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Abstract High purity cellulose from wood is an
important raw material for many applications such as
cellulosic fibers, films or the manufacture of various
cellulose acetate products. Hitherto, multi-step refin-
ing processes are needed for an efficient hemicellulose
removal, most of them suffering from severe cellulose
losses. Recently, a novel method for producing high
purity cellulose from bleached paper grade birch kraft
pulp was presented. In this so called IONCELL
process, hemicelluloses are extracted by an ionic
liquid—water mixture and both fractions can be
recovered without yield losses or polymer degrada-
tion. Herein, it is demonstrated that bleached Euca-
lyptus urograndis kraft pulp can be refined to high
purity acetate grade pulp via the IONCELL process.
The hemicellulose content could be reduced from
initial 16.6 to 2.4 wt% while persevering the cellulose
I crystal form by using an optimized 1-ethyl-3-
methylimidazolium dimethylphosphate-water mixture
as the extraction medium. The degree of polymeriza-
tion was then reduced by a sulfuric acid treatment for
subsequent acetylation of the pulp, resulting in a final
hemicellulose content of 2.2 wt%. When pre-treating
the pulp enzymatically with endoxylanase, the final
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hemicellulose content could be reduced even to
1.7 wt%. For comparison, the eucalyptus kraft pulp
was also subjected to cold caustic extraction and the
same subsequent acid treatment which led to 3.9 wt%
of residual hemicelluloses. The performance in acet-
ylation of all produced pulps was tested and compared
to commercial acetate grade pulp. The endoxylanase-
IONCELL-treated pulp showed superior properties.
Thus, an ecologically and economically efficient
alternative for the production of highest value cellu-
lose pulp is presented.
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Introduction

Demographic changes have strongly influenced the
market situation over the last decades. A prevailing
population growth and the steady increase of purchas-
ing power in developing and emerging markets have
spiked the demand for consumption goods. Accom-
panied with an increase of environmental awareness
and concern about the use of depleting fossil carbon
feedstock, the need for a sustainable resource man-
agement is more important than ever. This has
spotlighted the use of renewable biomass. Cellulose
as the world’s most abundant bio-polymer bears
potential for many applications. In 2012, cotton
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represented 86 % of the total consumption of cellu-
losic fibers (The Fiber Year 2013). However, the
cotton output decreased by 5.4 % over the 2011/2012
season and it is predicted that the cotton production
will not be able to meet the future demand in cellulosic
fibers, creating a so called cellulose-gap in 2030
(Haemmerle 2011). This gap can only be compensated
with high purity cellulose from wood material and has
led to a significant growth of dissolving pulp capac-
ities. A number of new dissolving pulp mills have been
installed in Asia, while several existing pulp mills in
Europe and Northern America have completed the
conversion of (parts of) their production lines to
dissolving pulp (The Fiber Year 2013). Dissolving
pulp is typically defined by a cellulose content of
higher than 90 wt%, the actual value depending on the
final application. For man-made cellulosic staple
fibers (viscose, modal, Tencel) the pure hemicellulose
is typically in the range of 3—5 wt% of pulp (Shen et al.
2009). The production of staple fibers in 2012 showed
an increase of 10.8 %, leading to a total of 4.77 million
tons. Cellulose acetate manufacturing is characterized
by even more stringent purity requirements. The
acetate-grade pulps currently on the market contain
anhydromannose from 0.2 to 1.2 wt% and anhydr-
oxylose from 1 to 1.3 wt% (Rydholm 1965a; Sixta
2006a). The desired end product defines the limits for
the impurities of the acetate grade pulp. For example,
cigarette tows can tolerate some haze and yellowness
of the cellulose acetate solution caused by the
hemicelluloses, but for a transparent film the raw
material needs to be almost pure cellulose (Saka and
Matsumura 2004). The acetate tow production in 2012
denoted 0.96 million tons (The Fiber Year 2013).
The predominating methods for dissolving pulp
production are prehydrolysis kraft (PHK) and acid
sulfite (AS) pulping. However, both processes suffer
from severe cellulose losses and limited efficiency in
hemicellulose removal resulting in 3—4 wt% residual
hemicellulose content. This necessitates an additional
purification step when aiming for acetate grade pulp.
Further, for acetate (or viscose) production, the pulp
does not only need a low hemicellulose content, but
the physical state of the remaining cellulose must
favor the accessibility of the hydroxyl groups. This
means a narrow molar mass distribution, no or a low
degree of microfibril aggregation, open porosity, and
no density variations or compressions in order to
ensure the homogenous penetration of chemicals and
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even acetylation of the pulp (Gardner and Chang 1974;
Rydholm 1965a, b; Saka and Matsumura 2004;
Steinmeier 2004; Wilson and Tabke 1974). The
crystalline form of cellulose has also an impact on
the pulp reactivity. It has been reported that the
cellulose II crystalline form would be more reactive in
acetylation, if the pulp is never dried and the water
would be removed via solvent exchange from the pulp.
However, in practice the pulps are always dried which
leads to hornification, and in the case of cellulose 11, a
dense hydrogen bond network is formed that is more
resistant towards rewetting. Hence, the formation of
cellulose II is disadvantageous and should be avoided
in acetate grade pulp production (Glegg et al. 1968;
Kolpak and Blackwell 1967).

Since acetylation is very sensitive to aforemen-
tioned purity, morphology and accessibility of the pulp
it can also serve to assess the reactivity, and conse-
quently, quality of the pulp. Residual hemicelluloses
or physical defects in the pulp disturb the acetylation
of the cellulose hydroxyl groups and result in poor
quality cellulose acetate. The uneven acetylation and
the presence of hemicelluloses can be observed as
color and haze formation, reduced filterability, and an
increase in false viscosity. Residual hemicelluloses
influence the acetylation by competing with cellulose
for the substitution, and by blocking the cellulose, thus
decreasing the cellulose reactivity. The resulting
detriment of the cellulose acetate is dependent on the
residual hemicellulose type of the pulp. For example,
glucomannan has a major impact on haze formation,
false viscosity, and decrease in filterability, but color
formation is negligible. Methylglucuronoxylan, on the
other hand, is mainly associated with color formation,
while kraft xylan and arabinoxylan form color, haze,
and the latter is also deleterious to filterability
(Gardner and Chang 1974; Saka and Matsumura
2004; Steinmeier 2004; Wilson and Tabke 1974).

One established method to refine PHK or AS pulps
so they meet the requirements of acetate grade pulp is
cold caustic extraction (CCE). CCE refers to the
selective extraction of short-chain carbohydrates by
means of a sodium hydroxide solutions (ca. 10 wt%)
at moderate temperatures (20-40 °C) and can be used
to refine dissolving pulp to acetate grade pulp or to
remove hemicelluloses in larger quantities from paper
grade pulp (Lund et al. 2012; Rydholm 1965a; Sixta
2006a; Sjostrom 1981; Wollboldt et al. 2010). The
hemicellulose removal is more efficient at lower
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temperatures, but low temperature increases the lye
viscosity, which may lead to chemical losses during
washing. As a compromise between efficiency and
chemical losses a temperature of 30-35 °C is usually
chosen (Sixta 2006b). The dissolution of short chain
carbohydrates is preceded by inter- and intracrystal-
line swelling, caused by alkali. In intercrystalline
swelling, the solvent only penetrates into the accessi-
ble space between the microfibrils and the amorphous
zones. At sodium hydroxide concentrations exceeding
8-9 wt% also intracrystalline swelling occurs. There,
the solvent also enters the highly organized crystalline
regions of the cellulose. Cellulose I is gradually
converted to Na-cellulose I (and after neutralization to
cellulose II) when the alkali concentration in CCE is
increased and the intracrystalline swelling proceeds
through the cellulose fibrils. The conversion from
cellulose I to cellulose II starts at 8—10 wt% alkali
concentrations and is quantitative at NaOH concen-
trations of 17-18 wt% (Klemm et al. 1998). Hence,
the NaOH concentration should be kept low to
selectively extract hemicelluloses and to avoid the
formation of cellulose II. As the hemicelluloses are
mainly located in the intercrystalline areas alkali
concentrations of around 10 wt% are usually sufficient
to largely remove the hemicelluloses. CCE can
decrease the residual amount of both, xylan and
glucomannan, to 0.5 wt% for AS pulp, and to 1.5 wt%
of xylan and an unnoticeable amount of glucomannan
for PHK pulp. However, the price of the high purity is
a yield loss of 1.2-1.5 % of cellulose per increase of
1 % in a-cellulose content (Dinand et al. 2002; Okano
and Sarko 1985; Rydholm 1965a; Sixta 2006b; Sixta
and Schild 2009; Sjostrom 1981). a-cellulose repre-
sents the high purity cellulose content, which is
defined as the carbohydrate residue after treatment of
pulp material by 17.5 and 9.45 wt% NaOH solution at
room temperature (Rydholm 1965b; Sixta et al. 2013;
TAPPI Standard T203 cm-99 1999). When treating
paper grade pulp the residual hemicelluloses remain
typically around 5 wt% with xylan being removed
more efficiently than mannan (Rydholm 1965a; Sixta
2006b; Sixta and Schild 2009; Sjostrom 1981).
Although CCE treatment has many advantages for
the production of rayon grade pulp, the high sodium
hydroxide charge (at 10 wt% pulp consistency and
10 wt% NaOH concentration 1 ton of NaOH is needed
per ton of pulp) and accompanying yield losses render
CCE little attractive on an industrial scale (Sixta

2006b). However, the occurring reactions in CCE are
mainly physical changes due to the applied low
temperatures, resulting in only minor alkali consump-
tion. Therefore, CCE can be up-scaled to an industrial
application if it is combined with an efficient chemical
recycling process (Rydholm 1965b).

Besides CCE, other approaches to remove residual
hemicelluloses from PHK and AS pulps have been
suggested. Amongst others, enzymatic treatment
proved beneficial for the reduction of the hemicellu-
lose content. Although the removal efficiency during
the enzymatic digestion is only limited, the hemicel-
luloses turn more susceptible to alkaline extraction.
Kopcke et al. and others reported as low as 2.4 wt% of
residual xylan after treating eucalyptus kraft pulp with
xylanase, endogucanase, and alkaline solution (Chris-
tov and Prior 1993; Ibarra et al. 2010; K&pcke et al.
2008; Paice and Jurasek 1984).

An alternative method is the use of hemicellulose-
selective solvent systems containing metal complexes.
Nitren (a tris(2-aminoethyl)amine nickel complex)
dissolves xylan selectively in a simple method where
the pulp is extracted for 1 h at 30 °C, followed by
filtration of the dissolved hemicelluloses. This method
has been reported to decrease the xylan content of birch
kraft pulp down to 3.5 wt%, with considerable better
selectivity than Cuen, a well-known cellulose solvent.
The drawbacks are that nickel can easily contaminate
the extracted pulp, and that the complex has only a
minor effect on mannan, limiting the use to hardwoods
(Janzon et al. 2006, 2008; Puls et al. 2006a, b).

Although heavily investigated since more than a
decade, ionic liquids (ILs) represent a fairly young
class of known cellulose solvents (Swatloski et al.
2002). Despite the endless plethora of IL structure
originating from the infinite permutation possibilities
of the various cationic and anionic structures only a
small set of ILs is capable of dissolving cellulose
(Pinkert et al. 2009, Welton 1999). Typically, ILs with
an imidazolium derived cationic moiety show good
dissolution properties towards cellulose. In some
cases, even complex biopolymer matrices such as
wood could be dissolved (Brandt et al. 2013; Hummel
et al. 2010; King et al. 2009; Miki-Arvela et al. 2010;
Sun et al. 2009). However, it is also well know that the
dissolution capacity of ILs depends strongly on the
water content (Hauru et al. 2012; Mazza et al. 2009;
Pinkert et al. 2009; Zakrzewska et al. 2010). Moisture,
often absorbed from the atmosphere, can reduce the
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cellulose solubility drastically. The so called ION-
CELL process capitalizes on this in general adverse
effect. In our previous study we demonstrated the
highly selective and efficient extraction of hemicellu-
loses from paper grade birch pulp by means of a
1-ethyl-3-methylimidazolium acetate—water mixture
(Froschauer et al. 2013; Roselli et al. 2013; Sixta et al.
2013). The cellulose dissolution capacity of the IL is
reduced intentionally by adding a defined share of
water, rendering the resulting IL-water mixture a
selective solvent for hemicelluloses. The hemicellu-
loses are dissolved at moderate temperatures (60 °C)
in short time (3 h) and the high purity cellulose residue
is isolated via simple filtration. The extracted hemi-
celluloses are precipitated by increasing the water
content of the solvent system. During the separation
both fractions are preserved without any degradation
or yield losses, and the cellulose retains its cellulose I
crystalline form.

In this study, eucalyptus paper grade kraft pulp
and 1-ethyl-3-methylimidazolium dimethylphosphate
([emim][DMP]) are used to demonstrate that the
IONCELL process can even respond to the challenges
of the acetate grade pulp production. The eucalyptus
pulp is refined via the IONCELL process, and—for
comparison—by CCE. In addition an endoxylanase
pretreatment is applied before the IONCELL process,
in order to see whether the residual hemicellulose
content could be reduced further. The resulting pulps
are then tested for acetylation and compared to a
commercial acetate grade pulp. The high purity
cellulose pulp obtained via the IL-treatment shows
similar or even better properties than the two reference
pulps. Thus, a simple method to upgrade cheap paper
grade pulp to high value acetate grade pulp is
described herein.

Materials and methods

1-Ethyl-3-methylimidazolium dimethylphosphate
([emim][DMP]) was partly purchased from IoLiTec
and synthesized by Helsinki University. No differ-
ences between the batches were observed. The other
chemicals used in this work were: NaOH (=99 %
for analysis, VWR), sulfuric acid (95-97 % for
analysis, Merck Millipore), acetic acid (100 %,
glacial, VWR), and acetic anhydride (>98 %,
for synthesis, Merck Millipore). Endoxylanase
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Table 1 The pulp treatment sequence

Origin Abbreviation Sequence

Lab EK-I-A Eucalyptus kraft pulp-Ionic
liquid extraction-Sulfuric acid

treatment

Lab EK-X-I-A Eucalyptus kraft pulp-
Enzymatic pre-treatment-Ionic
liquid extraction- Sulfuric acid

treatment

Lab EK-CCE-A  Eucalyptus kraft pulp-Cold
caustic extraction -Sulfuric

acid treatment

Commercial EPHK-
CCE-A

Reference pulp: Eucalyptus
prehydrolysis kraft-Cold
caustic extraction-Sulfuric
acid treatment.

EK eucalyptus kraft, X xylanase treatment, / IONCELL
extraction, CCE cold caustic extraction, A sulfuric acid
treatment, EPHK eucalyptus prehydrolysis kraft

(Pulpzyme® HC, 1,000 AXU/g) was purchased from
Novozymes.

In this experimental setup, three different hemicel-
lulose removal methods are compared for their
potential to reach the purity of the reference pulp.
The treatment sequences are listed in Table 1. The full
Ioncell-based sequence is illustrated in Fig. 1.
Bleached commercial Eucalyptus urograndis paper
grade kraft pulp (16.6 wt% xylan content, 813 ml/g
intrinsic viscosity, and average molar mass M,
83,920 g/mol and M,, 458,167 g/mol) from a Brazil-
ian pulp mill was used as the raw material. Commer-
cial acetate grade Eucalyptus urograndis pulp
(1.8 wt% xylan content, 600 ml/g intrinsic viscosity,
average molar mass M, 103,335 g/mol and M,,
334,010 g/mol) was used as the reference. The pulps
were received in form of sheets which were cut in a
Wiley mill and the resulting powder used without any
further drying.

Endoxylanase pre-treatment

The enzymatic pretreatment was performed according
to Gehmayr et al. (2011). The pulp was treated in two
batches, where different enzyme dosages were
applied. In the first set, 500 U of the endoxylanase
was loaded per gram of pulp, which was found to be a
sufficient amount in the study by Gehmayr et al. The
endoxylanase dosage was increased to 2,000 U/g pulp
in the second batch to see whether the xylan removal
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Fig. 1 Flow scheme of the
Ioncell extraction including
enzymatic pre- and acid
post-treatment

kraft pulp

enzymatic
treatment

evaporation

could be enhanced by adding excess enzyme. After the
treatment, the pulp was dried and the pulp yield and
changes in sugar content were analyzed.

IONCELL extraction

1-Ethyl-3-methylimidazolium dimethylphosphate
([emim][DMP]) was identified as the most effective
and selective hemicellulose solvent for birch pulp
when containing 0.5 mol fraction of water (Roselli
et al. 2013). Hence, it was selected for the present
study and initial experiments to optimize the water
content were performed with water molar fractions of
0.477, 0.500, and 0.564 at 60 and 80 °C for 3 and 4 h.
The optimization tests were performed with 1 g of
pulp at 5 wt% pulp consistency in 50 ml Falcon tubes
which were heated in a water bath. The resulting
suspension was filtrated by means of a syringe filter of
50 um porosity. The cellulose residue was then
washed with 20 g of the [emim][DMP]-water mixture
as used in the extraction step in order to remove
residual solvent and dissolved xylan from the fibers
without inducing hemicellulose precipitation. Subse-
quently, the extracted pulp was washed 3 times with
hot water to remove all traces of ionic liquid. All
filtrates were then combined to induce xylan precip-
itation. The precipitated xylan was collected via
centrifugation and the pellets washed three times with
hot water. The gravimetrical yield and the sugar
composition of both, cellulose and dissolved fractions
were determined. After establishing the optimum
conditions (4 h in 60 °C with 0.477 mol fraction of
water; the optimization results are discussed in more
detail later), the process was scaled up with a larger
amount of pulp (untreated and enzyme pre-treated) in
a custom-made reactor providing continuous mixing
and an adjustable gas phase space to limit water
evaporation. The phase separation was performed at

extraction

ionic liquid-
water mixture

filtration

acid 2 cellulose
cellulose—»l TG |—>|acetylat|or1—> acetate

hemicellulose

centrifugation

60 °C and 40 bar pressure with a custom made
filtration unit as described earlier (Hauru et al.
2013). Washing and xylan isolation procedure were
similar to the small scale experiments. The yield, sugar
compositions and molar mass distribution (MMD) of
both the solid and dissolved fractions were analyzed.

Cold caustic extraction

Cold caustic extraction of the hemicelluloses was
performed at 3 % pulp consistency, in a 10 wt%
NaOH solution, at 30 °C for 60 min. The conditions
were chosen based on simple screening tests (10 and
12 wt% of NaOH at 25 and 30 °C), and the pulp was
prepared in two batches. After the CCE the pulp was
first washed under mild acidic conditions and then
with water in order to remove residual sodium
hydroxide. The extracted pulp was dried after the
treatment and the yield, sugar composition, and MMD
were determined from the treated pulp. The dissolved
hemicelluloses were not collected in this setup.

Intrinsic viscosity adjustment by sulfuric acid
treatment

The pulp viscosity-decreasing sulfuric acid-treatment
(5 mmol/l) was performed at 90 °C for 60 min at
3 wt% pulp consistency under continuous mixing. The
acid was removed with a hot-water washing. The acid-
treated pulps were then dried and the yield, intrinsic
viscosity, sugar composition and MMD were analyzed
from each series and compared to the reference pulp.
Also, a wide angle X-ray scattering (WAXS) analysis
was performed to identify the share of cellulose II and
changes in the cellulose crystal form. In the case of the
EK-CCE-A sequence, the pulp was extracted in two
batches and both were analyzed via WAXS. The
WAXS analysis results were compared with the
reference pulp.
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Acetylation

Acetylation, as described by Testova et al. (2014)
was performed as a measure of the pulp quality and
suitability for triacetate production. 5 g of each
purified pulp were acetylated in the presence of
acetic acid, acetic anhydride, and catalyzing sulfu-
ric acid in order to increase the pulp reactivity. The
progress of the acetylation was followed by mea-
suring the so called outflow time. The outflow time
is a rough measurement of a kinematic (falling
ball) viscosity and is the time which the cellulose
acetate solution needs to pass a distance of 200 mm
in a glass tube of 5 mm in diameter (Steinmeier
2004). The acetylation time was extended until the
cellulose dissolved completely and reached the
target outflow time of 30 s, which indicates com-
plete acetylation. The quality of the cellulose
acetate was measured by the yellowness and
transmittance and was compared to the cellulose
acetate prepared from the commercial reference
pulp. The yellowness was calculated from the
absorbance values at wavelengths of 440 and
640 nm (Shimadzu UV-2550 spectrometer) accord-
ing to Eq. (1) (Sixta 2006c).

10—abx640nm _ 10—abx440nm
Cy=

1(Q—abs640nm ( 1 )

The transmittance was measured using the Turbiscan
MA 2000. In both measurements, air bubbles were
removed from the sample under reduced pressure to
ensure uniform measurements.

Pore volume and microfibril swelling
measurements

The pore volume of the EK-I-A pulp was measured
and compared to the original EK and reference pulps
in order to see whether the IONCELL process had an
effect on the pulp accessibility, which could then
influence the reactivity during the acetylation. The
fiber swelling was determined by the solute exclusion
method as the fiber saturation point (FSP). The FSP is
defined as the point in the drying process at which only
water bound in the cell walls remains. This water is
inaccessible to a dextran with a Stokes diameter of
54 nm (T2000 by Pharmacia) because the probe is so
large that it does not penetrate into the pores in the
fiber wall. The measurement was done by first adding
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0.8 g of dry pulp at 20 % solids content to a 50 ml
disposable centrifuge tube. 35 ml of 2 % dextran
solution was added to the tube. The sealed tube was
gently mixed for 1 h in a rotational mixer, and then
centrifuged at 3,500g for 15 min. The dextran super-
natant was extracted with a syringe, and expelled
through a 0.45 pm syringe filter into a 6 ml polarim-
eter tube to be measured. The optical rotation was
measured to 3 decimal points precision at 357 nm
wavelength in a Rudolph Research polarimeter. The
exact quantity of added pulp was determined gravi-
metrically after removal of the residual dextran. The
pore volume, V, was calculated by Eq. (2).

_ Wdex + Wiwater Wiex ﬁ

FSP

Woulp Woulp  Cf (2)
where Wyex, Wyater and Wy, are masses of dextran
solution, water in the sample and dry pulp, respec-
tively, and c; and c; are initial and final concentrations
of the dextran solution (measured as optical rotation).

Microfibril swelling was determined by the above
method but with a 3.6 nm dextran (T6 from Pharma-
cia). The T6 probe is small enough to penetrate into the
cell wall, but large enough to be excluded from the
fibrils. Thus it can be used to determine fibril swelling
(Manninen et al. 2013). Solute exclusion measure-
ments were done in duplicate. The typical precision of
the method is £0.02 ml/g. The accessible surface area
(ASA) was calculated by Eq. (3).

FSP — V3.6nm
ASA =" 0116 ®)
where V3 ¢nm is the pore volume determined with a
3.6 nm diameter dextran and 0.0116 is a geometric
constant based on the assumption of cylindrical pores
of 3.6 nm diameter.

Analyzing methods

The sugar composition of each sample was determined
according to standard NREL/TP-510-42618. The sam-
ple material was acid-hydrolyzed to monosugars and
analyzed by high performance anion exchange chro-
matography connected to a pulse amperometric detector
(Dionex ICS-3000). The polymer content was then
calculated according to the Janson formula (1970).

The intrinsic viscosity measurements were per-
formed according to the standard method SCAN-CM
15:99.
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WAXS intensities were measured by using Cu
K, (A 1.54 A) perpendicular transmission geome-
try and analyzed as described by Penttild et al.
(2013). The equipment applied was: a Seifer ID
3003 X-ray generator, 36 kV, 25 mA, a Montel
multilayer monochromator, and a MAR345 image
plate detector. The crystal size was calculated
from WAXS intensities by using Scherrer equa-
tion. The cellulose crystallinity was obtained by
fitting Gaussian functions on a 26 range from 12°
to 49°.

The molar mass distributions were determined by
using gel permeation chromatography (GPC) accord-
ing to Borrega et al. (2013) where the samples were
subjected to a solvent-exchange sequence in order to
remove water and to activate the samples in N,N-
dimethylacetamide (DMACc). Finally the samples were
dissolved into a lithium chloride-DMAc solution and
analyzed with a Dionex Ultimate 3000 system.
Pullulan standards (343 Da-708 kDa, Polymer Stan-
dard Service GmbH, Mainz, Germany, and 1,600 kDa,
Fluka GmbH, Germany) were used to calibrate the
system. The molar masses (MM) of the pullulan
standards were converted to correspond to those of
cellulose (MMceiiutose = q* MMgullulan)’ as Proposed
by Berggren et al. (2003). The coefficients ¢ = 12.19
and p = 0.78 were found by a least-squares method,
using the data published in their report.

Results

The target was to decrease the hemicellulose content
of the used eucalyptus kraft (EK) pulp from 16.6 wt%
to the level of the reference pulp (1.8 wt%). Three
different treatment sequences were tested in terms of
hemicellulose removal efficiency: (a) direct extraction
of the pulp via the IONCELL process (I); (b) an
endoxylanase pre-treatment (X) prior to the IONCELL
extraction; (c) hemicelluloses removal by cold caustic
extraction (CCE). In all three sequences, the final
target viscosity of 600 ml/g was adjusted by an acid
treatment (A).

IONCELL optimization for Eucalyptus urograndis
kraft pulp

As mentioned before, the hemicellulose solvation is
highly dependent on the water content of the solvent

20 1 - 10

Cellulose loss, %

pulp 0.477 0.500 0.564
Water mole fraction y,,,,

Fig. 2 IONCELL optimization results for EK pulp show that
xylan can be removed efficiently with the process. The optimum
conditions at 60 °C for 4 h with 0.477 mol fraction of water
decreased the xylan content to 2.2 wt% while the amount of
dissolved cellulose (red scale) remained low

system. A low water content increases the efficiency of
the xylan removal but also promotes cellulose disso-
lution. This phenomenon is presumably dependent on
the polymer size, but the research on the dissolution
mechanism is on-going. The optimum water content of
the solvent system is a compromise between the xylan
removal efficiency and the solvation selectivity, as the
molecule sizes of the hemicellulose and cellulose are
overlapping slightly (Froschauer et al. 2013; Roselli
et al. 2013). This can be seen from the optimization
results in Fig. 2, where the water molar fraction of the
solvent system, time and temperature are varied.
A molar ratio of Yo 0.477 was chosen for these
experiments as it demonstrated the best potential for
xylan removal. When the incubation time and tem-
perature were optimized, it was noticed that a prolon-
gation of the treatment time from 3 to 4 h enhanced the
xylan removal efficiency slightly, while increasing the
temperature from 60 to 80 °C had an adverse effect on
the selectivity. The small decrease in cellulose loss
upon prolonged incubation time might solely be an
artefact, deriving from an increased yield of the
residual cellulose fraction caused by insufficient
washing. This is associated with lab-scale filtration
which becomes significantly more difficult once a
small amount of cellulose is dissolved and a noticeably
more viscous solution is formed. This does not only
render the removal of the dissolved hemicellulose
more difficult but partly dissolved cellulose can also
lead to technical problems when it results in blocked
filter pores. Furthermore, dissolving cellulose leads to
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Table 2 The residual xylan content as wt% of the pulp after
each procedure

Origin  Sequence EK-pulp X I CCE A

Lab EK-I-A 16.6 2.4 22
Lab EK-X-1-A 16.6 129 21 1.7
Lab EK-CCE-A  16.6 3.8 39

Commercial EPHK-CCE-A pulp: 1.8 wt% residual xylan

EK eucalyptus kraft, X xylanase treatment, / IONCELL
extraction, CCE cold caustic extraction, A sulfuric acid
treatment, EPHK eucalyptus prehydrolysis kraft

the formation of cellulose II, which is disadvantageous
for the cellulose reactivity and should be avoided for
this reason as well.

Changes in yield and sugar composition through
treatment sequences

The sugar composition and yield of each purified pulp
were followed throughout the sequences and the
results are presented in Tables 2 and 3, respectively.
The ionic liquid-treated pulps reached final xylan
levels comparable to commercial acetate grade pulp
(around 1.8 wt% of xylan), while the CCE treatment
was considerably less efficient (3.9 wt% residual
xylan). It is also notable that the xylan content of the
ionic liquid-treated pulps was further decreased during
the acid treatment step, while the residual xylan in the
CCE-treated pulp remained unchanged. This would
mean that the ionic liquid extraction leaves some
reactive hemicelluloses in the pulp that can be easily
removed under acidic conditions.

The results show that the enzymatic pretreatment
enhances the xylan removal in the IONCELL treat-
ment sequences. This is probably because the
endoxylanase reduces the size of the hemicellulose

molecules, differentiating them more distinctly from
the cellulose and, thus, promoting the IONCELL
extraction. The subtle difference of 0.32 wt% (after
the IONCELL process) and 0.56 wt% (after the acid
treatment) corresponds to considerable 15 and 34 wt%
decreases in the residual xylan content. Increasing the
enzyme dosage from 500 to 2,000 U per g of pulp had
no effect on the xylan extraction efficiency. Thus, the
following results of treatment sequences including
enzymatic activation refer to pretreatments with an
enzyme dosage of 500 U.

The overall yields (on bleached EK pulp) of the
treatment sequences in this study were 97.7 wt%
(including the dissolved fraction 14.4 wt% of pulp) for
EK-I-A, 92.3 wt% (including the dissolved fraction
13.3 wt% of pulp) for the EK-X-I-A, and 79.5 wt% for
the EK-CCE-A. The yield from the EK-CCE-A
sequence was lower, as the dissolved hemicellulose
was not recovered in this study. The decrease in the
EK-X-I-A sequence yield compared to the EK-I-A
was due to the enzymatically removed hemicelluloses
which were not recovered. The acid treatment caused
only minor yield losses in the cellulose.

Changes in the molar mass distribution through
the treatment sequences

The molar mass distribution analysis from the purified
and acid treated-pulps was in line with the yield and
sugar content results (see Figs. 3 and 4). The MMD of
the IONCELL extracted cellulose and hemicellulose
fractions and the original EK pulp show that the
polymer chains are preserved entirely. Only minor
yield losses are observed in the region of low MM
hemicelluloses as they are difficult to collect by
centrifugation when the dissolved fraction is washed.
The MMD of CCE extracted pulp contains a visible

Table 3 Process yields through the treatment sequences as wt% of the material applied to the treatment step

Origin Sequence X Isolia Ibissolved CCE A Total cellulose (%) Total carbo-hydrate (%)
Lab EK-I-A 83.8 14.4 99.5 83.4 97.7
Lab EK-X-I-A 94.6 84.7 14.1 98.8 83.7 92.3
Lab EK-CCE-A 81.3 97.8 79.5 79.5

The yields of the solid cellulose fraction and of the dissolved hemicellulose fraction from the IONCELL process are considered
separately. The total yield considers the losses of each step and is reported as wt% of the bleached EK pulp

EK eucalyptus kraft, X xylanase treatment, / IONCELL extraction, CCE cold caustic extraction, A sulfuric acid treatment

@ Springer



Cellulose (2014) 21:3655-3666

3663

------ EK
0.8 +——EK-I
—— EK-X-I
EK-CCE
S 061 .. EKdXylan
> - —- EK-X-I Xylan
2 041
=
0.2
0.0 s ’ .
3 4 4 5 6 7
log (MM) log (MM)

Fig. 3 a The molar mass distributions of the purified pulps and

the dissolved fractions from the IONCELL process. b Sum of

IONCELL extracted fractions. The results are compared to the
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Fig. 4 Molar mass distributions of the acid-treated pulps,
compared to the reference and original EK pulp. The laboratory
treated pulps have almost identical MMD patterns

proportion of short-chain material, which is the
residual xylan (Fig. 3a). Figure 3b shows the sum of
IONCELL extracted fractions in comparison to the
original pulp (calculated by summing up the MMD-
curves of the respective fractions shown in Fig. 3a).
The EK-I sequence corresponds well, while the
dissolved fraction from EK-X-I treatment is clearly
lacking a small proportion of hemicelluloses. These
hemicelluloses were removed during the enzyme
treatment.

The viscosity of the original EK pulp was
increased from 813 ml/g to approximately 950 ml/
g as a result of the hemicellulose removal. The
viscosity adjusting sulfuric acid treatment resulted in
a viscosity of approximately 600 ml/g, and a narrow
and uniform MMD in all the treatment sequences

original EK pulp. EK eucalyptus kraft, X xylanase treatment,
1 IONCELL extraction, CCE cold caustic extraction, A sulfuric
acid treatment)

12 1 [200] EK-CCE-A
—EK-I-A
10 — EK-X-I-A
----- EK
8 4 —— EPHK-CCE-A
(commercial)
’;. [1-10] [110]
3 67 N/
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Fig. 5 The WAXS intensities of the acid-treated pulps
compared to the EK and EPHK-CCE-A pulps. None of the
pulps shows the cellulose II indicating peak at the diffraction
angle of 12°, but the WAXS-pattern of the EK-CCE-A pulp
illustrates some changes in the crystal shape around the
diffraction angle 15°

(Fig. 4). The molar mass distributions of the acid
treated pulps were similar to the commercial EPHK-
CCE-A pulp.

Reactivity of the final pulps

The pulp reactivity has a great influence on the even
acetylation of the pulp. As stated above, the molar
mass distributions were narrow and similar for all the
pulps, which render them equally reactive in terms of
MMD. Hemicellulose content, cellulose crystal form
and porosity of the pulp are further parameter influ-
encing the pulp reactivity.
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Table 4 Structural analysis of the WAXS results from the
acid-treated pulps

Pulp Crystal width (nm) Crystallinity

(1-10)  (100)  (200)  (%)*

EK - - 4.9 45 £ 3
EK-CCE-A 4.6 5.7 5.1 44 £ 3
EK-I-A 4 4.6 4.7 46 £ 3
EK-X-I-A 4 4.8 4.8 47 £ 3
EPHK-CCE-A 4.8 4.2 5 44 +£3

The results are compared to the commercial EPHK-CCE-A
pulp
# Sample crystallinity

Table 5 The porosity results of EK, EK-I-A and EPHK-CCE-
A pulps

Source Sample Fibril Fiber Accessible
swelling swelling surface
(ml/g) (ml/g) area (m?/g)
Lab EK 0.48 0.51 2.1
Lab EK-I-A 0.45 0.51 4.7
Commercial EPHK- 0.41 0.47 5.1
CCE-A

WAXS analyses (Fig. 5) show that the IONCELL
treatment does not alter the crystallinity of the pulp,
and all treated pulps remained in cellulose I crystal
structure throughout the treatment sequences. Only the
EK-CCE-A pulp showed a slight trace of cellulose II,
but the amount was too low to be quantified, although
there are several studies that argue that kraft pulp
treated in 10 wt% of alkali should contain a clear
proportion of cellulose II (Rydholm 1965b; Sixta
2006b). EK-CCE-A pulp is also the only one that
shows changes in the crystal width in directions
measured from 1-10 and 110, resulting in slightly
larger crystals than the other pulps. This could indicate
aggregation of crystals or organization of some

disordered regions. The crystallinity values are listed
in Table 4.

The porosimetry results (Table 5) show that the
accessible surface area of the EK-I-A pulp is compa-
rable to the commercial reference pulp, while the fiber
swelling is the same as the EK sample. This means that
the IONCELL treatment does not change the fiber
swelling, but removing the hemicelluloses actually
opens up the fiber structure. The relatively low FSP
and accessible surface area of the EK sample are
typical of a pulp that has been through a drying cycle
and is “well hornified” (typically, never-dried kraft
pulps have a FSP of 1.2-2.0 ml/g). Hornification is
thought to be associated with the aggregation of
cellulose microfibrils and the formation of water stable
hydrogen bonds between adjacent cellulose surfaces
(Maloney and Paulapuro 1999; Newman and Hem-
mingson 1997; Roder and Sixta 2004). The fact that
the IONCELL process does not reverse the hornifica-
tion at all, indicates that the ionic liquid acted
primarily on the xylan fraction and had little influence
on the internal bonding of the cellulose.

Acetylation

As previously mentioned, residual hemicelluloses in
the pulp will result in optical defects like yellowness
and haze. The determined quality parameters (yel-
lowness and transmittance) of the produced cellulose
acetates are listed in Table 6. It can be seen from the
high yellowness of the cellulose acetate produced
from EK-CCE-A pulp that the residual xylan content
is too high and the acetylation is affected. In addition,
the transmittance is low, indicating that the residual
xylan of the EK-CCE-A pulp also causes haze
formation. In contrast, the ionic liquid extracted pulps
resulted in cellulose acetate with comparable haze to
the cellulose acetate produced from the reference pulp,
and even reached a superior yellowness value in the
case of EK-X-I-A. The low yellowness of the EK-X-I-

Table 6 The quality measurements of the produced cellulose acetates

Origin Sequence Acetylation time (min) Xylan (%) Yellowness (-) Transmittance (%)
Lab EK-I-A 22 23 0.226 78.6
Lab EK-X-I-A 27 1.6 0.174 81.1
Lab EK-CCE-A 30 3.9 0.302 61.7
Commercial EPHK-CCE-A 68 1.8 0.233 83.2
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A pulp produced acetate is most likely due to the very
low residual xylan content of the pulp. It is also
notable that all of the laboratory produced pulps were
acetylated much faster than the commercial pulp,
indicating good reactivity.

Conclusions

It has been demonstrated that the IONCELL process
offers a simple procedure to upgrade eucalyptus kraft
pulp to high value acetate grade dissolving pulp. The
xylan content of the pulp was decreased from 16.6 to
2.22 wt%, and even down to 1.66 wt%, by adding an
endoxylanase pretreatment to the process. The viscos-
ity adjustment via acid treatment resulted in a uniform
MMD of the pulp. Cellulose acetates produced from
IONCELL-treated pulps had equally low haze and
even lower yellowness than the cellulose acetate
produced from the commercial acetate grade pulp. The
yellowness of the cellulose acetate produced from the
EK-X-I-A pulp was especially good, resulting from
the very low residual xylan content.

The IONCELL process allows the production of high
purity pulp without cellulose yield losses, degradation,
or effects on the cellulose crystalline form. In addition,
the dissolved hemicelluloses can be recovered without
losses from the solvent system as native size polymers
by a simple precipitation. This opens up opportunities
for new hemicellulose based products, increasing the
economic value of the overall process and rendering it a
possible alternative to CCE. However, the commercial
realization of the IONCELL and other ionic liquid based
processes depends strongly on the efficient solvent
recovery. The mass balance shows an almost complete
recovery of all carbohydrates resulting in a very low
accumulation of biomass in the ionic liquid—water
system. Nonetheless, large scale long-term studies are
still needed to confirm the full recyclability of the
solvent system with a large turnover number. For this
reason, further research needs to focus on the recycling
strategies and chemical long-term stability of the ionic
liquid based solvent systems.
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