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Abstract

SO,-ethanol-water (SEW) pulping is a promising fraction-
ation process for lignocellulosics to produce pulp and
value-added chemicals as a contribution to the concept
of forest biorefinery. The presence of SO, leads to dis-
solution of hemicelluloses in high yield mostly as mono-
meric sugars, while lignin becomes soluble through sul-
fonation. After lignin removal, the dissolved sugars may
be used as feedstock for fermentation to ethanol or buta-
nol. SEW pulping may be considered a hybrid between
solvent pulping (organosolv pulping by solvolysis) and
acid sulfite pulping. Absence of an inorganic base leads
to simplification of the recovery cycle. Furthermore, alco-
hol increases the impregnation rate of dissolved SO, into
wood, so that a separate impregnation phase is not nec-
essary. Also, the presence of SO, allows cooking of soft-
woods, while ethanol pulping is limited to hardwoods.
Thus, SEW pulping may be applied to a wide variety of
lignocellulosics at lower temperatures and similar cook-
ing times than those used in kraft pulping. In the present
study, SEW pulping experiments were performed on
spruce chips at cooking temperatures of 135-165°C with
a 12% SO, solution at a liquor-to-wood ratio of 6:1
| kg'. The effect of cooking temperature and time on
kappa number, yield, and intrinsic viscosity of the pulp
was determined. Based on these results, the kinetics of
delignification, hemicelluloses removal, and cellulose
hydrolytic destruction were established.

Keywords: biorefinery; cellulose degree of polymeriza-
tion; delignification; ethanol; kinetics; organosolv pulping;
sulfur dioxide.

Introduction

Kraft pulping became the preferred process in the last
seven decades because of its advantages in pulp quality,
efficient chemical recovery, and applicability to all wood
species. However, kraft-based pulp and paper mills in the

temperate-climate regions are presently under great eco-
nomic pressure due to competition from new producers
in tropical and subtropical regions, where the largest
possible units are established based on the latest tech-
nologies. The costs for wood and labor are low in these
regions. In temperate-climate regions, modified and
alternative pulping processes are needed which would
allow forest products companies to obtain additional
revenue from lignocellulosics besides the traditional
products (van Heiningen 2006). Another key driver for
innovative developments in this field is the concern about
climate change and the notion/legislation that renewable
fuels and chemicals derived from biomass are needed to
address this global problem.

In the past, the ALCELL pulping process was devel-
oped based on ethanol/water (1:1) as delignification
solution. This process already follows the biorefinery
concept as cellulosic fibers, hemicelluloses, and lignin
are obtained in separate streams. Other advantages are
a relatively simple chemical recovery and a higher pulp
yield. The ALCELL process is limited to hardwood pulp-
ing and requires high temperatures and pressures (Pye
and Lora 1991). Other organosolv processes (Acetosolv
and Acetocell, Formacell, Organocell, ASAM, Milox) have
also been explored. However, due to the problems relat-
ed to the feedstock (wood species, presence of silica,
moisture content, etc.), solvent losses and process dif-
ficulties (e.g., complex recovery operations), none of
these are presently commercialized.

S0O,-ethanol-water (SEW) pulping was introduced by
Schorning (1957). Later on, it was demonstrated that
ethanol concentration around 50% (by vol.) is optimal
and the concentration of SO, could be between 1% and
15%. Without the presence of a base, the initial pH is
approximately 1. The temperature range between 130°C
and 160°C was tested (Eliashberg et al. 1960; Primakov
1961; Primakov et al. 1979; Westmoreland and Jefcoat
1991). The chemistry of delignification is very similar to
that of acid sulfite pulping. By sulfonation, lignosulfonic
acids arise. Subsequently, the solid lignosulfonic acids
undergo solvolytic destruction resulting in dissolution of
lignin fragments (Tsypkina et al. 1981; Vishnevskaya et
al. 1981; Kushko and Primakov 1984). It is known that
the solubility of lignosulfonic acids in ethanol is several
times higher than that in water (Primakov et al. 1979).
However, the main role of ethanol is to facilitate impreg-
nation of SO, into the chips. The pH of the pulping
solution decreases with time because of the formation
of strong lignosulfonic acids. The presence of ethanol
reduces the acidity somewhat, thereby reducing the
carbohydrates hydrolysis.

SEW pulping can also be considered as fractionation
process for the biorefinery concept by separating the
feedstock into: (1) cellulosic fibers and (2) mostly unde-
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graded monosugars from hemicelluloses, and (3) low-
sulfonated lignin precipitates obtained from the sugar
solution when ethanol is evaporated. Additional treat-
ment of the ethanol-free spent liquor leads to precipita-
tion of (4) higher-sulfonated lignin. Recovery of the
pulping chemicals (SO, and ethanol) is possible by sim-
ple distillation and washing due to the absence of a base
(Mg, Na, etc.). The absence of bisulfite in the pulping
liquor explains the limited degradation of the dissolved
sugars, and decrease in sulfur consumption compared to
sulfite pulping (Primakov and Barbash 1989). Ethanol
does not take part in the delignification reactions and can
almost totally be recovered (Primakov et al. 1979).

The SEW process permits the cooking of softwoods,
such as spruce and even pine. The monomeric sugars
set free can be fermented to alcohols (ethanol, butanol,
etc.) and acids (succinic acid, lactic acid, etc.). The
advantage of SEW over the traditional acid sulfite pro-
cess, which can also be classified as biorefinery fraction-
ation, is that the presence of ethanol leads to fast
impregnation of the chips so that the impregnation phase
may be eliminated. Like sulfite pulp, SEW pulp is very
bright and more easily bleached than kraft pulp.

Of course, the SEW pulping also has disadvantages.
The pulp quality is similar to that of sulfite pulp (Eliash-
berg et al. 1960), which primarily means lower tear
strength than that of kraft pulp. The efficiency of ethanol
recovery from the pulp suspension must also be very
high to minimize costly ethanol losses. Other drawbacks
include flammability of ethanol, corrosiveness of the
liquor, and potential sulfur dioxide losses to the atmos-
phere. These disadvantages prevented commercial
implementation in the past. However, with the renewed
interest in the biorefinery concept, and the potential of
the SEW process to fractionate all lignocellulosic bio-
mass, including agricultural and municipal waste, further
investigation of the fundamental chemical kinetics of this
fractionation process is needed.

In the present study, the kinetics of SEW pulping of
spruce are determined in terms of delignification, hemi-
celluloses removal, and cellulose hydrolytic destruction.

Experimental

The pulping liquor was prepared by injecting gaseous sulfur
dioxide into ethanol/water (1:1, v/v). Deionized water and ethanol
ETAX A (96.1 v/v%) were used. The concentration of SO, in the
liquor was 12% (by weight). A total of 25 o.d. g of screened
(// 2—4 mm) air-dried spruce chips and liquor at a liquor-to-wood
ratio of 6 | kg™' were placed in 220 ml bombs. Heating was done
in silicon oil bath at temperatures 135°C, 145°C, 155°C, and
165°C (£ 1°C). After rapid quenching in cold water, the pulp was
removed from the bombs and placed into a washing sock. After
squeezing the spent liquor, the pulp was washed several times
with 50 ml of the solvent at 60°C and finally two times with
500 ml of deionized water at room temperature. The resulting
pulp was analyzed for yield, kappa number by SCAN-C 1:00,
and intrinsic viscosity in cupriethylenediamine (CED) solution
using SCAN-CM 15:99. Pulps with a kappa number higher than
35 were exposed to chlorite delignification prior to viscosity
measurement according to T230 om-66. The pulp yield was
determined with a reproducibility of =0.3% based on the orig-
inal wood weight.

The pulping conditions for establishing the washing procedure
were 145°C, 40 min pulping time and 12% SO,. The solvents
studied were water, ethanol/water (4:6 and 7:3, v/v) and dioxane/
water (9:1, v/v). The washing efficiency was optimized based on
kappa numbers of the pulps obtained. Additional cooking experi-
ments were done with chips fractions // 6-8 mm and // 2-4 mm
to compare pulp properties. For these experiments, a different
batch of spruce chips was used.

Results and discussion

Effect of pulp washing and chip thickness

An effective washing procedure is a prerequisite for reli-
able pulping kinetics. Hemicelluloses are better removed
with polar solvents (water) and lignin with less-polar
solvents (dioxane, ethanol, etc.). As a compromise,
washing was performed with ethanol/water mixtures.
Ethanol warrants an easy recovery of the pulping liquor.
Washing with dioxane/water (9:1) was tested to deter-
mine the maximum amount of lignin which could be
removed from the pulp, as this mixture is well known to
be an excellent lignin solvent (Browning 1967). Table 1
summarizes the washing experiments. It shows that
washing with water does not remove all the dissolved
lignin, while washing with ethanol/water solution results
in nearly the same kappa number as obtained with diox-
ane/water washing. There is no significant difference in
kappa numbers when washed in ethanol/water solutions
(4:6 or 7:3), and no further improvements are obtained
after the second stage of washing. Thus, in the subse-
quent experiments, the pulp was washed twice with
50 ml of ethanol/water (4:6) at 60°C followed by washing
twice with 500 ml water at room temperature.

As sulfite plants practically operate with chips of thick-
ness up to 8 mm, the impregnation rate of relatively thin
(// 2-4 mm up to // 6-8 mm) chips should be investigated
in terms of the properties of resulting pulps (Table 2). It
is obvious that the pulp properties are not affected by
chips thicknesses in the range indicated.

Delignification kinetics

Table 3 shows the kappa numbers of pulps obtained at
different temperatures and total elapsed cooking times
(including heat-up time being ~10 min). Obviously, the

Table 1 Comparative washing of the spruce pulps obtained
by SO,-ethanol-water (SEW) pulping (145°C, 40 min).

Solvent washing at 60°C Watgr
washing Kappa
Solvent Frequency at 20°C number
- - Twice 49.4
- - Thrice 40.5
Water Twice Twice 48.1
Ethanol/water (4:6) Once Twice 36.4
Ethanol/water (4:6) Twice Twice 35.6
Ethanol/water (4:6) Thrice Twice 35.7
Ethanol/water (7:3) Once Twice 40.2
Ethanol/water (7:3) Twice Twice 34.8
Ethanol/water (7:3) Thrice Twice 35.6
Dioxane/water (9:1) Thrice Twice 34.2
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Table 2 Influence of chip thickness on spruce
SO,-ethanol-water (SEW) pulping (80 min at

135°C).

Chip Pulp properties
thickness Yield Kappa Viscosity [ ]2
(mm) (%) number (ml g)
2-4 52.2 36.1 1050
6-8 51.2 35.7 1042

6-8 51.5 36.5 -

antrinsic viscosity in CED.

delignification proceeds very fast. At the lowest temper-
ature (135°C) a pulp with 30 kappa number is obtained
in 80 min. At 165°C, such a pulp is obtained with a cook-
ing time between 15 and 20 min.

The delignification kinetics is first order in terms of lig-
nin removal, as the main reactions of lignin follow the
monomolecular nucleophilic substitution S, 7 mechanism
(Figure 1, Sixta et al. 2006, p. 409):

d [L/g]

T =K DILigHH,0 =

kuo(DILig], )

where [Lig] - lignin content of pulps,% based on original
dry wood; t - duration of pulping, min; k',,, and k,, — real
and composite (includes proton concentration) delignifi-
cation rate constants; T - temperature, K; [H,0"] -

i
O~y H. @ _C,
OR] ® [R] Rate-limiting
step SO,
— RS
-HOH
OCH; CH;  [HOR]
0
2
H s 502 @ H
0
| H,0
—_ e H _>_
-H,0®
OCH; OCH; OCH;
O

Figure 1 S, 7 mechanism for the sulfonation of lignin: the rate-
limiting step is dissociation of the oxonium cation to produce
the carbocation.

concentration of H,O ™" in the solution; a and b - reaction
orders in lignin and H,O . The simplification of the right-
hand side of Eqg. (1) by assuming a constant proton
concentration during pulping is justified due to the high
concentration of the sulfur dioxide in the liquor.

The pulp lignin content (% based on original wood)
was calculated by Eq. (2):

[Lig]=0.21Yk, @)

where Y — pulp yield,%; k — pulp kappa number.

Table 3 Pulping kinetics data of spruce wood by SO,-ethanol-water (SEW) pulping.

Pulp characteristics

Cellulose
Duration of Hemicelluloses Intrinsic degree of
Temp. pulping Kappa Lignin Lignin free content? viscosity in polymerization
(°C) (min) Yield, (%) number  content? (%) yield (%) (%) CED, (ml g7) (DP)
40 65.0
50 59.9 87.3 11.0 48.9 8.90 1128 6657
60 56.3 62.5 7.40 48.9 8.90 1085 5943
135 70 53.6 43.5 4.90 48.7 8.70 1094 5677
80 51.2 29.4 3.10 48.1 8.10 1058 5197
80 51.8 32.2 3.50 48.3 8.30 1083 5404
100 48.4 17.0 1.70 46.7 6.70 982 4501
120 47.9 9.1 0.90 47.0 7.00 884 3949
25 62.3
30 57.9 76.9 9.30 48.6 8.60 1086 6140
35 53.1 52.5 5.80 47.3 7.30 1020 5202
145 40 51.1 35.6 3.80 47.3 7.30 1089 5364
40 51.7 38.8 4.30 47.4 7.40 1007 4978
50 48.4 17.4 1.80 46.6 6.60 875 3952
60 46.9 10.5 1.00 45.9 5.90 776 3340
15 66.6
20 55.7 76.2 8.90 46.8 6.80 1001 5379
25 49.9 29.1 3.00 46.9 6.90 904 4241
155 30 471 17.2 1.70 45.4 5.40 784 3395
30 47.3 14.3 1.40 45.9 5.90 744 3213
40 44.7 8.1 0.80 43.9 3.90 554 2176
50 42.8 6.4 0.50 42.3 2.30 438 1602
10 74.3
15 54.3 68.4 7.80 46.5 6.50 948 4922
165 20 46.5 16.0 1.60 44.9 4.90 671 2815
25 43.7 7.4 0.70 43.0 3.00 458 1721
30 42.7 6.5 0.60 421 2.10 353 1255
35 41.7 5.4 0.50 41.2 1.20 295 1004

aBased on wood.
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The coefficient 0.21 was found by comparing the
kappa number and Klason lignin content of some pulps.
By plotting the natural logarithm of the lignin content
(% based on wood) versus cooking duration, two phases
of delignification can be observed at 155 and 165°C: bulk
and residual (Figure 2). Residual delignification occurs
when lignin content of pulp drops below 1% (b.o. wood).
From the slopes of the bulk delignification linear plots,
the delignification rate constants were calculated for dif-
ferent temperatures (Table 3). The delignification rate of
kraft pulping at 170°C (k=0.04 min-' at 1 N NaOH; Sixta
et al. 2006, p. 204) is comparable to that of SEW pulping
at 135°C.

The Arrhenius equation was applied to establish the
dependence of pulping reactions rate constants on
temperature:

dink E,

dT  RT?’ ®
where k - rate constant of the particular reaction at fixed
temperature; E, — activation energy for this particular
reaction, kd mol'; R — gas constant, R=8.314 J mol" K.

An activation energy of 114 kJ mol' was calculated
(Table 4) by plotting the natural logarithm of the deligni-
fication rate constant versus the inverse of the temper-
ature using the data of cookings at 135°C, 145°C, and
155°C. This value is lower than that of kraft delignification
(134 kd mol-, Vroom 1957) but higher than that of acid
sulfite delignification (88 kJ mol, Richards and van
Heiningen 2004).

Kinetics of hemicelluloses removal

The development of the pulp yield during pulping is
shown in Table 3 and Figure 3. At kappa number 30, the
yield is 51.5% at 135°C. The yield at constant kappa
number decreases with increasing temperature because
of the higher rate of hemicelluloses removal compared to
delignification. The higher pulp yield (at levels of similar
kappa numbers) than that of kraft pulp (~46% for kappa
number 30; Sixta et al. 2006, p. 289) may be explained
by the absence of carbohydrates peeling-off reactions
and higher retention of hemicelluloses due to the rela-
tively short pulping time.

2.5+
2.0+
1.5+
A
1.0+
0.5+
O_
[ ]
v
v [ ]

In ([Lig])

-0.5

T T T T T T T T T T T T
0 10 20 30 40 350 60 70 80 90 100 110 120

Time (min)

Figure 2 Natural logarithm of lignin content of pulps, % on
wood {In([Lig])}, versus pulping duration (): A, 135°C; &, 145°C;
W, 155°C; V, 165°C.

Table 4 Kinetics of spruce pulping by the SO,-ethanol-water
(SEW) process: reaction rate constants and activation energies.

Reaction rate constants at different
temperatures, min-

Cellulose
Hemicelluloses hydrolytic
Delignification losses destruction
K gx10° R? Kpjomi X108 R2 K, x108 R2

135°C 35.7 0.99 4.43 0.83 1.45 0.99
145°C 74.7 0.99 11.2 0.92 4.58 0.96
155°C 171 0.98 38.0 0.95 14.9 0.99
165°C 241 0.97 84.5 0.99 40.5 1.00

Activation energies, kd mol!
EA(Lig) R2 EA(Heml) R? EA(CeI) R2
114 1.00 150 0.99 166 1.00
Re?, pair correlation coefficient.

60
58

»

56 4 -
54 v

52 &
50

Y (%)

48 A
46
44

42

40 )

Figure 3 Pulp yield (Y) versus kappa number (k): A, 135°C;
<, 145°C; W, 155°C; V, 165°C.

The main hemicelluloses dissolution reaction is acid
hydrolysis following an S,7 mechanism, so the kinetics
of hemicelluloses removal from pulp can be expressed
by the equation:

(AIRemL .. (Hemiy [H,0*)

dt
=kHemi (T) [Heml] ’ (4)

where [Hemi] — hemicelluloses content of pulp, % based
on original wood; k', and k.., — real and composite
rate constants for hemicelluloses removal; ¢ and d -
reaction orders in hemicelluloses and H,0™*.

The hemicelluloses content of pulps was calculated by
subtracting the contents of cellulose and lignin from the
pulp yield. Cellulose was assumed to be totally retained
in the pulp because of its high resistance to acid hydrol-
ysis and the random nature of the hydrolytic cleavage
reaction. The natural logarithm of the hemicelluloses
content (% b.o. wood) was plotted versus cooking time
(Figure 4). The reaction rate constants were calculated
from the slopes of the straight lines (Table 4). Figure 4
reveals that the correlation lines obtained at the different
temperatures converge at a hemicelluloses content of
around 11% (b.o. wood). Therefore, it may be concluded
that a part of the hemicelluloses dissolves very fast in the
SEW solution during the heat-up period. This fast dis-
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Figure 4 Natural logarithm of hemicelluloses content of pulps,
% on wood {In((Hemi)} versus pulping duration (f): A, 135°C;
<&, 145°C; A, 155°C; V, 165°C.

solution likely includes the cleavage of galactose side
units and deacetylation of glucomannan.

According to the Arrhenius Eq. (3), the activation ener-
gy of hemicelluloses dissolution was calculated to be
150 kd mol* (Table 4). The higher value of the activation
energy for hemicelluloses losses in comparison to that of
delignification implies that with increasing temperature
the delignification selectivity (=k,/K..) decreases: at
135°C kio/Kpemi=8.1, while at 165°C k,,,/ky..,=2.9. This
explains the lower yield at higher temperature and at the
same kappa number level.

Kinetics of cellulose hydrolytic destruction

The selectivity plot in Figure 5 and the data in Table 3
show that the intrinsic pulp viscosity remains high down
to a kappa number of approximately 30 (at 135°C a
30 kappa number pulp has an intrinsic viscosity around
1050 ml/g).

Under acid conditions, protons randomly attack the
glycosidic bonds along the cellulose chains leading to a
rapid decrease in the average degree of polymerization
(DP) of cellulose. However, because the DP of the
degraded cellulose chains is still in the order of 1000,
cellulose is retained in high yield in the pulp. The hydro-
lytic attack proceeds again via the S,7 mechanism, so

1200 -
1100 S

»
»

1000 x .

900 2 al

800 =
700
600
500

[n] (ml/g)

400

300

200 1

Figure 5 Intrinsic viscosity of pulp ([n]) versus kappa number
(x): A, 135°C; <, 145°C; B, 155°C; V, 165°C.

the kinetics of this process could be expressed by the
equation:

an

) E zklce/ (T)ne [Hso+]f=k0e/ (T)n! (5)

where n — the number of glycosidic bonds in all cellulose
chains, k'c,, and k., — real and composite cellulose
hydrolytic destruction rate constants; e and f — reaction
orders.

The number of glycosidic bonds in one cellulose chain
is equal to the number of glucose units in this chain
minus one, so for M cellulose chains the number of
glycosidic bonds, n, is (Emsley and Stevens 1994):

n=N—M=N[1-#J, (6)

where N - total number of glucose units in cellulose;
M — number of cellulose chains.

By inserting Eq. (6) in Eq. (5) and integration of Eq. (5)
we obtain the following equation:

-In(1 - # j =k, (Tt +const (7)

Since DP»1, the cellulose degradation kinetics simpli-
fies to a zero order expression:

1
DP =Ko (Tt +const (8)

The cellulose DP can be calculated from the intrinsic
viscosity of pulp solutions in CED by Eqg. (9) (da Silva
Perez and van Heiningen 2002):

DP = ( 1,65[ n]-776[Hemi] . )1.111’ o

[ Ce/ ] pulp

where [7] - intrinsic viscosity of pulps in CED, ml/g;

[Hemi],,,, — hemicelluloses content of pulp, unit fraction;
[Cell,.,, — cellulose content of pulp, unit fraction.
104
9
8_
7
El?
_‘><
5 %
44
34
2
14
o+
0 10 20 30 40 50 60 70 80 90 100 110 120
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Figure 6 Inverse cellulose degree of polymerization (DP-")
versus pulping duration (f): A, 135°C; <, 145°C; M, 155°C;
V, 165°C.
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The inverse of the cellulose DP was plotted versus
cooking time (Figure 6). The reaction rate constants were
calculated from the slopes of the straight lines (Table 4).
The intersection of the lines corresponds to the DP of
cellulose in the native spruce (around 10 000).

According to the Arrhenius Eq. (3), the activation ener-
gy of cellulose hydrolytic cleavage was calculated to be
166 kJ mol', which is within the known range of the acti-
vation energies for cellulose acid hydrolysis (160-180 kJ
mol-") (Table 4). The selectivity of delignification relative
to cellulose hydrolytic cleavage (=k,,/k..) decreases
with increasing temperature as a consequence of the
high activation energy for the latter reaction: at 135°C
K.o/kce=25 000, while at 165°C K, ,/kc,,=6000.

Conclusions

1. The presence of ethanol allows fast impregnation of
SO, into the chips irrespective of chip thickness over
the range of 2-8 mm.

2. SEW pulping enables the production of pulp in a very
short time (starting from 15-20 min including heat-up
time). At 135°C, the delignification rate is close to that
of conventional kraft pulping at 170°C.

3. The pulps have a higher yield compared to kraft pulps
of the same kappa number due to higher hemicellu-
lose retention. The average DP of cellulose remains
high down to a kappa number of around 30.

4. The rate constants of the main pulping reactions —
delignification, hemicelluloses removal, and cellulose
hydrolytic destruction — were calculated at different
temperatures. The activation energies for these reac-
tions were obtained. Based on these values one can
conclude that higher yield and higher cellulose DP
pulps are obtained at lower cooking temperatures.
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