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Abstract This paper discusses the effect of hydro-
lytic pretreatments on pulp dissolution in the aqueous
NaOH-ZnO solvent system. Eight samples were
studied. They consisted of a never-dried softwood
kraft pulp that was hydrolyzed under seven different
conditions as well as the pulp without hydrolysis as a
reference. The dissolution of the pulps was evaluated
both at the macro level as well as at the molecular level
based on their reactivity with 4-acetamido-2,2,6,6-
tetramethylpiperidine- 1-oxo-piperidium  (4-AcNH-
TEMPO™). The fiber properties (i.e. the extent of
fibrillation, amount of fines and fiber width, coarse-
ness, and length) as well as the chemical composition
(hemicellulose and cellulose contents) and the viscos-
ity of the pulps was investigated. The results show that
hydrolysis at medium consistency (10%) was success-
ful in increasing the solubility of cellulose. Hydrolysis
at high consistency (50%), on the other hand,
increased the solubility only to some extent. With
extended treatment time the fibers formed aggregates
and their dissolution became poor. This phenomenon
could be overcome by mechanically refining the fibers
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after the hydrolysis. Moreover, comparison of the
viscosity of the pulp over the degree of oxidation
revealed that the viscosity needed to decrease below
ca. 400 ml/g in order for the outer layers of the fibers
to dissolve. Finally, when pulps with similar viscosi-
ties where compared against each other, the ones with
the higher glucomannan contents formed gels over
time. This was true also for the pulp with the lowest
viscosity and the highest solubility of the studied
samples.

Keywords Cellulose - Dissolution - Hydrolysis -
Reactivity - TEMPO-oxidation

Introduction

As renewable, recyclable, biocompatible and non-
toxic substance, cellulose is a highly interesting raw
material for manufacturing bio-based products. The
utilization of the full potential of this natural polymer,
however, often requires its dissolution, which is
challenging. As the load-bearing structure in nature,
cellulose is organized in the plant cell wall in a
hierarchical arrangement that resists degradation. The
stiffness of cellulose chains and their close packing
make cellulose dissolution a difficult process. More-
over, cellulose is an amphiphilic molecule and there-
fore strong intra- and intermolecular hydrogen
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bonding as well as hydrophobic interactions between
the molecules affect its solubility (Lindman et al.
2010; Medronho and Lindman 2015). Thus, cellulose
is insoluble in water as well as in the most common
organic solvents.

Dissolution of cellulose is, however, possible with
certain solvents or solvent systems that are able to
diffuse into the structure, disrupt the crystalline
arrangement of the molecules as well as separate
cellulose chains from each other (Ghasemi et al.
2017a, b). Cellulose dissolution with aqueous sodium
hydroxide (NaOH) has a strong industrial potential
due to the rapid, non-toxic, low cost and environmen-
tally friendly process. The process has been known
already since the early 1900s (Davidson 1934, 1936)
and it continues attracting a lot of interest (Cai et al.
2008; Egal et al. 2007; Hagman et al. 2017; Huh et al.
2020; Kihlman et al. 2012; Medronho and Lindman
2015). The dissolution takes place at low temperature
(<0°C) and hence there is no evaporation of
chemicals during the process. The process is fast,
however, moderately low degree of polymerization
(DP), low cellulose concentration and narrow NaOH
concentration range (7-10%) are required (Budtova
and Navard 2016; Cai et al. 2008; Egal et al. 2007;
Hagman et al. 2017; Isogai and Atalla 1998;
Medronho and Lindman 2015). Moreover, semidilute
solutions (e.g. 5% cellulose in 9% NaOH solution)
tend to gel with time and increase in temperature (Liu
et al. 2011; Pereira et al. 2018; Roy et al. 2003).
Several mechanisms for cellulose dissolution in
aqueous NaOH have been proposed. One of the
theories suggests that at low temperatures NaOH
forms hydrates with water that may permeate into the
structure of the cellulosic material and detach indi-
vidual cellulose chains from each other (Cai et al.
2008; Egal et al. 2007). On the other hand, it has been
shown that cellulose deprotonates in aqueous NaOH
(Bialik et al. 2016; Isogai 1997). Charging up poly-
mers is expected to increase their solubility and thus
the net charge of dissociated cellulose can play a
significant role in the dissolution of this polymer
(Kihlman et al. 2013).

Cellulose dissolution in aqueous NaOH and the
stability of the solution against gelation can be
enhanced with certain additives, such as zinc oxide
(ZnO) (Kihlman et al. 2013; Liu et al. 2011; Yang et al.
2011). Despite the clear improvement of cellulose
solubility with the addition of ZnO observed in
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practice, the exact role of the added ZnO is currently
under debate. ZnO forms zincate (Zn(OH)42_) in the
strongly alkaline NaOH solution, and Yang et al.
(2011) have suggested that the zincate improves
cellulose dissolution by forming even stronger hydro-
gen bonds with it while Kihlman et al. (2013) have
proposed that the zincate associates to cellulose
enhancing the dissolution by further charging up the
molecules. On the other hand, it might be that a Zn-
cellulose complex is formed in the alkaline environ-
ment (Viisdnen et al. 2021). Furthermore, Liu et al.
(2011) have proposed that ZnO acts as water “binder”
stabilizing cellulose solutions.

However, even with the addition of ZnO, dissolu-
tion of wood fibers is poor without a pretreatment, or
“activation”, prior to the dissolution process (Cuissi-
nat and Navard 2006; Kihlman et al. 2012; Viisdnen
et al. 2021). The high DP of cellulose has been shown
to be one of the most important factors hindering its
dissolution in the alkaline system (Isogai and Atalla
1998; Yamashiki et al. 1990; Yang et al. 2011).
However, it is not the only factor affecting the
dissolution. It has also been shown that in the cell
wall, the longer the time from the cellulose deposition
is, the more difficult it is to dissolve the cellulose (Le
Moigne et al. 2008). In addition, thick-walled com-
pression wood cells and summerwood cells might be
difficult to dissolve (Jardeby et al. 2004). Thus, the
structural organization of the cell wall layers and/or
the presence of non-cellulosic material in the cell wall
have an effect on the dissolution (Le Moigne et al.
2008; Le Moigne and Navard 2010). Indeed, when
plant fibers are placed in the aqueous NaOH solvent,
heterogeneous swelling along the fiber length, a
phenomenon called “ballooning”, is observed. This
phenomenon was discovered already a long time ago
(Nageli 1864). Based on more recent studies, Cuissinat
and Navard (2008) have proposed the mechanism for
dissolution by ballooning to be the following: when
the solvent permeates the fibers, cellulose in the
secondary wall dissolves causing heterogeneous
swelling of the primary wall and the formation of
balloons finally bursting them followed by the disso-
lution of the unswollen sections of the fibers and, in the
end, the balloon membrane scraps. In order to enhance
the dissolution of cellulosic fibers many types of
pretreatment methods have been employed including
steam explosion, hydrothermal, chemical and enzy-
matic treatments (Kihlman et al. 2012, 2013; Le
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Moigne and Navard 2010; Peleteiro et al. 2015; Trygg
and Fardim 2011; Yamashiki et al. 1990; Wawro et al.
2009).

In this paper, the effect of various hydrolytic
pretreatments on wood pulp dissolution in the aqueous
NaOH-ZnO solvent system is investigated. The
dissolution of the pulps is evaluated both visually
with an optical microscope as well as at the molecular
level based on their reactivity with 4-acetamido-
2,2,6,6-tetramethylpiperidine-1-oxo-piperidium  (4-
AcNH-TEMPO™). The method for studying the reac-
tivity of cellulose is based on rapid and selective
oxidation of the hydroxymethyl (-CH,OH) groups of
cellulose to carboxyl groups (-COOH) by 4-AcNH-
TEMPO™ in mild conditions (pH 9, room tempera-
ture) (Khanjani et al. 2017; Viisénen et al. 2021). The
method enables studying the reactivity of cellulose
quantitatively and thus assessing the dissolution at the
molecular level. In theory, fully dissolved (molecu-
larly dispersed) cellulose molecules should be able to
react freely with 4-AcNH-TEMPO™ resulting in
complete oxidation of the —-CH,OH groups of cellu-
lose. Finally, pulp dissolution was evaluated in
relation to the fiber properties (i.e. the extent of
fibrillation, amount of fines and fiber width, coarse-
ness, and length) as well as the hemicellulose and
cellulose contents and the viscosity of the pulps.

Materials and methods
Materials

Eight pulps were obtained from UPM-Kymmene
Corporation. They consisted of seven samples of a
never-dried, bleached softwood (mixture of Scots pine
and Norway spruce) kraft pulp that had undergone
hydrolytic pretreatments under various conditions and
the same pulp without a pretreatment as a reference.
The samples were marked according to the consis-
tency of the pulp in the hydrolysis and the final
viscosity of the sample. Three samples, MC440,
MC320 and MC220, were hydrolyzed at medium
consistency (10%) in a batch reactor at 160 °C under
continuous stirring. The pH of the sample MC220 was
adjusted to 3 with acetic acid before heating. The rest
of the hydrolyzed samples, HC350, HC336, HC250
and HC224, were hydrolyzed at high consistency
(50%) in a continuous reactor where the pulp slurry

was fed with a plug screw. The reactor was heated to
170 °C with steam. The pH of the slurry was adjusted
to 3.3 with sulfuric acid before feeding it to the reactor.
It should be noted that the processing conditions of the
pulp HC250 were exactly the same as those of the pulp
HC224. The only difference between these samples is
that HC250 was mechanically refined after the
hydrolysis. The hydrolysis conditions are listed in
more detail in Table 1. The viscosities of the pulps
were studied in cupriethylenediamine (CED) accord-
ing to the standard ISO 5351 and the fiber properties
were analyzed by Valmet FS5 Fiber Image Analyzer.
These values were measured at the mill and they are
shown in Table 2.

The pulps were dissolved with NaOH (purity
99.6%) purchased from VWR Chemicals and ZnO
(pro analysis) from Merck. For the acetone extraction,
acetone (purity > 99.8%) from VWR chemicals was
used. The reactivity of the pulps was studied with
4-acetamido-2,2,6,6-tetramethylpiperidine-1-oxo-
piperidium  (4-AcNH-TEMPO™) tetrafluoroborate
(purity 97%) and pH 2 buffer solution (AVS titrinorm)
purchased from Sigma-Aldrich and VWR Chemicals,
respectively. In addition, boric acid (purity > 99.8%)
from Sigma Aldrich and NaOH (purity 99.6%) from
VWR Chemicals were used to prepare the pH 9 buffer
solution. All dilutions were done in Milli-Q water
(Millipore Corporation, resistivity 18.2 MQ cm).

Determination of structural carbohydrates

To remove any extractives from the pulps, they were
dried in an oven at 40 °C for overnight, ground and
extracted with acetone for 6 h using a Soxhlet setup
prior to their structural carbohydrate (cellulose and
hemicelluloses) contents analysis. The structural car-
bohydrates contents of the pulps were determined
according to the U.S. National Renewable Energy
Laboratory (NREL) analytical procedure NREL/TP-
510-42618 (Sluiter et al. 2008). The samples were
hydrolyzed to their constituent monosaccharides with
72% sulfuric acid (H,SO,), filtered through a filtering
crucible and analyzed using high-performance anion-
exchange chromatography with pulsed amperometric
detection (HPAEC-PAD) in a Dionex ICS-3000
system (Thermo Fisher Scientific) with a CarboPac
PA20 column and MilliQ-water as the eluent. The
cellulose and hemicellulose contents of the pulps were
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Table 1 The conditions of

' Pulp Consistency Temperature (°C) Time (min) pH Viscosity (ml/g)
the hydrolytic pretreatments
of the studied pulps MC440 Medium 160 25 4° 440
MC320 Medium 160 50 4% 320
“Hydrothermal treatment, MC220 Medium 160 10 3 220
no acid added HC350 High 170 10 33 350
*Same pretreatment as for HC336 High 170 20 3.3 336
HC224 but the fibers were HC224 High 170 50 33 224
mechanically refined after HC250° High 170 50 33 250

the process

Table 2 The fiber properties, viscosities, cellulose and hemicellulose contents as well as the reactivities of the studied pulps

Pulp Fiber properties Reactivity Structural carbohydrates
— - - (mmol/g)

Fibrillation  Fines, 0-0.2 mm Width Coarseness Length CEL XYL GLM

(%) (%) (um) (mg/m) (mm) (%) (%) (%)
MC440 1.15 4.5 20.5 0.19 1.91 4.16 83.9 8.2 79
MC320 1.21 6.0 20.6 0.19 1.74 4.39 84.8 7.8 74
MC220 1.29 6.0 20.1 0.18 1.69 5.14 84.9 75 7.6
HC350 1.30 6.4 19.8 0.18 1.71 433 84.7 7.1 8.2
HC336 1.30 6.6 19.8 0.17 1.70 4.24 85.5 7.1 73
HC224 1.27 7.3 19.0 0.16 1.33 3.76 82.8 9.5 7.7
HC250 N/A N/A N/A N/A N/A 4.59 85.3 7.7 7.0
REF N/A N/A N/A N/A N/A 4.10 83.0 9.3 7.8

calculated from the monosaccharides according to the
formula published by Janson (1970).

Dissolution and imaging

4 wt% sample (dry matter) was dissolved in the
solvent system containing 9 wt% NaOH and 1 wt%
Zn0O. NaOH and ZnO were first dissolved in the mass
ratio of 6:1 (18 wt% in total) in boiling water in order
to dissolve the ZnO and the solution was then cooled to
— 10 °C in an ice-salt bath. The pulps were activated
in Milli-Q water in a separate container and then
mixed with the NaOH-ZnO solution. The mixture was
stirred with a mechanical stirrer in the ice-salt bath for
10 min.

All of the samples were visually studied with a
Leica ICC50 HD microscope. Images of the pulps
were taken before and immediately after their disso-
lution in the NaOH-ZnO system as well as after
storing the solutions in the fridge for 24 h to see
whether the samples changed over time.

@ Springer

Oxidation with 4-AcNH-TEMPO™

The reactivity of the pulps dissolved in the NaOH—
ZnO solvent system was studied based on their
oxidation with 4-AcNH-TEMPO™ according to the
method published before (Khanjani et al. 2017). The
samples were oxidized at room temperature in pH 9
buffer solution under continuous mixing and the
consumption of 4-AcNH-TEMPO™ was monitored
with absorption spectrophotometry based on its reac-
tion with potassium iodide (KI) (Bichsel and von
Gunten 1999; Padkkonen et al. 2015).

The total volume of the reaction mixture was
100 ml and the amount of 4-AcNH-TEMPO™ added
was 2.5 mmol/l. The amount of pulp analyzed in each
experiment was 0.05 g/l. These dosages were chosen
according to a previous study (Viisidnen et al. 2021).
For monitoring the consumption of 4-AcNH-
TEMPO™, 1 ml aliquots of the reaction mixture were
taken, mixed with 1 ml of 10% KI solution and diluted
to 40 ml with pH 2 buffer solution. The absorption
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spectrum of the solution was recorded with a spec-
trophotometer (Shimadzu UV-2550) at appropriate
time intervals. The recording of time was started
immediately after mixing the samples with the
4-AcNH-TEMPO™. Finally, the values for reactivity
(mmol/g) were obtained by nonlinear fitting of the
oxidant decay data. The procedure is explained in
more detail before (Khanjani et al. 2017; Viisénen
et al. 2021).

Results and discussion

Pulp dissolution and gelation in aqueous NaOH—
ZnO

Figures 1, 2, 3 and 4 show the microscope images of
the reference pulp, medium consistency hydrolyzed
pulps, high consistency hydrolyzed pulps and the high
consistency hydrolyzed pulp with mechanical refin-
ing, HC250, respectively. The figures contain images
of the pulps before and immediately after their
dissolution in the NaOH-ZnO system as well as
24 h after it to see whether the samples have changed
within 24 h.

The unhydrolyzed reference pulp was formed of
intact fibers with no fibrillation (Fig. 1a). Some fibers
had kinks. The pulp formed an opaque gel in NaOH—
ZnO. The fibers were mostly intact with some
ballooning indicating that the solvent was able to
penetrate the fibers only partly causing partial swelling
and ballooning (Fig. 1b). Thus, the dissolution of the
unhydrolyzed reference pulp was poor. After storing
the sample in the fridge for 24 h, the fibers fell to the
bottom of the flask leaving a layer of solvent on top of
the gel. The appearance of the fibers under the

microscope remained unchanged (Fig. 1c). The poor
dissolution of the untreated softwood pulp was
expected. It is well known that aqueous NaOH is not
a good solvent for wood pulp fibers that have
undergone no pretreatment or “activation” (Le
Moigne and Navard 2010). Moreover, it has been
shown before that even with added ZnO, the system is
not able to dissolve softwood pulp without any
pretreatments (Kihlman et al. 2012; Viisinen et al.
2021).

Figure 2 shows microscope images of the medium
consistency hydrolyzed pulps. The widths of these
fibers appeared to be on the average smaller than the
widths of the untreated reference fibers (Fig. 2a, d, g).
Moreover, the fibers of MC440 and MC320 were
intact with no fibrillation (Fig. 2a, d). Curls, kinks and
some twists were observed. The fibers of MC220
looked similar to the other medium consistency
hydrolyzed pulps except that MC220 consisted also
of a small fraction of fibrillated fibers as well as loose
fibrils and fiber fragments, and some of the intact fibers
had fines on their surface (Fig. 2g). In NaOH-ZnO,
MC440 formed a translucent gel. The sample con-
tained some highly swollen fibers, some ballooned
fibers and also single fibers that were still intact
indicating that the solvent was able to penetrate the
fibers and only partially dissolve them (Fig. 2b). No
change was observed in the sample within storing it in
the fridge for 24 h. During the dissolution process,
MC320 formed a translucent, sticky gel that had an
interesting glue-like consistency. Some ballooned and
some highly swollen fiber sections as well as small
highly swollen fiber fragments were observed with the
microscope in addition to single parts of fibers that
were still intact (Fig. 2e). Thus, the solvent was able to
permeate the fibers of MC320 and dissolve them

Fig. 1 Microscope images of the never-dried, bleached softwood reference pulp before its dissolution in aqueous NaOH-ZnO (a),

immediately after it (b) and 24 h after it (c)

@ Springer



4390

Cellulose (2021) 28:4385-4396

Fig. 2 Microscope images of the medium consistency hydrolyzed pulps before their dissolution in aqueous NaOH-ZnO, immediately
after it and 24 h after it: samples MC440 (a, b, ¢), MC320 (d, e, f) and MC220 (g, h, i), respectively

mostly leaving only fragments of fibers undissolved.
No change was observed in the sample within 24 h.
MC220 dissolved in the NaOH-ZnO solvent system
formed a translucent, viscous liquid. A few highly
swollen fiber sections as well as a lot of small fiber
fragments together with a very few barely visible flat
rings with outer diameters of 50-100 pm and inner
diameters of 20-50 um were observed under the
microscope in addition to single small parts of fibers
that were still intact (Fig. 2h). Thus, the solvent was
able to permeate the fibers and dissolve them mostly
leaving only small highly swollen fragments of fibers
visible in the microscope images. The sample turned
into a gel within 24 h.

Similar to the medium consistency hydrolyzed
pulps, the fibers of the high consistency pulps looked
narrower than the untreated fibers of the reference pulp
and they also had kinks and curls (Fig. 3a, d, g).

@ Springer

However, these fibers showed more twisting around
themselves as well as around other fibers compared to
the medium consistency hydrolyzed pulps. The fibers
looked mostly intact with a little amount of fibrillation
observed in some of the fibers in each of the high
consistency hydrolyzed pulps. In NaOH-ZnO, HC350
formed a translucent liquid that turned into a gel when
the temperature of the sample was increased to room
temperature. The microscope images showed highly
swollen fibers, fiber sections and small fiber fragments
as well as few flat rings with outer diameter of ca.
100 pm and inner diameter of 20-50 pum (Fig. 3b)
indicating that the solvent was able to swell the fibers
and dissolve them partially. The gel turned more
viscous within 24 h. The appearance of HC336 in
NaOH-ZnO was similar to the appearance of the
HC350 in NaOH-ZnO being a translucent liquid,
however, it did not gel when warmed up to room
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Fig.3 Microscope images of the high consistency hydrolyzed pulps before their dissolution in aqueous NaOH-ZnO, immediately after
it and 24 h after it: samples HC350 (a, b, ¢), HC336 (d, e, f) and HC224 (g, h, i), respectively

Fig. 4 Microscope images of the high consistency hydrolyzed pulp whose fibers have been mechanically refined after the hydrolysis,
HC250, before its dissolution in aqueous NaOH-ZnO (a), immediately after it (b) and 24 h after it (¢)

temperature. The microscope images of HC336 in
NaOH-ZnO showed smaller sections of highly swol-
len fibers compared to the HC350 in NaOH-ZnO and a
few flat rings with outer diameter of 50-100 um and
inner diameter of 20-50 pm. However, it contained

some ballooned, partially dissolved fiber sections that
were not observed for HC350 (Fig. 3e). Thus, the
solvent was able to permeate the fibers and dissolve
them mostly. However, the action of the solvent was
uneven as some partially dissolved, ballooned fiber

@ Springer
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parts were observed. The sample did not change within
24 h. HC224 was different from HC350 and HC336 as
it formed an opaque gel during the dissolution process.
HC224 in NaOH-ZnO contained a lot of fibers that
still looked intact (Fig. 3h). In addition, some fibers
with a little ballooning, a few highly swollen fibers and
no small fiber fragments were visible. It is clear that
the solvent was able to permeate the fibers only
partially causing partial swelling but leaving many
fibers intact. No change was observed within 24 h. The
fibers formed aggregates during the hydrolysis of the
sample HC224 and thus it was decided to further refine
it mechanically forming another sample, HC250. In
the microscope images, the fibers of HC250 looked
partly damaged and had pieces ripped of the cell wall
(Fig. 4a). In NaOH-ZnO, the pulp formed a translu-
cent sticky gel with a glue-like consistency. Micro-
scope images revealed that the solvent was able to
dissolve the fibers mostly. Only some swollen fiber
sections and a few barely visible small fiber fragments
were observed in the microscope images (Fig. 4b).
The sample did not change within 24 h.

As discussed above, there were clear differences in
the dissolution behavior of the pulps with different
hydrolytic pretreatments. However, all of the pulps
showed uneven action of the solvent and some
undissolved matter was visible even in the microscope
images of the best dissolved pulps. The phenomenon
of uneven dissolution of cellulose fibers in aqueous
NaOH is well known and it has been linked to the
structure of the fiber wall and the chemical environ-
ment of cellulose chains in it (Le Moigne and Navard
2010). The ballooning phenomenon observed for the
pulps MC440, MC320, HC336, HC224, and the
reference pulp has been linked to the swelling and
dissolution of the secondary wall inducing the break-
ing of the primary wall, which in turn results in the
formation of unswollen sections and thick helices (Le
Moigne et al. 2008). Thus, the observation of
ballooned fibers indicates that the external cell wall
layers are still present in these fibers (Le Moigne and
Navard 2010). On the other hand, highly and homo-
geneously swollen fibers and fiber parts were observed
for all of the pulps in NaOH-ZnO except for the pulp
HC224 and the reference pulp. Le Moigne and Navard
(2010) have suggested that the high swelling along the
fibers without unswollen sections and helices is
induced by the secondary cell wall and that it indicates
that the primary cell wall is not present anymore. The
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flat rings similar to what was observed for the pulps
MC220, HC350 and HC336 in NaOH-ZnO have been
suggested to originate from ballooned fibers or swelled
pores (Jardeby et al. 2005) or, alternatively, cutting of
the highly swollen fibers (Le Moigne and Navard
2010).

Effect of pretreatment on dissolution

The reactivities of the dissolved fibers can be used to
evaluate their dissolution quantitatively at the molec-
ular level. In theory, fully dissolved, molecularly
dispersed cellulose molecules should be fully avail-
able to react with 4-AcNH-TEMPO™ and thus have all
the hydroxymethyl groups oxidized in the excess of
4-AcNH-TEMPO™. When comparing the reactivities
of the medium consistency autohydrolyzed pulps
MC440 and MC320 (Table 2), it is observed that
increasing the hydrolysis time from 25 to 50 min
resulted in better dissolution shown as higher reactiv-
ity. However, when the pH was adjusted to 3, only
10 min was enough to achieve even better dissolution
as observed for MC220. On the contrary, the disso-
Iution of the high consistency hydrolyzed pulps
became poorer with increasing hydrolysis time as
observed from the decreasing reactivities of the pulps
HC350, HC336 and HC224. In fact, with the hydrol-
ysis time of 50 min (HC224), the reactivity of the pulp
was lower than the reference. As already mentioned,
formation of fiber aggregates was observed during the
high consistency hydrolysis. The low pH, high tem-
perature, long treatment time and possibly also the
high consistency of the hydrolytic pretreatment may
have induced fiber hornification. After mechanical
refining, the dissolution power of the solvent increased
significantly which is shown as the highest reactivity
value for HC250 of all the high consistency hydro-
lyzed pulps.

In addition to the reactivities, fiber properties,
viscosities and the structural carbohydrate contents
(cellulose and hemicelluloses) of the pulps were
determined. Increased hydrolysis time resulted in an
increase in the amount of fibrillation and fines in the
case of the medium consistency autohydrolyzed pulps
MC440 and MC320 which were continuously mixed
with a mechanical stirrer during the hydrolysis while a
significantly smaller increase in these parameters was
observed with time for the high consistency hydro-
lyzed pulps which were lacking mechanical mixing
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during the hydrolysis (Table 2). Moreover, hornifica-
tion leads to a decrease in the width and length of the
fibers. The lowest fiber width and length are observed
for HC224 indicating that the extent of hornification of
this pulp is the highest of the studied pulps. Fiber
coarseness, on the other hand, can be linked to yield
loss. A decrease in pH for the medium consistency
hydrolysis and an increase in time for the high
consistency hydrolysis result in a slight decrease in
the fibers’ coarseness and, thus, slightly increased
yield losses (Table 2). There is no doubt that the fiber
properties, especially the intactness of the cell wall,
affect the dissolution of the fibers, yet no correlation
was found between any single fiber property and the
solubility of the studied pulps. Thus, no single fiber
property solely can be used to explain the dissolution
power of the solvent on the pulps. The same conclu-
sion has been reported before on fiber dissolution in
aqueous NaOH solvents (Kihlman et al. 2012).
According to thermodynamics, the solubility of
polymers normally increases with decreasing DP
(viscosity) as the entropic term becomes larger with
increased number of molecules in the solution. Indeed,
cellulose DP has been reported to be an important
factor explaining its dissolution (Isogai and Atalla
1998; Yamashiki et al. 1990; Yang et al. 2011). The
viscosities of the studied pulps are shown in Fig. 5 asa
function of the degree of oxidation of hydroxymethyl
groups calculated from their fast reaction with
4-AcNH-TEMPO™. The hemicellulose content of the

800 -
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Fig. 5 Viscosities of the pulps as a function of the degree of
oxidation. The white and black squares and the cross represent
the medium and high consistency hydrolyzed pulps as well as
the unhydrolyzed reference pulp, respectively

pulps is taken into consideration in the calculation of
the degrees of oxidation. As can be seen from Fig. 5,
the dissolution power of the solvent increased with
decreasing viscosities except for the most hornified
and aggregated high consistency hydrolyzed pulp
HC224 whose solubility decreased over time despite
the reduction in viscosity. It should be noted here that
due to the resistant nature of this pulp, it is possible
that it did not dissolve completely during the carbo-
hydrate content analysis either leaving some cellulose
undetected which is shown by the unusually low
cellulose content observed for HC224 in Table 2.
Mechanical refining, however, restored its solubility to
a level expected based on its viscosity as is seen for
HC250 in Fig. 5. Moreover, as observed from Fig. 5
the degree of oxidation of the unhydrolyzed reference
pulp was high (> 70%) despite its poor dissolution in
the NaOH-ZnO system. The solvent has been able to
disrupt the crystalline structure of cellulose in the S,
layer leaving the outer layers of the fiber wall intact.
Dissolution of the more resistant outer layers of the
fiber wall are needed in order to fully dissolve the fiber
(Le Moigne and Navard 2010). It has been shown
before that the S; layer consists of helical bundles of
elementary fibrils (Reza et al. 2017). Due to this
“rope-like” arrangement of fibrils, detaching individ-
ual cellulose chains from each other is physically very
difficult and a reduction in the DP of cellulose is
needed in order to dissolve it. According to Fig. 5, the
fibers start to dissolve when the viscosity is below ca.
400 ml/g (i.e. DP = ~ 550). After this value, a
decrease in the viscosity of the pulp leads to an
increase in the degree of oxidation (i.e. better disso-
lution) of the fibers. On the contrary, in the case of the
high viscosity values, even a large decrease in
viscosity has only a minor effect on the degree of
oxidation. As is observed from Fig. 5, a reduction in
viscosity from 750 ml/g measured for the unhy-
drolyzed pulp to 440 ml/g leads to a minor increase
in the degree of oxidation despite the hydrolytic
treatment that was done for the fibers. These results are
in good agreement with the structure proposed by
Reza et al. (2017). If the length of one cellobiose unit
is 1.038 nm (Nishiyama et al. 2002), the length of a
cellulose molecule with the DP of 550 is ca. 280 nm,
which is below the mean period of the helical twists in
the elementary fibril bundles in the S; layer, i.e.
321 £ 8 nm, approximated by Reza et al. (2017).
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Besides the DP, the hemicellulose content of the
pulp, has been reported to negatively correlate with its
solubility (Kihlman et al. 2012). Especially the
mannans seem to hinder the solubility of cellulose
which is explained by their high affinity to cellulose
creating aggregates with it (Iwata et al. 1998; Le
Moigne and Navard 2010; Salmén and Olsson 1998).
In our study, the correlation between the total hemi-
cellulose or glucomannan contents and the solubility
of the pulps could not be confirmed when comparing
all the pulps with the various hydrolytic treatments
against each other. However, the glucomannan con-
tent of the pulps might have affected their tendency for
gelation. This phenomenon can be observed when
comparing the pulps HC350 and HC336 with viscosi-
ties close to each other. HC350 containing a higher
amount of glucomannan formed a gel when warmed
up to room temperature while HC336 did not. Another
similar case can be found among the pulps with the
highest solubilities, MC220 and HC250. Both of them
dissolved well in the NaOH-ZnO system confirmed by
optical microscopy as well as their reactivities with
4-AcNH-TEMPO™. However, after 24 h storage in the
fridge, MC220 with the higher glucomannan content
had formed a gel while HC250, despite its higher
viscosity, had not.

Conclusions

The effect of various types of hydrolytic pretreatments
on alkaline dissolution of a never-dried softwood kraft
pulp was studied. The dissolution of the pulps in the
NaOH-ZnO solvent system was evaluated both visu-
ally with optical microscopy and at the molecular level
based on their reactivity with 4-AcNH-TEMPO™. The
medium consistency hydrolysis was successful in
increasing the solubility of the fibers. The high
consistency hydrolysis increased fiber solubility to
some extent but with extended treatment time
(50 min) the fibers formed aggregates and their
dissolution became poor. This phenomenon could be
overcome by mechanical refining of the fibers after the
hydrolysis. Moreover, the unhydrolyzed reference
pulp had a high degree of oxidation when reacting
with 4-AcNH-TEMPO™ (> 70%) despite its poor
dissolution in the NaOH-ZnO system. Thus, it seems
that the solvent is able to disrupt cellulose crystallinity
in the S, layer causing this pulp to swell but not

@ Springer

dissolve. For complete dissolution of the fibers,
dissolution of the more resistant outer layers of the
fiber wall are needed. Comparison of the pulp
viscosities over their degree of oxidation showed that
the pulp started to dissolve when the viscosity was
decreased to below ca. 400 ml/g (i.e. DP = ~ 550).
This is in line with the fiber wall structure in the S;
layer consisting of elementary fibrils assembled in
helical bundles. The length of cellulose chains with the
DP of 550 is below the mean period of the helical
twists in the bundles. Thus, it seems that in order to
detach individual cellulose chains from each other,
they need to be short enough to overcome the physical
barrier formed by the helical twists of the fibril bundles
in the S layer. The highest solubilities of the studied
pulps were observed for the medium consistency
hydrolyzed pulp MC220 reaching over 90% degree of
oxidation and the high consistency hydrolyzed pulp
after the mechanical refining, HC250, with the degree
of oxidation over 80%. Furthermore, when pulps with
similar viscosities where compared against each other,
the ones with the higher glucomannan contents formed
gels over time. This was observed also for the pulp
MC220 with the lowest viscosity and the highest
solubility of the studied pulps.
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