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The kinetics of SO,—ethanol-water (SEW) fractionation of spruce were studied using wood meal and
chips and compared to those of SO,—water, acid sulfite (AS) and ethanol-acid sulfite treatment. The
SEW lignin removal rate was found to be similar to that of AS at the same free SO, concentration,
while the lignin sulfonation rate is considerably higher for the acid sulfite systems. No relation
between acidity and sulfonation rate was observed putting into question the acid-catalysed nature of
this reaction. The observed SEW sulfonation and delignification patterns are consistent with
Hagglund’s “fast sulfonation—slow hydrolysis™ consecutive scheme. The data indicate that during the
initial phase hemicelluloses are removed together with lignin as lignocarbohydrate complexes, while
cellulose is protected from hydrolytic attack by lignin leading to a lower hydrolysis rate. The SEW
hemicellulose dissolution behaviour can be understood by the low tendency of glucomannan to
“crystallise” onto cellulose. The understanding of the dissolution pattern of lignin and hemicellulose
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may help to interpret the enzymatic hydrolysis behaviour of SEW residual solids subjected to

different degree of fractionation.

1 Introduction

The first challenge for the development of a lignocellulosic
biorefinery is to fractionate biomass into its principal constituents;
cellulose, hemicellulose and lignin."> Spruce is a softwood, the
lignocellulosic biomass which is known to be most resistant to
fractionation.® The main components of spruce are lignin
(hydrophobic polyphenylpropane network, about 28%), cellulose
(hydrophilic and highly crystalline linear polyglucoside, about
40%) and hemicelluloses (mostly linear short-chain polysacchar-
ides, about 28%). Lignin and polysaccharides are bound to each
other by covalent bonds including benzyl ether, benzyl ester and
phenylglycosidic linkages.* According to Lawoko et al.” all lignin
in spruce is covalently bound to carbohydrates, mostly to
galactoglucomannan and arabino-4-O-methylglucuronoxylan. It
was shown*® that lignin is bound through galactose units to the
former and through arabinose, 4-O-methylglucuronic acid and
xylose units to the latter. The covalent bonds between the wood
components impede clean fractionation. However, this is only
part of the explanation why it is difficult to deconstruct wood; the
other major obstacle is the heterogeneous arrangement of the
components, i.e. the ultrastructure of the fibre wall. A description
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of the organisation of the components in the secondary wall of
softwood fibres was given by Salmén and Olsson’ and later further
refined by Lawoko ef al.® In this model the cellulose microfibrils
are coated by (galacto)glucomannan, while the space between the
different microfibrils is filled with separate regions of lignin,
(galacto)glucomannan and xylan. A heterogeneous lignin—xylan
network is located midway between the microfibrils, sandwiched
between the heterogeneous lignin—glucomannan network. This
complex composite morphology is Nature’s answer to create a tree
both with strength and microbiological protection properties
needed for high vertical and sustained growth. However at the
same time it explains the difficulty to find a fractionation process
which is able to deconstruct lignocellulosic biomass cleanly in its
separate components.

Fractionation of lignocellulosics leads to release of cellulosic
fibres (for pulp-based products) and opens the cell wall structure
by dissolution of lignin and hemicellulose between the cellulose
microfibrils. The fibres are now better accessible for hydrolysis
by enzymes. When the sugars in lignocellulosics are used as
feedstock for fermentation, the process to open-up the cell wall
structure is called pretreatment. Pretreatment has been inten-
sively studied because it is the most important step affecting
production cost of lignocellulosic ethanol.” While access to
cellulose by enzymes is the primary goal of pretreatment, clean
separation of the major lignocellulosic polymers is the key
objective of fractionation." There is however a continuum
between the two processes; from steam explosion — dilute acid
hydrolysis — SPORL (Na,SO; and H,SO, treatment plus
mechanical refining'®) — Lignol (ethanol-water with H,SO,'")
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— AVAP (ethanol-water with SO,'%). Of all lignocellulosics,
enzymatic hydrolysis of pretreated softwood biomass is most
difficult.”®* Despite many pretreatment studies, it is still not
possible to predict the enzymatic hydrolysis behaviour of
pretreated biomass based on their chemical and physical
composition.'* Early work suggested that cellulose accessible
surface area is one of the most important factors influencing the
rate and extent of enzymatic hydrolysis of lignocellulosic
substrates.'> Arantes and Saddler'® studied steam exploded
(plus SO,) and ethanol treated lignocellulosic softwoods
(Douglas fir and Lodgepole pine). They found that the minimum
enzyme loading for efficient hydrolysis was controlled by limited
accessibility of the enzymes to the cellulose chains due to the
porosity/topology of the available cellulose, and not only by the
external cellulose surface area. Varnai er al.'” found that lignin
and/or lignin—carbohydrate complexes (LCCs) were the major
component restricting the enzymatic hydrolysis of steam-
pretreated (plus SO,) spruce. After chlorite delignification the
hydrolysis of cellulose itself was the major limiting factor. Xylan
also restricted the hydrolysis of cellulose despite its low content
in the pretreated and delignified spruce, suggesting that the
location of xylan also plays an important role. These findings are
compatible with the earlier described ultrastructure of softwood
where enzyme access (‘“‘representative” cellulase diameter of
5.1 nm'®) to the spruce microfibrils (width ~4 nm) arranged in
aggregates (width ~ 16 nm'®) is blocked by LCCs in the lamellar
space (~10 nm'?). During fractionation the polymers in the
lamellar space are dissolved creating macropores between the
lamellae, and intralamellar micropores.?>?! The effect of xylan
reported by Varnai er al'” is surprising since softwood
microfibrils are tightly coated by glucomannan. However,
Fahlen and Salmén'® found that treatment of spruce holocellu-
lose with mannanase or xylanase dissolved both xylan and
glucomannan. Knowledge of the kinetics of delignification and
removal of hemicelluloses (glucomannan and xylan) both
separately and as LCCs will help to understand the efficiency
of enzymatic hydrolysis when applied to lignocellulosic solid
residues obtained under different fractionation conditions.

A highly efficient fractionation method for lignocellulosic
biomass is treatment by an ethanol-water mixture with dissolved
SO, at modest temperatures (130160 °C).>>°> The following
characteristics make the SO,-ethanol-water (SEW) process
uniquely suitable for lignocellulosics fractionation. It is the
only process which is able to digest different biomass

species — softwoods, hardwoods and annual plants — at close
delignification rates.”>**2” Due to the very high rate of
ethanol-water transport into the fibres, neither a separate
impregnation stage nor small wood particles are needed,
thereby minimising fractionation time and (electrical) energy
use. The retention of hemicelluloses in the solid phase, as well as
the cellulose degree of polymerisation as function of delignifica-
tion, can be adjusted by changing process temperature and
duration.?>** About half of the dissolved hemicelluloses are
hydrolysed in the liquid phase to monosaccharides, and most
importantly are neither dehydrated nor oxidised.>* During
recovery of ethanol and SO, from the spent fractionation liquid
the hemicelluloses are almost fully hydrolysed to monomers,
thereby eliminating costly acid or enzymatic hydrolysis for this
wood component.?® Cellulose is fully retained in the solid phase
and can subsequently be hydrolysed to glucose. Alternatively
the released cellulosic fibres may be used for conventional pulp
products, either paper,” tissue®® or dissolving® grades. The
hemicellulose monosugars may be used for production of
biofuels and chemicals.’*® The SEW fractionation technology
is employed by American Process Inc. in a patent pending
Biorefinery process termed AVAP™ 12

In the present paper the kinetics of SEW fractionation are
studied as a function of SO, concentration in the fractionation
liquor and are also compared to those of SO,-water, ethanol-
acid sulfite and acid sulfite (AS) treatment, the latter being the
second most important commercial pulping process. The kinetics
are used to develop an understanding of the dissolution pattern
of the three major wood components from the heterogeneous
lignocellulosic structure represented by spruce wood.

2 Materials and methods
2.1 Wood meal fractionation

SO,-water, SEW, sodium-acid sulfite (AS) and ethanol sodium—
acid sulfite (ethanol-AS) fractionation was performed on spruce
meal (diameter 1.0 mm) to eliminate diffusion effects. The fresh
cooking liquors (Table 1) were prepared by injecting gaseous
sulfur dioxide into cold water, 55 v/v.% ethanol-water, aqueous
sodium hydroxide and sodium hydroxide in 55 v/v.% ethanol-
water solutions, respectively. Deionised water and ethanol
ETAX A (96.1 v/v.%) were used. Approximately the same free
SO, concentration (12.0%) was obtained in all cases.

Table 1 Cooking liquors composition
Total SO, in fresh liquor Bound SO, (SO, in HSO; ™~ form) in fresh liquor” Free SO, in fresh liquor Calc. acidity in .
water at 135 °C
Liquor Solvent % mol L™ % mol L™ % mol L™! [H*)/mmol L™
SO,-water Water 12.0 1.98 0 0 12.0 1.98 37
SEW 55 vIv.% 12.0 1.82 0 0 12.0 1.82 36
ethanol-water
AS Water 13.9 2.33 1.65 0.28 12.2 2.05 5
Ethanol- 55 v/v.% 13.9 2.15 1.82 0.28 12.1 1.87 5
AS ethanol-water

“ The amount of bound SO, given corresponds to the amount of sodium hydroxide and reflects the actual content of hydrosulfite anions during
cooking only for the AS system. In SO,~water liquor at 135 °C the actual hydrosulfite anion concentration is about 50 mmol L' In SEW and
ethanol-AS cooking the hydrosulfite anion concentration is unknown. ? The effect of ethanol on the acidity is not considered. Acidity is given for

the liquid phase.
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25 o.d. g spruce meal (dry matter content 95.5%) and liquors at a
liquor-to-wood ratio 4.8 L kg~ ! were put into 220 mL bombs. The
bombs were put into a thermostat bath at 25 °C. The impregnation
at 25 °C was done for 15 h, the bombs were rotated during this
period. The cooking was accomplished at 135 °C (£ 1 °C) and
80 min including 8-9 min for heat-up* and the bombs were rapidly
removed from the bath and put into cold water. After cooling, the
liquid phases were separated from the solid residue using a nylon
washing bag. The solid residues obtained after SEW and ethanol-
AS cooking were washed twice with 40% ethanol-water (at a
liquid-to-solid ratio of about 4 L kg™ ! and 60 °C) and once with
deionised water (at a liquid-to-solid ratio of about 40 L kg~ ' and
25 °C). The solid residues obtained after SO,-water and AS
cooking were washed thrice with deionised water (twice at a liquid-
to-solid ratio of about 4 L kg~ " and 60 °C, and once at a liquid-to-
solid ratio of about 40 L kg ! and 20 °C). Yield and kappa
number®'? (measure of lignin content) were determined.

Sulfur content of the solid phases was determined by combus-
tion of 50-200 mg of the sample in oxygen in a Schoniger flask
containing 0.5 mL 30% hydrogen peroxide in 25 mL water.
Sample wrappers were made of Whatman 40 ashless filter paper
with sulfur content 30 pg g~ ' which was subtracted from the
results. After absorbing the products (45 min) the content of the
flask was transferred to a 100 mL measuring flask together with
the washings with water. Sulfate content was analysed by ion
chromatography.>'” The relative error was less than 1%.

2.2 Wood chips SEW fractionation

Air dried spruce chips (dry matter content 92.9%) were screened
using screens O45, //8, /16, //4 and //2 mm. The fractions from the
screens //4 and //2 mm were combined and used for SEW
cooking. The concentrations of SO, in the liquors were 3.0, 6.0,
12, 18 and 27% (by weight). 25.0 o.d. (oven-dry) g of the chips
and the liquor at a liquor-to-wood ratio of 6 L kg~ ! were placed
in 220 mL bombs. The same cooking procedure was applied for
wood chips as for wood meal except that no impregnation was
used, ie. the bombs were directly put in the thermostat bath at
135 °C. The solid residues were washed twice with 50 mL (about
4 L kg™") of the 40 v/v.% ethanol-water solution at 60 °C and
finally twice with 500 mL (about 40 L kg™ ") of deionised water at
room temperature.22

The solid residues were analysed for yield and those which
have passed the defibration point, i.e. pulps, were analysed also
for kappa number and intrinsic viscosity in cupriethylenediamine
(CED) solution.?! The latter was measured for the air-dried
unbleached pulps not later than after two weeks of storage at
room temperature. Solid residues with kappa number higher
than 35 were subjected to chlorite delignification.®® Cellulose
viscosity-average DP was calculated according to the following
formula:*

) 1111
DP— (1.65[;7} — 116[Hem1]s'r‘) 1)

[Cel} S.r.

where [;7] = intrinsic viscosity of the solid residue in CED, mL g~ ';

[Hemi]s, = hemicelluloses content of the solid residue, unit
fraction; [Cel]s, = cellulose content of the solid residue, unit
fraction.

It was noticed that the intrinsic viscosity substantially
decreases during storage of air-dried non-bleached solid residues
at room temperature (one year storage leads to about 30-40%
decrease in intrinsic viscosity). In the air-dried solid residues the
amount of liquid contained in the solids is much lower than that
during fractionation (around 0.05 g water/g solid residue
compared to about 1.4 g water/g solid residue, the latter being
the fibre saturation point of the solid residues®®). That means
that the concentration of hydroxonium cations generated by
lignosulfonic acids substantially increases upon drying, and the
high acidity promotes cellulose hydrolysis. Therefore the air-
dried unbleached solid residues should not be stored for a long
time prior to viscosity measurement.

Lignin, carbohydrate and sulfur content of the wood and solid
residues was measured after acetone extraction.>'”

The lignin content of the wood and the solid residues prepared
using 12% SO, liquor was measured according to refs. 34 and 35
while the lignin content of the defibrated solid residues (pulps)
prepared using 3.0, 6.0, 18 and 27% SO, liquors as well as the solid
residues prepared from wood meal was calculated from the kappa
() number values using the relationship: [Lig] = 0.165x + 0.63.%

The carbohydrate content of the wood and solid residues was
determined using two techniques: acid methanolysis with GC-
FID detection based on Sundberg e al*® and double-stage
sulfuric acid hydrolysis with HPAEC-PAD detection according
to refs. 24 and 34.

SO, concentration in the liquid phase was measured according
to the SCAN standard®'¢ (note that the sample should be
immediately contacted with alkali to avoid SO, losses).

The sulfonation degree of lignin (S/Cy molar ratio) was
calculated based on a molecular weight of softwood lignin
monomer of 190 g/mol.3™

3 Results and discussion

3.1 Wood meal fractionation: the chemistry of SEW vs. other
SO,-based processes

To better understand the chemistry of SO,—ethanol-water (SEW)
fractionation it was compared to SO,—water, acid sulfite (AS) and
ethanol acid sulfite (ethanol-AS) cooking, all performed at 12%
free SO,, 135 °C and 80 min. By using wood meal and applying
15 h impregnation at room temperature the influence of diffusion
on the rate of the processes was minimised. Composition of the
solid residues is given in Table 2.

It can be seen that the solid residue and liquid phase obtained
in the present SEW fractionation of spruce meal has nearly the
same composition and sulfur content as that obtained in SEW
cooking of the chips without separate impregnation. It again
proves that impregnation is not necessary in SEW fractionation
and that diffusion of SO, is not a rate-limiting factor for this
process.

3.1.1 Carbohydrates dissolution. SEW and AS pulps have
similar lignin-free yields (LFY), 49.7 and 48.8% on wood, while
the SO,—water pulp LFY is lower, 45.1%. It is worth noting that
no carbohydrates are dissolved during ethanol-AS cooking since
the pulp LFY of 71.2% on original wood meal corresponds to
the carbohydrate content of the original spruce.

This journal is © The Royal Society of Chemistry 2012
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Table 2 Properties of the solid residues obtained after fractionation of wood meal: liquor-to-wood ratio 4.8 L kg™, 135 °C, 80 min

Sulfur in solid residue

Sulfur in liquid phase  Total accumulated sulfur

Yleld ngmn % LFY % % on % on
Process Colour (%) Kappa on wood on wood % on wood S/ICy wood S/Cy wood S/ICqy
SO,-water  Brownish  56.9 122 11.8 45.1 0.323 0.162 1.32 0.493 1.64 0.352
SEW Bright 53.0 34.3 3.33 49.7 0.0685 0.122 0.813 0.198 0.882 0.189
AS Extremely  50.9 21.5 2.13 48.8 0.125 0.349 2.57 0.598 2.70 0.579
bright
Ethanol-AS Very bright 85.6 98.0 14.4 71.2 0.812 0.335 1.34 0.597 2.15 0.461
SEW, chips® Bright 51.2-51.8 29.4-33.5 2.81-3.30 48.3-48.7 0.0476 0.086 0.94-1.08 0.23-0.26  0.99-1.13 0.21-0.24

“L/W ratio 6 L kg™ ".

The LFY is controlled by the degree of hydrolysis and
dissolution of the carbohydrates. Thus LFY can be considered as
a measure of the effective acidity of the fractionation system at
temperature. Highly acidic SO,-water cooking intensively
removes carbohydrates (LFY 45.1%), although the delignifica-
tion rate is relatively low (residual lignin of 11.8% on wood). On
the other hand the LFY of low acidic ethanol-AS pulping (both
base and ethanol are present) is the same as that in the original
wood. By comparing LFY of AS (48.8%) and SEW (49.7%)
pulps one can conclude that the effective acidity of these systems
is similar. However, the calculated acidity at the cooking
temperature of SEW is about 7 times higher than that of AS
when the effect of ethanol on acidity is neglected (see Table 1).
Thus it follows that the presence of ethanol ata 1 : 1 (w/w) ratio
in water significantly decreases the effective acidity. This is in
agreement with the finding that addition of ethanol to water
suppresses dissociation of sulfurous acid due to decreased
stabilisation of the formed ions in less polar solvents.?®

3.1.2 Lignin sulfonation. The sulfur content of lignin in the
solid residues of base-free fractionation (SEW and SO,-water,
0.122 and 0.162 S/Cy, respectively) is 2-3 times lower than that of
the residues cooked in the presence of a base (AS and ethanol-
AS, 0.349 and 0.335 S/C,, respectively). The latter values are
close to 0.3, the minimum value required for lignin dissolution in
AS cooking.*”” The S/C, ratio of about 0.60 in the liquid phase
of the cooks with a base also agrees with that reported in the
literature for AS cooking.>”” Comparison of the S/Cy ratio for
the AS and ethanol-AS solid and liquid phases indicates that the
presence of ethanol has no effect on sulfonation. In the previous
section it was shown that the effective acidity of the systems is
decreasing in the order SO,~water > AS ~ SEW > ethanol-AS.
Since the S/Cy ratio of residual lignin is similar for AS and
ethanol-AS fractionation, and 2-3 times lower for SEW
compared to AS fractionation, it can be concluded that acidity
has also no direct effect on sulfonation rate. These findings
favour a mechanism of sulfonation via quinonemethide which
takes place at any acidity.* The free SO, concentration was the
same for all four experiments. Lignin condensation cannot be
used as an explanation for the lower sulfonation in SEW
fractionation, because SO,-water cooking is substantially
affected by condensation while the S/Cy ratio of residual lignin
is still higher for SO,—water cooking than for SEW fractionation.
Rather the opposite is true, i.e. a low degree of sulfonation leads
to more condensation. Another explanation is that ethanolysis
may compete with sulfonation leading to a lower S/Cq ratio.

However, no ethoxyl groups were found in dissolved lignin of
SEW cooking.*’ Therefore the only possible explanation for the
different sulfonation rates in the base and base-free fractiona-
tions is the different amounts of hydrosulfite anions (so-called
bound SO,). In this context it is interesting to note that in the
Russian literature, for example by Boyarskaya and Tsypkina,*'
the hydrosulfite anion is considered responsible for sulfation to
lignin hydrosulfates, Lig-OSO;H, which could explain the higher
sulfur content in AS and ethanol-AS cooking.

It should be added that the considerably lower sulfonation
degree of SEW lignin at which its dissolution becomes possible
may be related to the significantly higher solubility of the
lignosulfonic acids in ethanol-water compared to that of
lignosulfonates in the aqueous AS liquor.***

3.1.3 Lignin condensation. Indirect evidence of lignin con-
densation is the brown colour of pulps and liquors. SO,—water
pulp is very brown, undoubtedly due to condensation. AS and
ethanol-AS pulps are extremely bright, they are even brighter
than the original wood meal. Thus it seems likely that
condensation does not take place during AS and ethanol-AS
cooking. SEW pulp is only slightly darker than AS, ethanol-AS
and the wood meal which suggests some lignin condensation in
SEW cooking. The explanation for condensation in SEW
cooking despite the same acidity as in AS cooking is that more
non-sulfonated a-carbons are present in SEW lignin (the S/Cq
ratio in SEW and AS of 0.122 and 0.349, respectively) which are
the sites for lignin condensation.

3.1.4 Lignin dissolution. The rate of lignin dissolution is similar
for SEW (residual lignin 3.33% on wood) and AS (residual lignin
2.13% on wood) cooking, although the sulfonation rate is three
times higher for AS cooking (S/Cy 0.122 and 0.349 for SEW and
AS pulps, respectively). On the other hand, the lignin dissolution
rates are very different for AS and ethanol-AS cooking (residual
lignin 2.13 vs. 14.4% on wood, respectively), while the sulfona-
tion rates are almost the same (S/Cq 0.349 and 0.335). Thus there
is no direct relationship between sulfonation and lignin dissolu-
tion rates. Primakov*® also found a lower sulfonation degree for
SEW dissolved lignin compared to that of AS cooking (S/Cy of
about 0.25 vs. 0.6) and related it to the five-times higher
solubility of lignosulfonic acid in ethanol compared to that in
water. It was also shown that removing ethanol from the liquid
phase leads to precipitation of lignin.** Pylkkdnen** also found
that 50-70% of lignin precipitates after removal of ethanol
from the liquid phase obtained after SEW cooking at 3% SO,.
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However, the difference in lignin solubility does not explain the
poor delignification in the case of ethanol-AS cooking. Rather
the latter is likely related to the recent finding that almost all
lignin in softwood is linked to carbohydrates as lignin—
carbohydrate complexes (LCCs).> Since no carbohydrates are
removed during ethanol-AS cooking, lignin attached to carbo-
hydrates can only dissolve if LCC bonds are cleaved. o-Ether
LCCs could possibly be cleaved by SO, via the quinonemethide
pathway which does not require acidity. However, the fact that
all carbohydrates are retained in the solid phase implies that the
dissolved lignin is carbohydrate-free and lignin in the form of
LCCs does not dissolve.

Absence of a straightforward correlation between S/Cy ratio
(corresponding to sulfonation/sulfitolysis) and delignification
rate suggests that delignification is determined by another
chemical reaction, probably hydrolysis. Assuming hydrolysis to
be the rate-determining step as in Hagglund’s consecutive
sulfonation-hydrolysis scheme,* it would be easy to explain
the difference in lignin dissolution rates based on the differences
in effective acidities of the liquors. The effective acidity of the
systems is decreasing in the order SO,~water > AS ~ SEW >
ethanol-AS. The lignin dissolution rate follows the same order
with the exception of the SO,-water system which is consider-
ably affected by condensation.

The above comparison of the four fractionation systems shows
that there is a balance between lignin sulfonation, condensation
and hydrolysis reactions. Thus there exists an optimum acidity
and sulfonating capacity for the fractionation systems at which
hydrolysis is maximised and condensation is minimised. This
optimum condition was found empirically for AS and SO,-water
cooking by varying bound and free SO, amounts (so-called
Kaufmann diagram).*’* The same optimum exists for the SEW
system and was empirically found to occur at a 1 : 1 ethanol-
water ratio;*® with a higher ratio leading to a too low acidity for
efficient hydrolysis, while at a lower ratio the acidity is too high
leading to significant condensation.

3.2 Chips cooking

3.2.1 Cooking liquor composition. Formally, to describe the
kinetics of delignification and polysaccharides degradation the
activities of the cooking chemicals at cooking temperature,
primarily SO,, hydrosulfite anions and hydroxonium cations
(acidity) need to be known. The system is further complicated by
the presence of ethanol which affects the activity coefficients,
especially that of the hydroxonium cation, and the equilibrium
constants. Since the activity coefficients are not known for the
present system, the activities are approximated by concentrations.

The applied cooking liquors contain high weight percentages
of SO, (3.0-27%). Due to the relatively high pK, value of
sulfurous acid at cooking temperature (3.2 in water at 135 °oC; ¥
higher in ethanol being a weaker proton acceptor compared to
water), the dissociated amount of SO, can be neglected, and the
concentration of SO, in the fresh liquor at cooking temperature
can directly be calculated from the charged amount of SO,. As
cooking proceeds SO, is consumed in the reactions with lignin
and in side reactions. However, the highest measured amount of
bound sulfur corresponds to only 1.1% on wood with the rest
recoverable as SO,.2* Therefore the concentration of SO, in the

liquid phase is assumed to be constant during cooking and equal
to that in the fresh liquor.

The acidity during cooking may be estimated from the
amounts of sulfur dioxide and formed strong lignosulfonic acid
groups (effect of ethanol is neglected). The initial concentration
of SO; in the cooking liquor is 0.43 (3.0%), 0.87 (6.0%) and 1.79
(12%) mol L' At 135 °C according to the pK,; of sulfurous
acid in water, the hydroxonium cation concentrations for the
different SO, concentrations are 0.02, 0.02 and 0.03 mol L™},
respectively. The amounts of lignosulfonic acids formed during
cooking at these SO, concentrations correspond to about 0.03,
0.03 and 0.05 mol L™!, respectively.?* These numbers suggest
that the acidity of the liquid phase does not change significantly
during SEW fractionation. This is indirectly confirmed by the
pH of the liquid phases measured at room temperature (using
conventional glass electrode, Table S1, ESI{) which shows
changes of only 0.1-0.2 pH units during the entire fractionation
process.

It is known that the acidity in the fibre-bound liquid is
different from that of the free liquid outside the fibres*” when the
fibre wall contains a significant amount of ionisable groups (i.e.
sulfonic acids). The importance of this so-called Donnan
equilibrium was estimated as follows. Assuming full ionisation
of lignosulfonic acid groups attached to the solid phase, and a
density of the fibre-bound liquid of 1.0 g mL™",*7 the acidity of
the fibre-bound liquid would be about 0.06 M at the beginning of
cooking and decrease constantly during fractionation to about
0.02 M. The acidity of the free liquid outside the fibres is
calculated to be 0.02-0.05 M. Therefore the acidities of the two
liquid phases, neglecting the effect of ethanol, are very close. The
presence of ethanol reduces the ionisation of all acids and thus
would further decrease the difference in acidity between the
fibre-bound and free liquid. Thus it may be concluded that
Donnan equilibrium is not important in SEW fractionation.

The concentration of hydrosulfite anions is difficult to estimate.
Their concentration in the SEW fractionation liquid, when
disregarding the presence of ethanol, is about 10-40 mmol L™!
at 135 °C, which is an order of magnitude lower than that in acid
sulfite liquor (300 mmol L™Y).*** However, since our wood meal
experiments showed that the acidity of SEW liquor is similar to
that of AS, this would suggest that the hydrosulfite anion
concentration in SEW liquor is two orders of magnitude lower.
This is an important advantage of SEW fractionation compared
to AS cooking where hydrosulfite anions are responsible for the
unwanted side reactions including sugar oxidation.*” It also
implies that sulfur dioxide solvates are the only possible
sulfonating agents in SEW fractionation.

3.2.2 Sulfonation of lignin. Before discussing the kinetics of
delignification and carbohydrate degradation it is useful to
quantify the change in the sulfur content of the solid (Fig. 1a and
b) and liquid phases during delignification.?*

Fig. la and b show the sulfur content of the solid residues
based on original wood and as S/Cy ratio vs. cooking duration,
respectively. The solid phase reaches the highest sulfur content
on original wood basis (about 0.2% on wood or 0.045 S/C, for
the 12% SO, cooking) after only 10 min of cooking, i.e. at the
end of the heat-up period. At this point about 97% of lignin is
still retained in the solid residue. As cooking proceeds the sulfur
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Fig. 1 Sulfur content in the residual lignin: (a) sulfur content based on wood vs. fractionation duration; (b) S/Cy ratio vs. fractionation duration; (c)

S/Cy ratio vs. amount of dissolved lignin.

content of the solid residues based on wood decreases due to
lignin dissolution. The development over time of the sulfur
content of the solid residues based on original wood shown in
Fig. 1a can be compared to that in AS cooking.*” The first stage
is governed by sulfonation of lignin without its dissolution (i.e.
during the heat-up period in SEW and taking a few hours during
impregnation of the AS process) and the second stage being
lignin dissolution resulting in a rapid decrease in the sulfur
content of the solid residue (durations are similar for SEW and
AS processes).

However if the sulfur content is based on the residual lignin
content (see Fig. 1b) then the degree of lignin sulfonation,
expressed as S/Cy ratio, gradually increases by a factor 1.5-2
over the entire cook. It is noted that the S/Cy values (0.040—
0.095) are considerably lower than the value of 0.3 required for
lignin dissolution in AS cooking.’”” Otherwise the relative
development of the sulfur content over time in SEW cooking
resembles that in AS cooking®” where the S/Cy also increases
until the very last stages of the cook. Finally it can be seen in
Fig. 1b that the rate of increase of S/Cy increases roughly linearly
with SO, concentration from 3.0 to 12%: 8.00 x 107> (at 3.0%
S0O,), 25.8 x 1077 (at 6.0% SO-) and 58.4 x 107> (at 12% SO-)
mol S/(mol Cy x min). No clear increase in the rate is observed
between 18 and 27% SO,.

The dissolved SEW lignin has a higher S/Cy content (0.16—
0.26 S/Co**) which means that higher sulfonated lignin is
removed preferentially from the solid phase. Nevertheless, the

degree of sulfonation of dissolved lignin is also substantially
lower than that in AS pulping (S/Cy ratio of 0.5-0.7°7%),
especially at lower SO, concentrations. A similar difference in
S/Cy ratio of the dissolved SEW and AS lignin was also observed
in wood meal cooking (Table 2).

The lower sulfonation degree of SEW lignin is explained by
the near absence of hydrosulfite anions being more reactive
nucleophiles compared to the sulfur dioxide solvates.

3.2.3 Delignification kinetics. Delignification is represented in
Fig. 2a as the decimal logarithm of lignin content of the solid
residues based on original wood vs. time. The first order ““bulk”
delignification rate constants, kyig obs, Obtained from the slopes
of the straight lines increase significantly with SO, concentration
as seen in Table 3. They increase approximately linearly with SO,
concentration from 3.0 to 12% and increase slower than linear at
higher SO, concentrations of 18 and 27%. It should be noted that
the increase in delignification rate with increasing SO, concen-
tration follows the same pattern as the increase in sulfonation
degree of the residual lignin.

Therefore, for the concentration range of 3.0-12% SO, and
135 °C the following equation is valid:

_ d[Lig]
dz

= kiig[Lig][SO2] =kvig obs[Lig] )

where [Lig] = lignin content of the solid residues, % on feedstock;
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Fig. 2 SEW delignification: (a) Decimal logarithm of residual lignin
based on wood vs. fractionation duration; (b) The inverse of delignifica-
tion rate constant, kyig ops, vs. the inverse of SO, concentration.

t = fractionation time; ki, obs = the observed bulk delignifica-
tion rate constant determined from the slopes of the lines
In([Lig]) = f(¢); kviz = the bulk delignification rate constant, ki,

(179 + 1.1) x 107* L mol™! min~!; [SO,] = SO,
concentration in the fresh liquor, mol L™".

It can be seen in Fig. 2a that the end of the bulk delignification
phase (and thus the beginning of residual delignification) occurs
at higher lignin content when the SO, concentration decreases.
This may be explained by more lignin condensation at the same
amount of delignification when the SO, concentration is lower.
This is supported by the observation that both the solid and
liquid phases at 3.0% SO, have a considerably more intense

brown colour than those produced at higher SO, concentrations.
Also it can be seen that at 3.0% SO, it is not possible to reach a
low lignin content of about 2 g/100 g original wood. The increase
of the importance of condensation at lower SO, concentrations is
understandable based on the knowledge that condensation
increases with increasing acidity and decreasing sulfonation,
while delignification increases with increasing SO, concentra-
tion. Since the acidities are rather similar during the bulk
delignification phase at the different SO, concentrations, it
follows that the importance of condensation increases at lower
SO, concentrations. Condensation may be the reason for the fact
that at 3.0% SO, the S/Cy ratio of the dissolved lignin is the same
at 60 and 220 min of fractionation, 0.16-0.17, although 12% (on
wood) of lignin is removed in between.>*
According to Richards and van Heiningen,*® the kinetics of
AS delignification can be described by the following equation:
L8 twenp( — ) LiglSOule -

= kLig lngl lSOzlfree

(3)
= kLig,obs lngl

where ky = pre-exponential factor for the delignification rate
constant, kijg, ko = (4.0 £ 0.8) x 10° L mol ! min™%; E, =
activation energy, Ex = 87.8 kJ mol !\ T= temperature, K; R =
gas constant, R = 8.314 ] mol ! K7L [SOs)free = free SO,
concentration (i.e. not in a form of HSO; ™), mol L™,

Therefore, at 135 °C for AS delignification ki, is equal to
(23 + 4) x 107* L mol" min~". This value is comparable to
the rate constant of SEW delignification, ki, of (18 + 1) x
1073 L mol™! min~!, and thus provides further confirmation
that SO, is the sulfonating species. It also is indirect evidence
that the “bulk’ delignification rate constants are not affected by
condensation.

Both sulfonation and delignification rates increase consider-
ably slower at the highest SO, concentrations (12-27%).
Therefore a physicochemical explanation for a heterogeneous
reaction system was considered in which the reactant (SO,) first
adsorbs on the active lignin site (a-carbon) before sulfonation
takes place. The overall rate of such a process would be
dependent on the amount of the available reaction sites and
could be written following Langmuir-Hinschelwood kinetics as:

kvig[Lig][SO,]

d[Lig]_
dt  1+4a[SO,] @

where a = an empirical constant, L mol .

Table 3 SEW fractionation rate constants: bulk delignification and the second phase for the hemicelluloses removal and cellulose hydrolysis (eqn (2),

(5) and (6)), min~!

Del1gn1f1cat1on Mannan removal Xylan removal Hemicelluloses removal Cellulose hydrolysis
[SO,] in original liquor (%) 10% Lig.obs 10°kngan 10%kxy1 10%kpiemi 10%ce
3.0 7.91 2.56 2.80 2.97¢ 1.14
6.0 16.1 4.15 3.56 3.78¢ 1.36
12 30.9 8.46 6.91 8.95¢ 1.45
18 36.5 n.m. n.m. 10.0° 1.72
27 44.9 n.m. n.m. 14.6" n.m.

“ Hemicelluloses content of the solid residues is measured by acid hydrolysis HPAEC-PAD and acid methanolysis GC-FID.>* ® Hemicelluloses

content is calculated by subtracting cellulose (assumed to be totally retained in the solid phase) and lignin content from the yield.

measured.

‘n.m. = not
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By plotting the inverse of the observed delignification rate
constant, kg obs, vS. the inverse of SO, concentration (Fig. 2b)
the value for @ of 0.145 L mol ! was obtained. Therefore the
term a[SO,] in the denominator equals to 0.06, 0.26 and 0.62 for
SO, concentrations of 3.0, 12 and 27%, respectively. This
explains that at concentrations lower than 12% the kinetics are
apparently first order in SO,.

3.2.4 Delignification mechanism. According to Higglund,*
sulfite delignification is a consecutive process of fast sulfonation
followed by slow hydrolysis and dissolution of the sulfonated
lignin. Since the acidity of the liquid phases at different SO,
concentrations differs by less than 0.1 pH unit at the same degree
of delignification (Table S1, ESIY), hydrolysis does not explain
the decreasing SEW delignification rate at lower SO, concentra-
tions, unless condensation is responsible for the substantial
decrease in the rate. On the other hand, it is evident from Fig. 1c
that at the same lignin removal, the S/Cy content of the residual
lignin is higher at higher SO, concentrations. A possible
explanation for the higher S/Cy ratio at higher SO, concentra-
tions seen in Fig. lc is that the rate of removal of sulfonated
lignin by diffusion out of the fibre walls affects the amount of
sulfonated lignin in the fibre wall. The rate of diffusion of
dissolved sulfonated lignin out of the fibre wall is governed by its
low effective diffusion coefficient in the fibre wall. In the
present SEW experiments the cook is ended by rapid cooling.
The low temperature greatly reduces the effective diffusion
coefficient of the sulfonated lignin®**! and thus “lock-in” the
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residual sulfonated lignin in the fibre wall. Thus it appears that
the rate of lignin dissolution is both controlled by the reaction of
SO, with lignin and to a lesser extent by diffusion of sulfonated
lignin out of the fibre wall.

3.2.5 Cellulose hydrolysis and corresponding delignification
selectivity. It was observed that cellulose is completely retained in
the solid phase at 135 °C at 3.0, 6.0 and 12% SO, in the original
liquor.* Nonetheless an extensive hydrolytic cleavage of the
cellulose chains occurs. A good measure of the extent of cellulose
hydrolysis is the intrinsic viscosity of the solid residue dissolved
in CED when this measurement is done shortly after the air-
dried unbleached pulps have been produced.

It can be seen in Fig. 3a that the intrinsic viscosity is lower at a
particular kappa number (measure of lignin content of pulp) at
lower SO, concentrations. Thus the selectivity of delignification
may be improved substantially by increasing the SO, concentra-
tion. This behaviour is similar to the selectivity response of AS
delignification to the free SO, concentration.*®

The viscosity-average cellulose DP, being close to the weight-
average DP, was calculated from the intrinsic viscosity using the
empirical eqn (1) which also accounts for the cellulose and
hemicelluloses content of the solid residues. The plot of the
reverse DP vs. fractionation duration is shown in Fig. 3b. At a
particular initial SO, concentration the points lie on a straight
line which proves indirectly that the acidity of the solid phase
does not change significantly after the fibre liberation point as
discussed in the previous section and as supported by the pH
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Fig. 3 Cellulose hydrolysis in SEW fractionation: (a) solid residue intrinsic viscosity vs. kappa number; (b) the inverse of cellulose DP vs. fractionation
duration; (c) the inverse of cellulose DP vs. decimal logarithm of residual lignin.
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values measured for the liquid phases (Table S1, ESIY).
Therefore the rate of cleavage of the cellulose chains should be
proportional to the hydroxonium cation concentration as
described by the following equation, Emsley and Stevens:>?

1 1

ﬁ*DiPO :kéel[H:‘,O-F]l:kCe]t (5)

DPy = cellulose DP in the original spruce; k'ce; and kce = real
and composite cellulose hydrolytic cleavage rate constants.

Also, since the slopes of these lines (i.e. ke, Table 3) increase
only 50% when increasing the SO, concentration 6 times, it
means that the SO, concentration does not directly affect the
rate.

The straight lines for 12 and 18% SO, in the original liquor are
almost identical and pass through the point (r = 9 min, DP =
10 000) corresponding to the weight-average DP of spruce
cellulose®™ at the equivalent heat-up time. At lower SO,
concentrations on the other hand a certain delay period is seen
prior to steady-state cellulose hydrolysis. To explain this
phenomenon, the inverse of the cellulose DP is plotted in
Fig. 3c vs. the decimal logarithm of the residual lignin. The linear
fits correspond to the bulk delignification phase data and the
slope is equal to 2.303kcei/kLigobs. The increase in the slope at
lower SO, concentrations corresponds to increased cellulose
hydrolysis relative to delignification, i.e. diminished selectivity. It
can be seen that the straight lines for the SO, concentrations of
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3.0, 6.0 and 12% cross at a residual lignin content of 7-8% on
wood. Since the original wood contains 28% lignin, this may be
interpreted that during the initial phase of delignification the
lignin protects cellulose from hydrolytic attack, and the cellulose
DP decreases at the same rate at all SO, concentrations until 7—
8% on wood of residual lignin is left. Interestingly this lignin
content corresponds to the fibre liberation point. Considering
the much larger size of cellulytic enzymes (~ 5 nm) compared to
hydroxonium ions, this implies that for efficient enzymatic
hydrolysis lignin has to be removed at least to this level
corresponding to the fibre liberation point.

3.2.6 Hemicelluloses removal and corresponding delignification
selectivity. At a particular kappa number (Fig. 4a) an increasing
SO, concentration leads to an increase in the solid residue yield
due to increased hemicelluloses retention. This response of SEW
delignification selectivity (with respect to hemicelluloses
removal) to SO, concentration is again similar to the response
of AS delignification to free SO, concentration.*3?

The decimal logarithms of mannan and xylan content of the
solid residues are plotted vs. cooking duration in Fig. 4b and c,
respectively. It can be observed that dissolution of the
polysaccharides proceeds in two phases. In the first (initial)
phase more than half of mannan and xylan is dissolved relatively
quickly, while in the second phase their dissolution follows linear
trends which includes delignification beyond the fibre liberation
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Fig. 4 Hemicelluloses removal in SEW fractionation: (a) solid residue yield vs. kappa number; (b) decimal logarithm of residual mannan vs.
fractionation duration; (c) decimal logarithm of residual xylan vs. fractionation duration; (d) decimal logarithm of residual hemicelluloses content vs.

decimal logarithm of residual lignin.
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point. The latter is occurring at a lignin content of 7-9% on
wood but at different mannan and xylan content for different
SO, concentrations. Furthermore, the lower the SO, concentra-
tion in the original liquor, the longer is the first phase and more
hemicelluloses are removed in this phase.

The linear trend of the second phase can be interpreted in
terms of the following equation*® with the slopes being
proportional to the hemicellulose dissolution rate constants
(ktemi» given in Table 3):

- @ = Ko [Hemi] [H30 ] = kygemi [Hemi] (6)
where [Hemi] = residual hemicelluloses, g/100 g wood; k'Hemi
and kpem; = real and composite hemicelluloses removal rate
constants.

Although the rate constants are substantially lower at lower
SO, concentrations, still at lower SO, concentrations more
hemicelluloses are dissolved when reaching the fibre liberation
point. So the overall effect of SO, concentration on the
hemicellulose dissolution is smaller than on delignification, and
explains the appreciable difference in yield selectivity at different
SO, concentrations as shown in Fig. 4a. This is explained by the
same facts as given earlier for the effect of SO, on cellulose
degradation: the acidity is similar at different SO, concentra-
tions, while delignification increases nearly linearly with SO,
concentration.

Further insight in the fractionation process is obtained when the
hemicellulose retention is plotted vs. residual lignin content in
Fig. 4d. In this case also two phases are observed but now both
follow a linear behaviour with the slope being equal to the ratio of
the rate constants Kyemi/kLig,ons- During the initial phase (residual
lignin 27.7 to 16% on wood) the relative hemicellulose dissolution
rate is obviously not dependent on the SO, concentration. This
may be interpreted that during this phase hemicellulose removal
and delignification are linked. Since delignification is first order in
lignin from the very beginning of fractionation up to the end of
bulk delignification this suggests that delignification governs the
first phase of hemicellulose dissolution whereby half or more of
the mannan and xylan are dissolved. In effect the solubilised lignin
carries the hemicellulose with it in the form of lignin-carbohydrate
complexes. On the other hand, during the second phase below
16% residual lignin the hemicellulose dissolution proceeds at lower
rates relative to delignification at higher SO, concentrations.

Mannan is removed somewhat faster than xylan in the initial
phase as well as in the second phase at 6.0 and 12% SO, (see
Table 3). It can be noted also that the ratio knan/kxyi for the
second phase increases with increasing SO, concentration. The
observed behaviour is contrary to the about 1.5 times higher acid
hydrolysis rate found™® for xylose glycosides compared to that
for mannose glycosides. It also contradicts the higher relative
retention of glucomannan in acid sulfite paper-grade pulps
compared to 4-O-methylglucuronoxylan.’”*® However, the
same behaviour was observed for spruce AS dissolving pulp.*¢
This can be explained by the fact that the reactivity of the wood
polymers does not directly correspond to that of the correspond-
ing methylglycosides in a homogeneous solution. It is known
that dissolved xylan is considerably stabilised by side
4-O-methylglucuronic acid units against acid hydrolysis both in
AS and SEW cooking. On the other hand, the high wood

glucomannan stability in AS cooking can be attributed to
“crystallisation” onto cellulose. The latter effect is dependent on
the conditions at the beginning of the treatment, and the highest
retention is observed when deacetylation and removal of the
galactose side units is accomplished at mild conditions without
major hydrolysis of the glycoside bonds of the glucomannan
backbone. On the other hand, it is said that crystallisation of
xylan is hindered** by the presence of uronic acid side units, and
for softwoods by a longer diffusion path since glucomannan is
mostly associated with cellulose, while xylan is more associated
with lignin.’

This is supported by the following observations: 1. very high
glucomannan yields in two-stage sulfite cooking with the first
stage being less acidic; 2. isolated galactoglucomannan is
hydrolysed faster than 4-O-methylglucuronoxylan.”

Thus it is possible that the conditions of SEW cooking
characterised by the absence of impregnation at low temperature
lead to a lower molecular weight of glucomannan which has a
lower tendency to crystallise onto cellulose. However, at lower
SO, concentrations residual mannan is more slowly degraded
possibly also due to protection by lignin in the same way as
cellulose is protected from acid hydrolysis, and thus can
crystallise more efficiently. The implication of the above
described hemicellulose removal is that enzymatic hydrolysis of
the residual solids at the same delignification below the fibre
liberation point (7-9% on wood) may be improved at higher SO,
concentrations despite the higher hemicellulose content because
less crystallisation of glucomannan onto cellulose has taken
place.

Conclusions

The SO,-ethanol-water (SEW) fractionation experiments per-
formed on spruce wood meal and chips revealed that:

« Diffusion of SO, into the wood is not a rate-limiting step.

» The effective acidities of the SEW and AS cooking systems
are similar, and the former is only slightly dependent on SO,
concentration and fractionation duration.

» The Donnan effect is of minor importance in SEW cooking.

» The effective acidity of the ethanol-AS cooking system is
very low leading to insignificant carbohydrate dissolution.

SEW delignification is characterised by the following:

« The sulfur accumulation rate is considerably higher in the base-
containing (AS and ethanol-AS) cooking systems compared to
that of base-free (SO,~water and SEW) cooking due to the higher
concentration (activity) of hydrosulfite anions in the former.

o There is no correlation between effective acidity and
sulfonation rate at the same free SO, concentration. This
suggests that the mechanism is not acid-catalysed substitution,
but perhaps nucleophilic addition of SO, to quinone methide.

« A direct correlation between lignin sulfonation and dissolu-
tion is absent. This fact favours the Hégglund’s consecutive
sulfonation-hydrolysis scheme with the latter reaction being
rate-determining.

» Lower lignin condensation is observed at higher SO,
concentrations and in the presence of a base. However,
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condensation does not seem to affect the rate of SEW bulk
delignification as it is similar to AS cooking at the same free SO,
concentration.

« The rates of both delignification and residual lignin
sulfonation increase linearly from 3.0 to 12% SO,, while at 18—
27% SO, this increase slows down considerably possibly due to
SO, adsorption saturation.

Carbohydrate hydrolysis/removal in SEW fractionation is
characterised by the following:

 Cellulose hydrolysis and hemicellulose dissolution occur in
two phases, initial and bulk. Cellulose hydrolysis is slower in the
initial phase (down to 7-8% residual lignin) than in the bulk
phase, while the opposite is true for the hemicellulose dissolu-
tion.

» During the initial stage both hemicellulose dissolution and
cellulose hydrolysis are determined by lignin dissolution and
independent of the fractionation conditions. It is suggested that
lignin—carbohydrate bonds are not yet substantially cleaved, and
about half of the original glucomannan and xylan are removed
together with lignin. In addition, lignin protects cellulose from
hydrolytic attack.

» The kinetics for the bulk phases of cellulose hydrolysis and
hemicellulose dissolution are zero order in the number of
glycosidic bonds and first order in residual hemicelluloses,
respectively.

« The rates of bulk cellulose hydrolysis are similar at 3.0-18%
SO, as the effective acidity is not much affected when the SO,
concentration is changed over this range.

e Glucomannan is removed faster than xylan in SEW
fractionation which is explained by limited stabilisation of the
former compared to that seen in AS cooking. The better
glucomannan dissolution is of interest when dissolved hemi-
celluloses are an important product as part of the fractionated
sugars. At the same time the lack of stabilisation of glucoman-
nan may improve enzymatic hydrolysis of the residual solids at
the same delignification below the fibre liberation point (7-9%
on wood).

« SEW delignification selectivity may be substantially
improved by increasing the SO, concentration which is similar
to the AS delignification selectivity response when the free SO, is
increased.
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Table S1. SEW fractionation of spruce chips.

Initial Solid residue properties pH of
[SO,] Fractionation vied Composition, % onwood  Intrinsic ”g:ﬁ d
inthe duration, % on1 Kappa viscosity Cellulose phase
liquor, min number - in CED, DP
% wood Lignin  Mannan Xylan mL/g (at
0°C)¢
Original wood (100) — 277 128 531 — — —
30 80.2 n.d. 19.9 7.13 3.20 n.d. — 1.23
60 68.7 n.d. 16.7 513 2.72 n.d. — 1.20
90 62.1 n.d. 11.6 4.27 2.34 n.d. — 1.15
120 61.5 n.d. 10.1 3.98 2.24 n.d. — 1.14
146 55.0 68.9 6.61 331 1.68 10402 5000 1.09
160 56.0 72.4 7.04 n.m. n.m. n.m. — n.m.
160 54.2 68.9 6.51 2.98 1.59 10102 4760 1.10
3.0 180 52.6 57.2 5.30 2.78 1.54 9362 4240 1.06
200 52.9 58.8 5.47 n.m. n.m. n.m. — n.m.
220 50.6 47.2 4.26 2.46 1.28 8692 3740 1.05
240 50.5 46.8 4.22 n.m. n.m. n.m. — n.m.
270 48.4 39.8 3.49 2.28 1.18 774 3140 1.05
280 50.1 45.4 4.07 n.m. n.m. n.m. — n.m.
320 475 374 3.24 1.95 0.99 628 2450 1.05
370 46.9 32.6 2.82 1.81 0.91 586 2230 1.02
30 76.8 n.d. 18.4 5.98 2.87 n.d. — 1.14
60 63.8 n.d. 12.1 450 243 n.d. — 1.10
90 555 72.8 7.02 3.79 1.89 1140° 5620 1.03
90° n.m. 76.7 — n.m. n.m. n.m. - n.m.
100 54.2 58.1 554 354 1.77 1100° 5260 n.m.
120 525 44,0 4.15 3.36 1.70 10502 4820 n.m.
120° n.m. 49.4 — n.m. n.m. n.m. - n.m.
6.0 140 499 34.4 3.15 2.97 1.49 937 4010 1.03
' 150° n.m. 33.0 — n.m. n.m. n.m. - n.m.
170 49.1 22.4 2.13 2.62 1.36 829 3440 n.m.
180° n.m. 21.2 — n.m. n.m. n.m. - n.m.
200 46.8 20.1 1.84 2.24 1.20 758 2960 0.98
210" n.m. 17.4 — n.m. n.m. n.m. - n.m.
240 46.9 19.0 1.77 2.09 1.13 698 2700 1.01
240" n.m. 15.0 — n.m. n.m. n.m. - n.m.
240" n.m. 15.3 — n.m. n.m. n.m. - n.m.
10 97.2 n.d. 26.80 11.7 523 n.d. — 1.15
20 80.8 n.d. 20.55 7.66 3.27 n.d. — 1.17
40 65.9 n.d. 13.25 4,95 2.59 n.d. — 1.00
40 65.0 n.d. — n.m. n.m. n.d. - n.m.
50 59.9 87.3 9.01 n.m. n.m. 1130° 6640 n.m.
60 56.4 64.7 6.59 3.99 2.20 n.m. — 1.00
12 60 56.3 62.5 6.16 n.m. n.m. 10902 5930 n.m.
70 53.6 435 4,18 n.m. n.m. 10902 5670 n.m.
80 51.6 335 3.30 3.39 1.88 n.m. — 0.96
80 51.2 29.4 2.81 n.m. n.m. 1060 5190 n.m.
80 51.8 32.2 3.08 n.m. n.m. 1080 5400 n.m.
100 48.4 20.2 1.90 2.86 1.67 n.m. — 0.94
100 48.4 17.0 1.66 n.m. n.m. 082 4500 n.m.
120 474 15.3 1.49 251 1.49 n.m. — 0.94
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120 479 9.1 1.02 n.m. n.m. 884 3950 n.m.
160 46.0 9.3 1.00 n.m. n.m. n.m. — 0.99
30 64.2 n.d. 12.2 n.m. n.m. n.d. - n.m.
40 55.4 n.d. 8.33 n.m. n.m. n.d. - n.m.
50 56.8 66.2 6.56 n.m. n.m. 12802 7190 n.m.
60 53.7 41.4 4,00 n.m. n.m. 1090 5680 n.m.
18 70 51.9 26.5 2.60 n.m. n.m. 1110 5540 n.m.
80 50.0 18.9 1.87 n.m. n.m. 1080 5190 n.m.
90 497 14.6 151 n.m. n.m. 1020 4850 n.m.
100 479 12.9 1.33 n.m. n.m. 970 4390 n.m.
110 47.2 11.4 1.19 n.m. n.m. 905 3990 n.m.
120 47.2 8.1 0.93 n.m. n.m. 848 3710 n.m.
30 64.4 n.d. — n.m. n.m. - - n.m.
40 59.1 78.8 8.06 n.m. n.m. 961 %¢ 5460° n.m.
o7 50 52.7 35.5 3.42 n.m. n.m. 872°¢ 4310° n.m.
60 51.0 25.7 2.48 n.m. n.m. 826° 3910° n.m.
70 491 16.8 1.67 n.m. n.m. 803° 3630° n.m.
80 48.1 115 1.22 n.m. n.m. 638° 2740° n.m.

The data for 12% SO, was partly published earlier.#*%

Lignin 3c;ontent of the defibrated solid residues (pulps) was calculated using formula[Lig] = 0.165xK appa
+0.63.

n.d. —non-defibrated solid residues; n.m. — not measured.

& The solid residues were delignified with NaClO,

® The data provided by Mr. Neraj Najar

¢ Air-dried unbleached solid residues prepared at 27% SO, were stored at room temperature for 6 weeks
before the viscosity measurement which could have affected the results. Other solid residues were
analysed within few days.

d pH of the fresh liquors are: 3.0% SO, — 1.23; 6.0% SO, — 1.13; 12% SO, — 1.00.



