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ALKALINE SULPHITE ANTHRAQUINONE PULPING
OF CAUCASIAN SPRUCE (PICEA ORIENTALIS L.) CHIPS
WITH ADDED SODIUM BOROHYDRIDE AND ETHANOL

The study determined and compared the yield, viscosity, and chemical and physi-
cal properties of the pulps obtained as a result of Alkaline Sulfite—Anthraquinone
(AS-AQ) pulping of Caucasian spruce wood with and without the addition of so-
dium borohydride (ASAB process) and ethanol (ASAE). It was found that the ad-
dition of ethanol to the AS-AQ pulping had a favourable influence on the screened
yield and kappa number of the pulps. The addition of NaBH, to the AS-AQ pulping
in general also had a favourable influence on these pulps’indices, provided that the
amount added was not higher than 1-2% and the time of pulping was 180 mins. The
higher yield of the ASAE pulps resulted from the higher retention of both cellulose
and hemicelluloses, while the higher yield of ASAB pulps resulted from the higher
retention of hemicelluloses and lignin. Regarding the AS-AQ pulping conditions,
a distinct negative effect of modification on the viscosity of the pulps was observed
in the case of the NaBH,  additions to this pulping process. The viscosity reduc-
tion was, however, lower with extended pulping time. The static strength properties
(tensile index and burst index) of the ASAB and ASAE pulps were in general lo-
wer than the AS-AQ pulps. In the case of the tear index, the tendency was similar.
The addition of ethanol and especially NaBH , to the AS-AQ pulping had a distinctly
unfavourable influence on the whiteness and brightness of the pulps.

Keywords: spruce wood, alkaline-sulfite-anthraquinone pulping, additives, sodium
borohydride, ethanol, pulp evaluation

Introduction

In recent years, the issue of research and development based on eco-friendly tech-
nologies has been one of the most widespread subjects in the pulp and paper in-
dustry as well as other subject areas. For a long time, the Kraft (Sulphate) pulping
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process has been the most widely-used process in the world for the production of
pulp from wood. Despite there being several advantages in the process, problems
such as low pulp yield and high consumption of bleaching chemicals to reach lo-
wer kappa numbers, plus the additional issue of bad odour, still remain.

In the late sixties and early seventies, a more eco-friendly pulping process
”Alkaline Sulfite (AS)” was developed as an alternative to the Kraft process
[Ingruber, Allard 1970; Ingruber et al. 1971; Virkola et al. 1981; Patt et al. 1998;
Sixta et al. 2006]. AS pulping is a cooking process in which the cooking liquor
is mainly made up of NaOH and Na,SO, with a cold cooking pH of 10.0-13.5.
Investigations of AS pulping have indicated that it is possible to obtain Kraft-like
pulp properties in terms of the pulping yield, unbleached brightness and especially
bleached pulp strength and also reduce the odour problems associated with the
Kraft process [Hauki, Reilama 1982; Ingruber et al. 1982; Gullichsen, Fagelholm
1999]. However, the AS pulping process had some disadvantages such as lowered
rates of delignification at a high chemical charge and decreased pulping yield
in the same kappa number range compared to that of the Kraft pulping process.
To reach the delignification rate of the Kraft pulping process, the proportion of
sodium hydroxide in the AS cooking liquor was increased, but the yield of the AS
pulping process diminished as a result of carbohydrate degradation in stronger
alkaline pulping conditions [Sixta et al. 2006].

In all types of alkaline pulping conditions, two dominant reaction types
occur upon cellulose chains [Fengel, Wegener 1989]: The Alkaline Hydrolysis
and Peeling-off Reactions. Generally, the degree of polymerization (DP) of poly-
saccharide is affected mostly by the alkaline hydrolysis. The peeling-off reactions
begin from so-called Reducing End Groups (REG), which are at the end of cel-
lulose chains and have reactive aldehyde carbonyl groups [Lai 2001; Sixta et al.
2006; Henriksson, Lennholm 2009]. The new REGs on cellulose chains are also
created as a result of the cleavage of glycosidic bonds during alkaline hydrolysis
reactions. Therefore, the REGs of cellulose chains must be stabilized against un-
desirable alkaline reactions. Stabilization of REGs can be recognized in different
ways: oxidation, reduction or derivatization [Testova et al. 2014].

During the eighties, the addition of anthraquinone (AQ) and related com-
pounds to the alkaline pulping process opened up new possibilities for developing
novel processes. Many studies have revealed that with the addition of AQ, the
efficiency and selectivity of delignification by oxidation improve. Compared to
the Kraft process, the AQ in AS-AQ pulping under alkaline conditions behaved
selectively, providing both a higher yield and viscosity at a given kappa number
[Virkola et al. 1981; Kettunen et al. 1982].

In order to improve pulp properties, the AS-AQ pulping was modified by ad-
ding methanol (ASAM) or ethanol (ASAE) to replace 50% of the water in the
cooking liquor [Patt, Kordsachia 1986; Kirci et al. 1994]. The pulps produced
by the ASAM and ASAE processes showed better strength properties, higher
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yield and improved bleachability compared to the Kraft process [Kordsachia,
Reipschliager 1990; Sixta et al. 2006; Hedjazi et al. 2009].

Using the ASAM process as opposed to the Kraft process, a lower kappa num-
ber can be achieved without degradation in the cellulose chains [Patt et al. 1998].
However, methanol and ethanol are highly volatile and flammable solvents. There-
fore, the recovery of chemicals used during cooking is problematic. Methanol is
also known to be highly toxic for humans [Oliet et al. 2002; Patt et al. 2003; Sixta
et al. 2006].

In the late fifties, several groups used sodium borohydride to increase the rate
of delignification and total pulp yield in the Kraft pulping process. Courchene ob-
tained a good review for these earlier studies on the effects of sodium borohydride
[Courchene 1998]. Later, some researchers [Tutus 2005; Akgul, Temiz 2006;
Istek, Ozkan 2008; Istek, Gonteki 2009; Tutus et al. 2010; Testova et al. 2013] in-
vestigated the influence of sodium borohydride (BH) on the Kraft pulping process
using different raw materials and cooking conditions. They concluded that sodium
borohydride stabilizes the reduction REGs of the polysaccharides regarding the
peeling-off reaction in alkaline pulping conditions, and caused an increase in the
pulping yield. On the other hand, the effects of sodium borohydride in the AS-AQ
pulping process of spruce wood have not previously been investigated. The aim
of this study is to determine the effects of adding sodium borohydride to the
AS-AQ pulping (ASAB) of spruce chips by characterizing the pulp and paper
sheet properties as well as to improve the knowledge of the effects of boron addi-
tives on alkaline pulping methods.

Materials and methods

Caucasian spruce wood samples (Picea orientalis L.) used as the raw material
were collected in the Eastern Black Sea region of Turkey. For the pulping experi-
ments, the spruce wood was debarked and homogeneously chipped by hand into
chips of 20.0 x 20.0 x 3.0 mm. After determining the moisture content of the air
dried chips, 800.0 g of spruce chips (grams oven-dry basis) were weighed separa-
tely in a polyethylene bag.

The sampling, preparing and measuring of the chemical composition of the
wood were carried out according to TAPPI Test Methods: Sampling and Pre-
paring Wood for Analysis [TAPPI T257 c¢m-12:2012], Solvent Extractives of
Wood and Pulp [TAPPI T204 cm-07:2007], Water Solubility of Wood and Pulp
[TAPPI T207 cm-08:2008], One Percent Sodium Hydroxide Solubility of Wood
and Pulp [TAPPI T212 om-12:2012], Alpha, Beta and Gamma-Cellulose in
Pulp [TAPPI T203 ¢m-09:2009] and Acid-Insoluble Lignin in Wood and Pulp
[TAPPI T222 om-11:2011]. Wise’s Chloride method was used to determine the
holocellulose content of the wood and Kiirschner-Hoffner’s approach was used
for to determine the cellulose content [Browning 1967].
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The spruce chips were digested by the Alkaline Sulfite Anthraquinone
(AS-AQ) method. Ethanol (instead of half (50%) of the water in the cooking liquor)
and NaBH, (1, 2, 3%; calculated as Oven-Dried wood) were added to improve
the pulp yield and delignification ratio. The liquor-to-wood ratio for all the cooks
(L/g) was 4/1. The Active Alkali charge, AQ charge and cooking temperature were
consistent at 25%, 0.2% (calculated as Oven-Dried wood) and 180°C, respec-
tively. The pulping processes were carried out in a batch-type digester rotating
at 4 rpm with an automatic temperature control. The pulping conditions of the
spruce wood are presented in table 1.

Table 1. Pulping conditions of spruce wood chips

Methods Trials Time [min] Et OH [%] NaBH, [%]
Al 150 - -
AS-AQ
A2 180 - -
El 150 50 -
ASAE
E2 180 50 -
Bl 150 - 1
B2 150 - 2
B3 150 - 3
ASAB
B4 180 - 1
B3 180 - 2
B6 180 - 3

The chips were impregnated for 60 min at 115°C in pulping conditions before
the main cooking process began. The cooking trials were carried out in a batch type
digester rotating at 4 rpm with automatic temperature control. 800 g of wood chips
(calculated as Oven-Dried wood) were used for each cooking trial. The cooking
time, ethanol and NaBH, addition ratios were selected as variables for each
process.

The pulp yield and reject ratios were determined according to the TAPPI T210
c¢m-03 standard method [2003]. The kappa number [TAPPI T236 om-06:2006]
and viscosity [SCAN cm 15:88:1988] of the pulp were determined by conducting
duplicate experiments. The holocellulose content of the pulps was determined
using the standards mentioned above. The Alpha-Cellulose content of the pulps
was determined according to TAPPI T429 cm-10 [2010].

The pulps were beaten to 50+2°SR by a Valley type hollander [TAPPI T200
sp-10:2010]. The freeness levels of the pulp were determined according to SCAN-C
19:65 standard methods [1964]. The paper sheets were produced by a Rapid-
-Kothen Sheet Forming Machine. The tensile, burst and tear indexes of the pa-
per sheets were determined according to the TAPPI T494 om-01 [2006], T403
om-10 [2010] and T414 om-12 [2012] standards, respectively. The optical
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[ISO 2470-1:2009; ISO/DIS 11476] and color [ISO/CD 5631:2009] properties of
the pulps were measured using an Elrepho-3300 diffuse reflectance spectrophoto-
meter. The statistical analyses were recorded by Statgraph plus 5.0 software.

Results and discussion

Table 2 shows the main components of the spruce woody cell walls (carbohy-
drates, lignin and wood extractives) determined using the previously discussed
standard methods, and the results of previous studies for comparison.

Table 2. Chemical content and solubility of spruce wood

. . Serin et Hafizoglu, Ucar
Chemical Content Determined al. 2003 Usta 2 §0 p 2005
Holocellulose [%] 72.62 73.56 n/a 80.4
Alphacellulose [%] 46.20 43.08 43.55 50.5
Holocellulose — Alphacellulose 26.42 30.48 n/a 29.9
Cellulose [%] 54.97 55.97 53.80 n/a
Lignin [%] 26.21 26.93 27.50 26.1
Alcohol-benzene solubility [%] 4.16 1.11 1.90 1.5
% 1 NaOH solubility [%] 12.19 10.58 11.85 10.5
Hot water solubility [%] 2.98 1.83 2.30 2.6
Cold water solubility [%] 2.63 0.99 0.90 n/a

The main components of the wood (cellulose, hemicellulose and lignin) indi-
cated a good correlation with previous studies but the solubility of the wood was
slightly higher than that of Serin et al. [2003], Hafizoglu, Usta [2005] and Ucar
[2005]. The differences between the chemical compositions of the spruce wood
samples could have originated from the age and ecological factors of the trees in
their plantation areas.

All the cooks were performed at 180°C and the cooking time was a variable of
150 and 180 min. The active alkali charge was 25.0% on the basis of wood chips
(calculated as Oven-Dried wood), calculated as NaOH. The Na,SO,/NaOH ratio
was constant at 80/20, calculated as NaOH. The results of the AS-AQ, ASAE and
ASAB cooks are listed in table 3. The chemical contents of the pulps (holocellu-
lose and a-cellulose) obtained from the AS-AQ, ASAE and ASAB processes were
also determined and are given in table 3.

It is clearly seen in table 3 that all of the results of the ASAB pulping trials
resulted in a higher screening yield than that of the AS-AQ cooking trials in simi-
lar cooking conditions. Generally, some wood carbohydrates (hemicelluloses and
small cellulose chains) are degraded and dissolved in the alkaline pulping liquor.
The positive effect of sodium borohydride in the alkaline pulping conditions can
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be accounted by selectively reducing the effect on the carbonyl groups of cellu-
lose chains to alcohols [Istek, Ozkan 2008; Istek, Gonteki 2009; Tutus et al. 2010;
Testova et al. 2014].

Table 3. Some the pulp properties of AS-AQ, ASAE and ASAB cooking trials

Methods pH c;ic(;;)srklng Cooking yield [%)] Kappa | Holocel. | Alphacel.
; . No [%0] [%]
white | black | rej. | screened | total
ASAQ Al | n/a 10.00 | 4.57 47.11 51.68 | 42.1 90.54 86.52
A2 | 13.19 | 9.72 | 449 46.35 50.84 | 41.9 89.90 85.86
El | 1347 | 998 | 3.12 49.25 5237 | 323 92.18 87.56
ASAE E2 | 13.43 | 9.89 | 3.09 49.16 52.25 | 309 92.60 87.33
Bl | 13.17 | 1042 | 4.32 49.78 54.10 | 379 91.78 84.45
B2 | 13.13 | 10.36 | 4.69 51.62 56.31 | 48.8 89.96 84.06
ASAB B3 | 13.14 | 10.28 | 5.49 48.73 5422 | 48.6 88.96 85.64
B4 | 13.22 | 1033 | 1.95 49.64 51.59 | 35.1 92.21 84.82
B5 | 13.18 | 10.36 | 2.73 51.27 54.00 | 423 92.33 84.16
B6 | 13.12 | 10.21 | 3.09 49.73 52.82 | 449 92.72 84.44

Besides this, it can be seen from the data in table 3 that the amount of re-
ject in the B1 pulping (the addition of 1% NaBH, to the AS-AQ method) was
lower than in the A1 method (the AS-AQ pulping without additives), but it rose
proportionally with the amount of NaBH, used. The same trend can also be ob-
served in the case of the kappa number of ASAB pulps; with the addition of 1%
of NaBH, (calculated as Oven-Dried wood) to the pulping liquor, the kappa num-
ber of the B1 pulp was lower by 7 units than that of the Al pulp. However, in
the case of process with 3% NaBH, added (B3), it was higher by 2 units than
the A1 pulp.

Thus, the reason for the reject increase in the ASAB process as a result of the
higheramounts of NaBH, addition is the decrease in the delignification effectiveness
of the wood at higher amounts of boron additive, which negatively affect the
transformation ability of the wood into pulp, composed of separate fibers.

Some data concerning the influence of NaBH, on yield, kappa number and the
amounts of reject of Kraft pulps can be found in literature. For example, Akgiil
et al. [2007] reported that using NaBH, in Kraft pulping led to a small decrease
in the kappa number compared to the controlled Kraft cooking using Brutia pine
(Pinus brutia ten.) wood as a raw material. They also confirmed that a signifi-
cant yield increase was observed when using NaBH, in Kraft pulping. Copiir and
Tozluoglu [2008] reported that adding AQ and NaBH, to the Kraft pulping of
Brutia pine (Pinus brutia ten.) wood resulted in an increase in the pulp yield and
a reduction in both kappa number and rejects.
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The lowering effectiveness of the delignification in the case of the ASAQ
pulping with higher amounts of NaBH, could also be the result of decreased hemi-
cellulose degradation, known to be covalently connected with lignin which binds
fibres together in the wood matrix and is also located in the fibre wall. Another
cause could possibly be the reaction of NaBH, with NaOH and Na SO, at higher
amounts of the former. However, the pH measurements of the black liquor did not
confirm this. The pH values of the black liquors in all the ASAB trials in table 3
were significantly higher than those of the other pulping methods.

In table 3, the results of the ASAE pulping experiments of the Caucasian
spruce wood are compared to those of the AS-AQ and ASAB pulps produced.
The presence of ethanol in the AS-AQ pulping accelerated delignification signifi-
cantly. From the kappa number measurements of the ASAE pulps, the amount of
residual lignin resulted in approximately 10 units lower than that of the AS-AQ
pulps. The use of ethanol also positively affected the yield of the pulps and re-
ject content in the AS-AQ pulping process, which were higher by approximately
2.5% and lower by approximately 1.43%, respectively, than that of the AS-AQ
process.

The issue of influence on the use of NaBH, and EtOH in the pulping yield
of the ASAB and ASAE pulps was also studied in terms of the contents of cel-
lulose, hemicelluloses and lignin in the pulps. This was done on the basis of
the a-cellulose, hemicellulose and lignin contents in the pulps (the hemicel-
lulose constituents of the pulps were determined by the difference between the
holo- and a-cellulose contents). The results of the calculations are presented
in figs. 1-3.

Figs. 1-3 show that the reason for the higher yield in the ASAE process
was due to a higher retention of both the a-cellulose (higher by approximately
1.0-1.5% in fig. 1) and hemicelluloses (higher by approximately 0.6-1.2% in fig.
2), but not the lignin (lower content of lignin in fig. 3). With regards to the ASAB
process, the cause of the higher yield of pulps was different. The higher pulping
yield during the ASAB process essentially originated from a higher retention of
hemicelluloses and lignin in some experiments (the a-cellulose content in the
ASAB pulps was lower than in the ASAQ pulps). According to Courchene, Istek
and Ozkan, a decrease in a-cellulose content in ASAB pulps can result from hi-
gher hemicellulose content [Courchene 1998; Istek, Ozkan 2008].

Table 3 represents the relationships between the pulp viscosity and pulping
conditions of the AS-AQ without and with the addition of ethanol or sodium bo-
rohydride. The data would seem to suggest that the viscosity of the pulps showed
a decrease with the addition of sodium borohydride to the AS-AQ liquor, as com-
pared to the viscosity of the AS-AQ pulps. The drop in pulp viscosity was slightly
lower with extended pulping time. The effect could be explained by the increasing
retention of hemicellulose and lignin in the ASAB pulps with lower DP and
a-cellulose content.
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Fig. 1. The Cellulose Yield of AS-AQ, ASAE and ASAB pulps

17 ~
B6 ¢
= 15 4
= B3 X B2 X
13
Z Bl e
=Rt
3 E2 A Bl
=
£ 9 || P
5] El A2
T 7 [ ] @]
A B4
5 ‘ . ‘ :
30 35 40 45 50
Kappa Number

Fig. 2. The Hemicellulose Yields of AS-AQ, ASAE and ASAB pulps
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Fig. 3. Hemicellulose contents of AS-AQ, ASAE and ASAB pulps

Concerning the effect of the cooking time on the pulp viscosity, lower viscosi-
ty values were obtained in the cooking trials with extended times of 180 mins with
regards to the AS-AQ and ASAE pulping experiments. However, in the case of the
ASAB pulping trials, the viscosity values of the pulps were affected differently by
the cooking times. For instance, with a lengthened cooking time, an increase in the
pulp viscosities could be noticed. This tendency was irrespective of the amount
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of NaBH, added and can be explained by the lower content of lignin in the B4-B6
pulps than in the B1-B3 ones. The effects of the sodium borohydride on the pulp
viscosity displayed a good correlation with that documented in the literature. For
example Copiir, Tozluoglu [2008]; Tutus et al. [2010] and Giilsoy, Eroglu [2011]
found that using sodium borohydride in Kraft pulping considerably decreased the
viscosity values of Kraft-Borohydride pulps. They also reported that when the
amount of sodium borohydride in Kraft pulping was increased, the pulp viscosity
rose by a small proportion [Akgiil, Temiz 2006; Copiir, Tozluoglu 2008].

The effect of using NaBH, and EtOH in the ASAQ pulping was also evaluated
in terms of the strength and optical properties of the resulting pulps. These results
are presented in figs. 4—6 and in table 4.
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Fig. 4. Effects of cooking time on viscosity and kappa number in AS-AQ, ASAE and
ASAB pulping; AS-AQ and ASAE pulping trials on left, ASAB pulping trials on right
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Fig. 7. Comparison of burst strength of pulps in S0°SR

Figs. 4 and 5 show that the static strength properties (tensile index and burst in-
dex) of the ASAB and ASAE pulps were in general lower than those of the AS-AQ
pulps by relatively 34.2 and 13.7%, respectively. As for the tear index (dyna-
mic strength property), the tendency was similar (fig. 6). The tear strength of the
ASAB and ASAE pulps greatly decreased compared to that of the AS-AQ pulps,
by relatively 23.3 and 10.9%, respectively. Taking into account these results, on
the whole the ASAE pulps had better static and dynamic strength properties than
the ASAB pulps.

According to Giilsoy and Eroglu [2011]; Akgiil et al. 2007, the lower strength
properties of the paper sheets (tensile, burst and tear) obtained from the Kraft-
NaBH, process than those of Kraft pulps can be explained by the higher pulp yield
which results from the increased retention of hemicelluloses, which decrease the
fiber content per unit weight of oven dried pulp and the cellulose/hemicellulose
ratio in the pulp.
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Table 4. The Optical and Colour properties of papersheets (50 SR®) of AS-AQ, ASAE
and ASAB pulps

. Whiteness Brightness Opacity « " «
Methods Trials [% 1SO] [% 1SO] [% 1SO] L a b

Al 50.7 35.97 93.86 76.49 | 432 | 18.26
AS-AQ

A2 50.5 36.01 91.64 76.37 | 4.09 | 17.99

El 483 35.08 93.95 75.01 | 440 | 16.89
ASAE

E2 46.98 33.77 93.2 74.18 | 4.69 | 17.24

Bl 44.41 29.23 94.7 72.5 5.02 | 20.85

B2 42.83 27.63 96.25 7144 | 5.13 | 21.50

B3 41.97 26.84 95.92 70.85 | 5.56 | 21.74
ASAB

B4 46.04 30.36 94.82 73.57 | 4.66 | 21.01

B5 43.28 28.08 96.69 71.68 | 5.19 | 21.29

B6 42.65 27.32 97.06 7131 | 530 | 21.79

Table 4 shows the optical properties of the ASAQ, ASAB and ASAE pulps.

The data from table 4 show that additions of ethanol and especially NaBH, to
the ASAQ pulping had an unfavorable influence on the whiteness and brightness
of the pulps. The whiteness and brightness of the ASAE and ASAB pulps was
lower by relatively 17.8% and 5.1%, respectively, than the indices of the ASAQ
pulps. Thus, the addition of EtOH to the ASAQ pulping affected the optical prop-
erties of the pulps negatively but as not much as addition of NaBH,. The fact that
these properties of the ASAE and ASAB pulps were lower than in the case of the
ASAQ pulps, even when the kappa number of the former pulps was lower, sug-
gests that additions of EtOH and NaBH, may favour the creation of chromophores
in pulps. In a previously published study, it was shown that adding NaBH, to Kraft
cooking of brutia pine chips, NaBH, showed a beneficial effect on the brightness
of the paper sheets [COpiir, Tozluoglu 2008].

The optical property of the pulps, which was also determined, was opacity.
The data from table 4 shows that the addition of EtOH and NaBH, to the ASAQ
pulping improved the opacity, but this was a consequence of the lower brightness
values of the ASAE and ASAB pulps.

Conclusions

The AS-AQ, ASAE and ASAB pulping processes of spruce (Picea orientalis L.)
wood were carried out in a laboratory. The physical and chemical properties of the
pulps were compared. The results were as follows:
1. The addition of ethanol to the ASAQ pulping in general had a favourable in-
fluence on the screened yield and kappa number of the pulps.
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2. The addition of NaBH, to the ASAQ pulping also had a similar influence on
the screened yield and kappa number of the pulps on the condition that the
amount added was not higher than 1-2% and the time of pulping was 180 min.

3. The higher yield of ASAE pulps ed from the higher retention of both cellulose
and hemicelluloses, while the higher yield of ASAB pulps resulted from the
higher retention of hemicelluloses and lignin.

4. A distinct negative effect regarding the modification of the ASAQ pulping
conditions on the viscosity of the pulps was observed in the case of additions
of NaBH, to this pulping process. The decrease in viscosity with reference to
these pulps was lower with extended pulping times.

5. The static strength properties (tensile index and burst index) of the ASAB and
ASAE pulps were in general lower than the AS-AQ pulps. In the case of the
tear index, the tendency was similar.

6. The addition of ethanol and especially NaBH, to the ASAQ pulping had an
unfavourable influence on the whiteness and brightness of the pulps.
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