viscosity/cellulose DP. The acid-
ity buffering effect of considerably higher amounts of ash in straw as compared 
to woody biomass was compensated by using a lower ethanol concentration. The 
rates of delignification, hemicelluloses dissolution, and cellulose hydrolysis 
were similar to wood species.
Overall, the AVAP® process allowed clean fractionation of SC straw into rela-

tively pure cellulose, hemicellulose sugars, and lignin. The cellulose-rich mate-
rial could be further processed into more cellulose products, for example, dis-
solving pulp, fluff pulp, purified cellulose, paper, and paper products. Further 
processing might include bleaching, modification of fiber length or particle size 
(for example, producing nanocellulose or nanofibrillated or microfibrillated cel-
lulose). The cellulose-rich materials are highly reactive in the presence of indus-
trial cellulose enzymes that efficiently break down the cellulose into glucose. The 
glucose might be fermented to an alcohols, organic acids, or another fermenta-
tion products.

The lignin separation process is a step to separate the lignin from the hydrol-
ysate and could be located before or after the final reaction step and evapora-
tion. If located after, then lignin will precipitate from the hydrolysate, since al-
cohol has been removed in the evaporation step. The remaining water-soluble 
lignosulfonates might be precipitated by converting the hydrolysate to an alka-
line condition. The combined lignin and lignosulfonate precipitate might be fil-
tered, and the filter cake might be dried as a co-product or burned or gasified 
for energy production. The hydrolysate from filtering might be recovered and 
sold as a concentrated sugar solution product or further processed in subse-
quent fermentation or other reaction steps. 

When hemicelluloses are present in the starting biomass, all or a portion of 
the liquid phase contains hemicellulose sugars and soluble oligomers. It is pref-
erable to remove most of the lignin from the liquid to produce a fermentation 
broth which will contain water, possibly some of the solvents for lignin, hemi-
cellulose sugars, and various minor components from the digestion process. 
This fermentation broth could be used directly, combined with one or more 
other fermentation streams, or further treated. In some embodiments, hemicel-
lulose sugars are not fermented but rather recovered and purified, stored, sold, 
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or converted to a special product. Xylose, for example, could be converted into 
xylitol. Side products might be removed and recovered from the hydrolysate. 
These side products might be isolated by processing the vent from the final re-
action step and/or the condensate from the evaporation step. Side products in-
clude furfural, HMF, methanol, acetic acid, and lignin-derived compounds. 

Recovering and recycling the SO2 might utilize separation, such as vapor-liq-
uid disengagement, steam stripping, extraction, or combinations of stages. In 
this study, approximately 85% to 88% of the initially charged SO2 was readily 
recovered by distillation from the liquid phase, with the remaining 10% to 12% 
of the SO2 primarily bound to the dissolved lignin in the form of lignosulfonates. 
In certain embodiments, it is possible to recover sulfur contained in the sul-
fonated lignin in a gas stream comprising reclaimed SO2, and then recycle the 
reclaimed SO2 for reuse. Ethanol might be recovered from the evaporation pro-
cess by condensing the exhaust vapour and returning it to the cooling liquor 
make-up vessel in the cooking step. Clean condensate from the evaporation pro-
cess might be used in the washing step.
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8. Future outlook

Recently studies of the AVAP® fractionation process have claimed it to be an
excellent pretreatment for biorefinery purposes. The AVAP® fractionation 
demonstration pilot plant in Thomaston, Atlanta, USA has a capacity produc-
tion of 3.5 tonnes biomass daily. However, the cost-efficient use of lignocellulo-
sic materials in highly integrated biorefinery facilities is required to ensure com-
petitiveness and stability in the long run. To fulfil the requirements, a detailed 
feasibility study of the concept and scale-up tests should determine the actual 
implementation perspectives of the process on an industrial scale. The principal 
questions and challenges to fully realize this sustainable bioeconomy which re-
quire further examination are: 

Economically remove unwanted ash from biomass, ensuring an im-
provement in the fractionation efficiency;
Complete producing of water-soluble lignin in the AVAP® fractionation 
of sugarcane;
Efficient processing of cellulose after extraction from the solid phase to 
maintain appropriate lower chemical charge for subsequent purifica-
tion, bleaching, and enzymatic hydrolysis.

In addition, toxicity and flammability of ethanol, high fractionation pressure,
and release of SO2 to the atmosphere are some important safety concerns. 
Solvent losses during mechanical handling of fractionated biomass and 
chemical reactions of the solvent with lignin and carbohydrates are still crucial 
hurdles for the implementation of this technology. These aspects of the process 
are the focus of attention and under current investigation. 
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