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The  thermal  stability  of  cellulose  in  the  ionic  liquid  (IL)  1-ethyl-3-methylimidazolium  acetate,  [emim]OAc
was  investigated.  For  this  purpose,  Eucalyptus  urugrandis  prehydrolysis  kraft  pulp  was  first  dissolved  in
[emim]OAc  by means  of a vertical  kneader  and  then  stored  at three  different  temperatures  to  study  the
time-depended  behavior  of the  cellulose-[emim]OAc  system.  Cellulose  depolymerization  was  assessed
by characterizing  the  precipitated  cellulose  and  the  rheological  behavior  of  the cellulose-[emim]OAc
solutions.  The  results  show  decreases  in the weight  average  molecular  mass  and  in the  shear  viscosity  at

◦

ellulose
ellulose degradation

onic liquid
heological characterization

temperatures  exceeding  60 C,  which  can  be related  to  progressing  degradation  of  cellulose  in the  IL upon
storage  at  elevated  temperature.  The  changes  in  behavior  of  the  solutions  under  extensional  stresses  also
attest the  gradual  depolymerization  of  cellulose.  The  degradation  has been  analyzed  using  appropriate
kinetic  models.  Propyl  gallate  appeared  to  be an  efficient  stabilizer  of  the  cellulose-[emim]OAc  system
during  the dissolution  step  even  though  the  mechanism  has  not been  fully  understood  yet.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Over the last decades, the demand for consumption goods has
ignificantly increased due to the world population growth and a
ise in per-capita consumption, especially in developing countries.
oncomitantly, growing concerns regarding the use of depleting
rude oil feedstock as well as an increasing awareness towards
ustainable resource management has raised the interest in the
se of biodegradable and organic renewables. Cellulose being the
ost abundant natural polymer on earth offers opportunities as

aw material for many applications.
The market for sustainable cellulose products such as films,

oils, composite or man-made cellulosic (MMC)  fibers, is expanding
orldwide. In 2012, the total fiber consumption was 83.5 million

ons (The Fiber Year, 2013) of which 33% were cellulosic fibers
cotton, Viscose/Rayon, Modal and Tencel® fibers). In 2012, cot-

on represented 82% of the total consumption of cellulosic fibers.
owever, owing to limited cotton production and thus increas-

ng cotton costs, the cotton output decreased by 5.4% over the

∗ Corresponding author. Tel.: +358 50 384 1764; fax: +358 9 470 24259.
E-mail addresses: anne.michud@aalto.fi (A. Michud), michael.hummel@aalto.fi

M.  Hummel), shaward@fe.up.pt (S. Haward), herbert.sixta@aalto.fi (H. Sixta).

ttp://dx.doi.org/10.1016/j.carbpol.2014.09.075
144-8617/© 2014 Elsevier Ltd. All rights reserved.
period 2011–2012. Moreover, the large amount of water required
for its production and the extensive use of artificial fertilizers and
pesticides can make cotton an unsustainable cellulosic fiber raw
material (The Fiber Year, 2013). A study for the period 2010–2030
predicts an annual fiber production of 133.5 million tons in 2030
with an estimated share of 33 to 37% of cellulosic fibers, thus rais-
ing the demand of cellulosic fibers to 44–49 million tons in 2030.
Assuming a maximum cotton production of 26 million tons, 18 to
23 million tons of MMC  fibers will be needed to fill the so-called
cellulose gap (Eichinger, 2012).

Nowadays, the market of man-made cellulosic fibers, cel-
lulosic films and composites is still dominated by the viscose
process that uses and forms highly toxic chemicals and gasses
and, consequently, may  pose a threat to the environment. The
more environmentally acceptable lyocell process, commercial-
ized in the early 1990s, using the non-derivatizing solvent
N-methylmorpholine N-oxide (NMMO) has been so far the only
viable alternative to the viscose process (Fink, Weigel, Purz,
& Ganster, 2001). However, the thermal instability of NMMO
demands important investments in safety technology to avoid

thermal run-away reactions and cellulose degradation. Moreover,
films manufactured with the viscose process show inferior barrier
and mechanical properties compared to synthetic films. There-
fore, new industrial technologies for the processing of cellulose

dx.doi.org/10.1016/j.carbpol.2014.09.075
http://www.sciencedirect.com/science/journal/01448617
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mailto:anne.michud@aalto.fi
mailto:michael.hummel@aalto.fi
mailto:shaward@fe.up.pt
mailto:herbert.sixta@aalto.fi
dx.doi.org/10.1016/j.carbpol.2014.09.075


3 ate Po

i
w
a
2
a
i
i
p
&
l
a
i
t
d
a
e
&

m
o
T
f
c
R
i
t
d
i
r
n
i
k
s
W
a
o
i
t
r
i
m
c
s
l
v
l
M
i
s
r
u
&
a
f
s

p
s
t
l
t
o
i
t
a
t

56 A. Michud et al. / Carbohydr

n direct solvents are desired to manufacture cellulosic material
ith outstanding properties and to make their production cost-

nd eco-efficient (Hermanutz, Gähr, Uerdingen, Meister, & Kosan,
008; Perepelkin, 2007). Ionic liquids that have been presented as

 novel class of direct solvents for cellulose have been thoroughly
nvestigated during the last few years. They appear to be a promis-
ng alternative to NMMO  and offer new possibilities for cellulose
rocessing (Cao et al., 2009; Feng & Chen, 2008; Kosan, Michels,

 Meister, 2008; Swatloski, Spear, Holbrey, & Rogers, 2002). Their
ow melting point, low vapor pressure, thermal stability and their
bility to dissolve cellulose of high DP make ILs advantageous for
ndustrial processes (Pinkert, Marsh, Pang, & Staiger, 2010). Fur-
hermore, the possibility of preparing mixtures of cellulose with
ifferent substrates or activation of cellulose in ILs makes them
ttractive especially for the production of biocomposite (Simmons
t al., 2011; Stefanescu, Daly, & Negulescu, 2012; Wu,  Wang, Li, Li,

 Wang, 2009).
The stability of dissolved cellulose in ionic liquids upon ther-

al  impact is of special importance for the processing conditions
f shaped cellulosic products such as films, composites or fibers.
he high temperature used during the different preparation steps,
rom the dissolution until the regeneration of cellulose, may  cause
ellulose depolymerization (Haward, Sharma, Butts, McKinley, &
ahatekar, 2012; Wendler, Kosan, Krieg, & Meister, 2009). The

ntrinsic viscosity measurement is a fast and convenient method
o estimate the average DP of cellulose and thus the extent of
egradation. However, the determination of DP provides only some

nformation on the viscosity-average molar mass and no element
egarding the molar mass distribution (MMD). A polymer can-
ot be fully characterized by a single molecular mass value; it

s well defined by a molar mass distribution which is one of the
ey factors affecting the rheology of a visco-elastic cellulose–IL
olution and, thus, its processability during coagulation (Collier,

atson, Collier, & Petrovan, 2009; Dupont & Mortha, 2004). The
ssessment of cellulose degradation through the determination
f the MMD  requires the regeneration of the dissolved cellulose
n ILs. This method is consequently time-consuming and necessi-
ates being performed offline between the dissolution and shaping
egeneration steps. Unlike the traditional methods to quantify the
ntrinsic properties of dissolved cellulose, rheological measure-

ents offer the possibility of on-line monitoring the extent of
ellulose depolymerization. Visco-elastic properties of cellulose–IL
olution are dependent of the DP and MMD  of dissolved cellu-
ose. Thus, the change of the complex viscosity or the extensional
iscosity of cellulose–IL can be used to determine whether the cel-
ulose degrades during the process (Lu, Cheng, Song, & Liang, 2012).

oreover, shear and extensional deformations play a major role
n cellulose processing operations which involve rapid change of
hape such as fiber spinning or film blowing. The assessment of the
heological properties of cellulose–IL solution is, hence, a prereq-
isite for successful cellulose processing (Sammons, Collier, Rials,

 Petrovan, 2008a,b; Sammons et al., 2008a,b). Rheological char-
cterization of cellulose–IL solutions is thus an important method
or monitoring cellulose degradation and fundamental for the sub-
equent processing of polymer solutions.

In this study, we use Eucalyptus urugrandis prehydrolysis kraft
ulp dissolved in 1-ethyl-3-methylimidazolium acetate to demon-
trate how cellulose depolymerization upon storage in ILs at high
emperatures can be monitored by shear and elongation rheo-
ogy. Cellulose degradation is first assessed by traditional methods
hrough the determination of the intrinsic viscosity and the MMD
f the regenerated cellulose. The kinetics of cellulose depolymer-

zation is calculated using two model types. In the second part,
he shear and elongational properties of the cellulose–IL solution
re evaluated in order to show how the intrinsic properties of
he regenerated cellulose and the rheological properties of the
lymers 117 (2015) 355–363

cellulose–IL solution can be linked and, hence, how the rheological
properties of cellulose–IL solution can be directly used to estimate
the extent of cellulose depolymerization.

2. Experimental

2.1. Materials and methods

E. urugrandis prehydrolysis kraft pulp (PHKeuca DP = 1026 cal-
culated from the intrinsic viscosity, Mn = 79.8 kDa, Mw = 268.6 kDa,
polydispersity 3.4, Bahia Speciality Cellulose, Brazil) was used as
cellulosic solute. This pulp grade is typically used for the produc-
tion of man-made cellulose fibers. It contains 2.5% of hemicellulose
and has a kappa number of 0.69. The pulp was  delivered in sheet
form and cut to a powder by means of a Willey mill. 1-Ethyl-
3-methylimidazolium acetate (purity ≥95%) was purchased from
BASF (Germany) and used without any further purification. A water
content of 0.13% was determined via Karl-Fischer titration. N,N-
dimethylacetamide (DMAc) and lithium chloride (LiCl; analytical
grade), used for the molar mass distribution characterization, and
propyl gallate (PG, analytical grade) used as a stabilizer during the
dissolution of cellulose in [emim]OAc were purchased from Sigma-
Aldrich.

2.1.1. Preparation of cellulose-[emim]OAc solution
The dissolution of cellulose in [emim]OAc was carried out in

a vertical kneader system following a protocol earlier suggested
for the preparation of [emim]OAc-based spin dopes (Kosan et al.,
2008). Temperature, pressure, torque moment and revolution per
minute (rpm) versus reaction time were controlled online (Hauru
et al., 2013). The PHKeuca pulp was  first swollen in water to increase
the accessibility of the hydroxyl groups. [emim]OAc was then added
to the swollen pulp and the ternary mixture (cellulose–IL–water)
was finally transferred to the vertical kneader. PG (2 wt% on dry
cellulose) was  added to the suspension when preparing a stabi-
lized cellulose solution. The pulp was  dissolved at 95 ◦C and 48 rpm.
Excessive water was removed at reduced pressure (down to 55
mbar). The dissolution phase was indicated by a significant increase
of the torque moment until the mixture forms a gel-like struc-
ture (Kosan et al., 2008). Upon further progress of the dissolution,
the gel is turned into a real solution resulting in a small decrease
of the torque after which the solution was stirred for another
hour to ensure complete dissolution. Any undissolved particles or
impurities were removed afterward by means of a hydraulic pres-
sure filtration unit (metal fleece filter of ca. 5 �m absolute pore
size). A dope of 10 wt%  of cellulose in 1-ethyl-3-methylimidazolium
acetate was  prepared, then divided into three portions for the
degradation series, and sealed tightly.

2.1.2. Degradation of cellulose solution
The cellulose-[emim]OAc solutions were stored for 24 h in an

oven at 60, 90 and 110 ◦C. Samples were taken after 1, 2, 4, 8 and
24 h for the three temperatures. The samples were sealed again and
stored in solution state from which the cellulose was regenerated
for further characterization. The PG-stabilized cellulose solution
was degraded at 110 ◦C for 1, 2, 4, 8 and 24 h.

2.1.3. Coagulation of cellulose
The coagulation of the dissolved cellulose in [emim]OAc was

performed by adding water as an anti-solvent. A high shear mixer
(IKA Ultra Turrax) was used to disintegrate the coagulated cel-

lulosic film into flake-like cellulose. The resulting cellulose was
filtrated and washed three times to eliminate any remaining ionic
liquid. The coagulated flakes were then dried at room temperature
for two days. Oven-dried cellulose samples showed hornification
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henomena and were difficult to re-dissolve for intrinsic viscosity
nd GPC measurements.

.2. Analyses

.2.1. Characterization of coagulated cellulose
Intrinsic viscosity, [�], of the coagulated cellulose was  deter-

ined in cupriethylenediamine (CED) according to SCAN-CM
5:99. The degree of polymerization (DPv) was then calculated
ccording to the following equations:

Pv =
(

[�]
2.28

)1/0.76

for � > 400 ml/g (1)

Pv = [�]
0.42

for � < 400 ml/g (2)

Molar mass distribution was determined by a GPC-system
onsisting of a pre-column (PLgel Mixed-A, 7.5 × 50 mm),  four
nalytical columns (4 × PLgel Mixed-A, 7.5 × 300 mm)  and a RI-
etector (Shodex RI-101). After a sequence of activation in water,
cetone and DMAc, cellulose was dissolved in 90 g/l LiCl/DMAc at
oom temperature under a constant slow speed magnetic stirring.
fter dissolution, the sample was diluted in pure DMAc to reach

 concentration of 1 mg/ml  in 9 g/l LiCl/DMAc. The samples were
hen filtered with 0.2 �m syringe filters and a volume of 100 �l
as separated at 25 ◦C at a flow rate of 0.750 ml/min with 9 g/l

iCl/DMAc as eluent. Calibration was done using pullulan standards
ith molecular weights ranging from 343 Da to 708,000 Da. Molar
ass distributions of cellulose obtained by performing GPC/RI by

irect-standard-calibration were then corrected using an algo-
ithm calculating cellulose-equivalent molar masses of pullulan
tandards (MMcellulose = q × MMP

pullulan) as suggested by Berggren,
erthold, Sjöholm, and Lindström (2003) and Borrega, Tolonen,
ardot, Testova, and Sixta (2013). The coefficients q = 12.19 and

 = 0.78 were found by a least-square method, using the data pub-
ished in their report.

.2.2. Kinetics of cellulose degradation
Degradation of cellulose is mainly due to the cleavage of the

-glucosidic bonds along the cellulose chains. The kinetic of cel-
ulose degradation in [emim]OAc was analyzed using two  models.
hey describe the extent of cellulose degradation in terms of the
umber of scissions of the �-glucosidic bonds per cellulose chain
nd thus use the evolution of the degree of polymerization in their
etermination. The first model, described by Eq. (3), corresponds to
he difference between two reciprocal degrees of polymerization.
owever, the experimental uncertainty of the DP values is ampli-
ed in this method. Calvini and Gorassini (2006) suggested that a
atio between the values of DP should be introduced into the rate
quation of cellulose degradation that is given by Eq. (4) (Calvini,
orassini, & Merlani, 2008; Ding & Wang, 2008). The notion of

evelling-off degree of polymerization (LODP) was introduced by
alvini (2005) into the kinetic model of cellulose degradation
hrough the initial number of cellulose bonds available for the
egradation n◦ as can been seen in Eqs. (3) and (4). It has to be
oted that herein the LODP is a free parameter in the non-linear

east square fit and, thus, representing the calculated limiting DP
alue only.

odel 1 S =
(

1
DP

− 1
DP0

)
= n◦ ×

(
1 − e−kt

)
=

(
1

LODP
− 1

DP0

)
×

odel 2 S =
(

DP0

DP − 1

)
= n◦ ×

(
1 − e−kt

)
=

(
DP0

LODP − 1

)
×

(
1 −
.2.3. Rheological characterization of cellulose solutions
Surface tension and density of the dopes, needed for the exten-

ional characterization, were determined via KSV CAM contact
lymers 117 (2015) 355–363 357

angle and surface tension meter modified with a dry cell and an
Anton Paar DMA515 density meter, respectively. The cellulose–IL
solutions showed a surface tension of 35 mN/m and a density of
1.111 g/cm3.

Oscillatory shear rheology of the different samples was mea-
sured on an Anton Paar MCR  300 with a plate and plate geometry.
Time stability tests showed no significant moisture uptake from the
laboratory atmosphere at the plate edges within the required test-
ing time. Thus, it was  not necessary to seal the edges with paraffin
oil as previously suggested by others (Gericke, Schlufter, Liebert,
Heinze, & Budtova, 2009; Sammons et al., 2008a,b). Dynamic strain
sweep tests were first performed to define the viscoelastic domain.
A strain of 1% was  chosen for the subsequent frequency sweep
tests which were carried out over an angular velocity range, ω, of
0.01–100 s−1 at 60 ◦C. Complex viscosity, �*, as well as dynamic
moduli, G′ and G′′ representing the storage modulus and loss mod-
ulus respectively, were recorded. As suggested by Sammons et al.,
complex viscosity data were fitted to the three-parameter Cross vis-
cosity model, given by Eq. (5), to determine the zero shear viscosity,
�0 (Sammons et al., 2008a,b). The Cox–Merz rule is here assumed
to be valid (Lu et al., 2012).

� = �0(
1 + (� �̇)1−n

) (5)

where � is a time constant and n is the power-law exponent.
Extensional rheological analyses were conducted on a thermo

fisher capillary break-up extensional rheometer (CaBER) at 60 ◦C. In
this breakup device, the solution is first loaded between two plates.
Prior to the actual measurement, the upper plate is rapidly moved
up and then held at a fixed vertical displacement. A liquid thread
is thus formed and the evolution of the mid-filament diameter is
monitored as a function of time by a laser micrometer until its final
breakup (Anna & McKinley, 2001; Stelter, Brenn, Yarin, Singh, &
Durst, 2000). Plates of 6 mm were used and the step-stretch defined
by an initial and final aspect ratio of 0.66 and 3, respectively (ini-
tial and final separation of 2 and 9 mm,  respectively). After sample
loading, a defined equilibration time of 2 min  was waited before
the start of the measurement in order to let the cellulose chains
fully relax. Possible moisture up-take during the measurement was
prevented by purging a dry air flow of 1.5 ml/min through the mea-
surement cell. The effective sample temperature was determined
by a Testo 845 contactless IR thermometer.

A set of forces balancing each other divide the self-thinning of
the thread into four regimes. In the first regime (I), the fluid cylinder
is exposed to gravitational forces which are opposing the capillary
forces and which distort the assumed axial symmetry around the
mid-plane of the filament thread. A lower boundary to this regime
can be defined by the Bond number Bo, given by Eq. (6), using the
density � and the surface tension � of the solution, the gravitational
constant g, and the local filament radius R(t). For radii resulting in
B0 < 0.2, gravitational effects can be neglected (Clasen, 2010). In our
case, data deriving from a diameter higher than 1.60 mm should be
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Fig. 1. Flow chart showing experimental steps and performed analyses.

In the second regime (II), the polymer solution exhibits
ewtonian-like behavior, the filament diameter decreases slowly
nd linearly with time. The capillary forces �/R that drive the
lament thinning are balanced by the material’s viscous tensile
tresses �Eε̇, apparent extensional viscosity and extension rate
espectively, that predominate the elastic tensile stresses. The fil-
ment diameter being still large, the extension rate ε̇ is low and
he cellulose chains are not stretched yet. In the third regime (III),
he filament thinning is still controlled by a visco-capillary bal-
nce of the capillary pressure and the viscous stresses present in
he filament. However, the polymer solution shows an extensional
hinning due to the higher surface pressure and thus extension
ate. An increase in the disentanglement and orientation of the
olymer chains is noticed in this regime. The onset of the elasto-
apillary balance is observed in the fourth regime (IV) with the
lastic stresses prevailing the viscous stresses within the filament
nd balancing the action of the capillary pressure. The diameter
ecay at this stage is described by an exponential function. This
egime only takes place at very small diameters close to breakup
Anna & McKinley, 2001; Clasen, 2010; Stelter, Brenn, Yarin, Singh,

 Durst, 2002).
From the decay of the filament diameter (in mm),  the breakup

ime (in s), the apparent extensional viscosity (in Pa s) and the
xtension rate (in s−1) can be calculated by the following equations:

E = �

2
(

dR/dt
) (7)

˙  = − 2dR

(Rdt)
(8)

.2.4. Experimental steps and analysis of the investigation
Fig. 1.

. Results and discussion

.1. Characterization of regenerated cellulose

.1.1. Degree of polymerization
The extent of cellulose depolymerization was first assessed by

haracterizing the degree of polymerization via the intrinsic viscos-
ty, [�], and the molar mass distribution (MMD)  of the precipitated
ellulose of the different samples.
Table 1 summarizes the analytical data of the regenerated cellu-
ose. The dissolution step was carried out using prehydrolysis kraft
ulp with an intrinsic viscosity [�] of 443 ml/g corresponding to a
Pv of 1026. A significant DP-degradation of 25.2% was detected Ta
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Table  2
Evolution of cellulose chain fraction upon time at 110 ◦C.

DP < 50 (%) DP < 100 (%) DP > 2000 (%)

Original pulp 1.1 3.2 25.7
0  h 0.0 2.3 13.5
1  h 0.0 1.3 11.5
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4  h 0.2 1.6 10.7
24 h 0.1 1.7 9.2

fter the dissolution step. This marked reduction can be explained
y the high temperature (95 ◦C) and the shear forces needed for a
ast dissolution. The extent of degradation is reduced to about 10%
hen dissolving the same pulp at a temperature of 85 ◦C. The DPv

alues of the precipitated cellulose from the cellulose–IL solutions
hat have been kept at 60, 90 and 110 ◦C for specified times as well
s the relative DP-degradation in percent are given in Table 1. The
Pv values show stability of the cellulose-[emim]OAc system at a

emperature of 60 ◦C; no polymer chain scissions are taking place.
owever, cellulose degradation occurs at 90 and 110 ◦C. Cellulose
epolymerization is naturally more pronounced at 110 ◦C than at
0 ◦C resulting in a final DPv-reduction of 11.9% and 8.7% after
4 h of storage, respectively. The rate of cellulose depolymerization
ecreases with storage time, regardless of the storage temperature.

In this study, [emim]OAc of purity ≥95% was  purchased from
ASF and was used without any further purification. Some impuri-
ies, such as tertiary amines, methyl- and ethylimidazole, and metal
ations, are generally formed during the synthesis process or heat-
ng of ILs and can be involved in further side-reactions or may  act
s catalysts. Another major impurities to consider is water which
ignificantly influences the dissolution process and participates in
he thermal decomposition of [emim]OAc (Liebert & Heinze, 2008;

endler, Todi, & Meister, 2012).
Propyl gallate, standard stabilizer in the lyocell process, is a

henolic antioxidant acting as a radical scavenger. Its role is to
orm radicals, which interrupt the reaction chain and yield stable
roducts in subsequent reactions. PG reacts with radical species
resent in solution and forms the relatively stable phenoxyl radi-
als which recombine to ellagic acid via carbon-carbon coupling.
llagic acid being a phenolic antioxidant itself is converted by four
adical equivalents into the deeply colored conjugated compound
is(ortho-quinone) (Rosenau et al., 2002). A discoloration of the
ellulose–IL solution was  observed few seconds after adding PG to
emim]OAc demonstrating the action of propyl gallate as a radical
rap. Impurities such as metal ions can also be complexed by the
tabilizer before the formation of metal-induced radicals. As seen
n Table 1, the use of PG as stabilizer influences significantly the
ellulose depolymerization during the dissolution of cellulose in
emim]OAc. The addition of 2% PG (on dry cellulose) decreases the
Pv-degradation from 25.2% to 3.2%.

.1.2. Molar mass distribution
In order to gain a better understanding of the depolymeriza-

ion, the molar mass distribution and the polydispersity index (PDI)
f the regenerated cellulose were determined. Table 1 summa-
izes the different molecular weight averages (Mn, Mw, and Mz)
nd PDI of the original and the regenerated cellulose after disso-
ution and storage at elevated temperature. The evolution of the
ellulose chain fractions of the different molecular weight at 110 ◦C
s represented in Table 2. The decrease of Mw is in line with the
ecrease of the DPv, indicating the gradual degradation of cellulose
ver time. Furthermore, a strong temperature dependency of the

egradation is observed. In Fig. 2, the shift of the MMD  to lower
olecular weights illustrates the significant degradation of cel-

ulose occurring during the dissolution of cellulose and the first
our of storage at 110 ◦C. Lower shifts are noticed for storage times
Fig. 2. Molar mass distribution of the original pulp, precipitated cellulose after
dissolution and after storage at 110 ◦C.

higher than 1 h. The degradation occurring at 110 ◦C during the dis-
solution step is also indicated in Table 2 by the significant decrease
of the different molecular weight fractions of cellulose. The low
molecular weight cellulose chains are completely missing in the
coagulated samples (see Fig. 2). This lost fraction might correspond
to the hemicellulose present in the original pulp which is degraded
to oligosaccharides during the dissolution step. The solvation of
hemicellulose is favored over cellulose in IL-water mixture (Roselli,
Hummel, Monshizadesh, Maloney, & Sixta, 2014) and thus the short
chain xylo-oligosacharrides are difficult to recover upon addition
of water. Moreover, Table 2 shows the reduction of high molecular
weight cellulose chains as the thermal treatment time increases.
The slight decreases of the Mw of stabilized cellulose, indicated in
Table 1, show the efficiency of PG during the dissolution. The steady
PDI values indicate a homogeneous degradation along cellulose
chains.

3.1.3. Kinetics of cellulose degradation
The kinetics of cellulose degradation was investigated by calcu-

lating the number of scission per cellulose chain using two different
models, described by Eqs. (3) and (4). Fig. 3 depicts the average
number of scission per chain unit during the degradation process
over time at 60, 90 and 110 ◦C using model 2. Fig. 3a shows the
number of chain scission calculated by using the DPv of the original
pulp as DP0. The severe degradation of cellulose occurring during
the dissolution process was already mentioned in the Character-
ization of regenerated cellulose Section 3.1.1. The use of propyl
gallate could reduce the number of chain scission at 110 ◦C occur-
ring during the dissolution step by 90% as illustrated in Fig. 3a in
the grey area through the shift of the chain scission number at 0 h.
The medium cellulose-[emim]OAc shows a stable behavior at 60 ◦C
whereas degradation is observed at 90 and 110 ◦C. A level-off in
the number of chain scission can be observed after 5 h of storage
time, both at 90 ◦C and 110 ◦C. Fig. 3b illustrates the number of
chain scission per cellulose chain unit over time calculated using
the DPv of precipitated cellulose after dissolution as DP0. The degra-
dation taking place prior to storage at elevated temperature is thus
excluded. Table 3 summarizes the reaction rate and the levelling-
off degree of polymerization of cellulose calculated from models
1 and 2. Both models yielded similar results. The stabilized solu-
tion shows a higher rate of cellulose chain scission upon storage
than the non-stabilized solution. The obtained higher LODP is thus

explained by a significant decrease in cellulose depolymerization
during the dissolution step. PG seems to have no stabilizing effect
during further storage at elevated temperature.



360 A. Michud et al. / Carbohydrate Polymers 117 (2015) 355–363

-5 0 5 10 15 20 25
0.0

0.1

0.2

0.3

0.4

0.5

60ºC           
90ºC           
110ºC          
110ºC,  PG  

C
ha

in
 s

ci
ss

io
n 

S

Time, h

1000

950

900

850

800

750

700

650S=DP0/DP-1

D
P v

0 5 10 15 20 25
0.00

0.04

0.08

0.12

0.16

0.20

0.24

60ºC            
90ºC            
110ºC          
110ºC,  PG 

C
ha

in
 s

ci
ss

io
n 

S

Time, h

S=DP0/DP-1a b

Fig. 3. Scission per cellulose chain versus reaction time using model 2 (Eq. (4)). (a) DP0 corresponds to the DPv of the original pulp. (b) DP0 corresponds to the DPv of the
precipitated cellulose after dissolution.

0.1 1 10 100

1

10

100

1000

10000

24h
8h
4h

110ºC0h
4h
8h
24h

D
yn

am
ic

 m
od

ul
i, 

Pa

Angular  frequency, s-1

0h

20 30 40 50 60
1000

2000

3000

4000

D
yn

am
ic

 m
od

ul
i, 

Pa

Angular frequency, s-1

0.1 1 10 100

100

1000

 / 0h
 / 4h
 / 8h
 / 24h

Angular  frequency, s-1

C
om

pl
ex

 v
is

co
si

ty
, P

a.
s 110ºCStabilized with 2% PG

0h
4h
8h

24h

a b

F 110 ◦C
v red a

3

3

s
c
v
v
c
o
i
r
r
t
t
s
l
t
f
a

T
R

ig. 4. (a) Dynamic moduli for the stabilized and non-stabilized solutions stored at 

iscosity for the stabilized (dashed line) and non-stabilized (solid line) solutions sto

.2. Rheological characterization of cellulose-[emim]OAc

.2.1. Shear rheological measurements
Fig. 4 depicts the dynamic sweep tests of the cellulose–IL

olutions stored at 110 ◦C. All the oscillatory experiments were
onducted at 60 ◦C. Cellulose–IL solutions exhibit a non-Newtonian
iscous behavior which is typical for polymer solutions. Complex
iscosity curves show a Newtonian plateau at low angular frequen-
ies followed by a shear thinning behavior at higher frequencies
ccurring due to the deformation of the cellulose chains that is
mposed by the external stresses applied. The dynamic moduli, rep-
esented by the loss modulus G′′ and the storage modulus G′, are
eferring to the viscous and elastic properties of cellulose–IL solu-
ion, respectively. The cross-over point provides information on
he visco-elastic behavior of a polymer solution under frequency
weep. At low frequencies, the deformation imposed on the cellu-
ose chains takes place slowly so that the entanglement points of

he different polymer chains slip from each other. By increasing the
requency, these entanglements become points of a fixed network
nd thus the storage modulus increases more rapidly than does the

able 3
eaction rate of cellulose degradation and LODP of cellulose in [emim]OAc calculated fro

90 ◦C 110 ◦

Mod. 1 Mod. 2 Mod.

DP0 (0 ha) 767 767 767 

k  (h−1) 0.19 0.18 0.2
LODP  699 699 678 

a DP of precipitated cellulose after dissolution.
 (measured at 60 ◦C).The inset shows a zoom on the cross-over points. (b) Complex
t 110 ◦C (measured at 60 ◦C).

loss modulus until the two curves cross each other. Viscous prop-
erties are predominant as long as the loss modulus is larger than
the storage modulus (Chen, Zhang, Cheng, & Wang, 2009).

The dynamic frequency sweep of the solutions stored at 60 ◦C
demonstrates the superposition of the reference curve (0 h of stor-
age) and of the curves representing the solutions stored over time
which reflects the stability of the cellulose-[emim]OAc system
upon time at 60 ◦C (see Fig. S1 in the Supplemental information).
Similar zero-shear viscosities and cross-over moduli and frequen-
cies are thus observed and summarized in Table 4. Rheological
values for 90 and 110 ◦C are also shown in Table 4. Fig. 4 illus-
trates the response of the cellulose–IL solution stored at 110 ◦C
under shear stresses. The shift of the cross-over point to higher fre-
quency values and the drop of the complex viscosity to lower values
represented in Fig. 4a and b, respectively, confirm cellulose depoly-
merization upon time. The reduction of the cellulose DPv results
in a decrease of cellulose network density which favors a liquid-

like behavior of the solution. The cross over point is thus shifted
to higher frequencies. Furthermore, the reduction of the number of
entanglement points causes a drop of the moduli to lower values.

m models 1 and 2.

C 110 ◦C, stabilized with 2% PG

 1 Mod. 2 Mod. 1 Mod. 2

767 993 993
3 0.23 0.26 0.26

678 828 828
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Fig. 5. Zero-shear viscosity versus DPv for all the solutions.

Fig. 4b shows the complex viscosity curves of the stabilized cellu-
lose samples. The stabilizing effect of PG during the dissolution in
[emim]OAc can be observed by the shift of the complex viscosity of
the cellulose–IL solution after dissolution (0 h of storage) to higher
values. Fig. 5 represents the zero-shear viscosity of the different
solutions, calculated by fitting the complex viscosity curves with
the three-parameter Cross viscosity model, as a function of the DPv.
It can be clearly seen that the zero-shear viscosity, which describes
the viscosity at infinitesimal shear or at rest, is directly linked to the
extension of the polymer entanglement network. Higher cellulose
DPv or molecular weight increases the polymer network and thus
the zero-shear viscosity. Dynamic measurements offer the possibil-
ity to monitor the degradation of cellulose in ILs by the reduction
of the complex viscosity and the shift of the cross over point of the
dynamic moduli to higher frequencies.

3.2.2. Extensional rheological measurements
When cellulose solutions are processed to form fibers and films,

the polymers in solution are not only subjected to shear stress but
also undergo elongational deformation. In particular during dry-
jet wet spinning the liquid filaments pass an air gap in which they
are drawn to increase the total cellulose orientation via a uniaxial
extensional stress. This lyocell process has been demonstrated to
be suitable for spinning of high-performance cellulosic fibers from
ionic liquid solutions (Fink et al., 2001; Hummel et al., 2014). It
is thus of interest to monitor the effects of cellulose depolymer-
ization on the elongational-viscoelastic properties of the solution
to assure good spinnability and spin stability. The capillary break-
up extensional rheometer (CaBER) allows for the measurement
of the apparent transient elongational viscosity and – under cer-
tain prerequisites – extensional relaxation time. The latter can be
extracted from the measurement data if the elasto-capillary region
during the break-up experiment can be identified unambiguously.
Fig. 6 shows the diameter evolution versus time of the unstabilized
cellulose-[emim]OAc samples stored at 110 ◦C.

As described in Section 2.2.3, a CaBER experiment can be divided
into 4 regions where different factors govern the viscoelastic thin-
ning process. In regime I, the filament thinning profile is ill-defined
due to gravitational effects overlapping the capillary forces. Using a
local bond number of 0.2, a threshold filament diameter of 1.60 mm
upon which gravitation contributes only insignificantly to the fila-
ment thinning profile could be calculated. In regime II, the capillary
driven flow is resisted by the dominating viscous stress, resulting
in a linear decay of the filament diameter (Anna & McKinley, 2001;
Clasen, 2010; Haward et al., 2012). The subsequent regime III repre-

sents a transition phase where visco-capillary balance as observed
in regime II is superimposed by an incipient extensional thinning,
originating from a pronounced disentanglement and orientation of
the cellulose chains. Ultimately, the filament thinning is governed
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ig. 6. Evolution of the mid-filament diameter vs. time for cellulose-[emim]OAc
olutions stored at 110 ◦C.

y a balance of the surface pressure and the elastic stress of the
nraveling polymer chains. This regime IV is observed only at very
igh strains and thus at a late stage of the measurement close to fila-
ent break-up. Clasen (2010) has demonstrated that regime IV can

e identified when plotting the extension rate and apparent exten-
ional viscosity versus time (Fig. 7a). Regime IV is characterized by
 small but distinct rise of the apparent extensional viscosity close
o the final break-up (strain-hardening). Concomitantly, the exten-
ional rate should reach a plateau value after rising with time. As
llustrated in Fig. 7a, neither the rise of the apparent extensional

ig. 7. (a) Extension rate and apparent extensional viscosity versus time for the
nstabilized cellulose-[emim]OAc solutions stored for 8 h at 110 ◦C. (b) Appar-
nt extensional viscosity as a function of the extension rate for the unstabilized
ellulose-[emim]OAc solutions stored for 8 h at 110 ◦C.
Fig. 8. CaBER break-up time of unstabilized samples stored at 110 ◦C.

viscosity nor the plateau of the extension rate as described by
Clasen (2010) can be observed.

Fig. 7b shows the apparent extensional viscosity as a function of
the extension rate. Elasto-capillary response would cause a steep
rise of �E which is clearly not observed in our case. Thus, a con-
centration of 10 wt% is too high and the CaBER measurement is not
sensitive enough to detect the elasto-capillary region. This means
that extensional relaxation times cannot be extracted from the
CaBER experiments.

However, a clear correlation between the storage time of the
solution and the filament break-up time was  found. Fig. 8 shows
the break-up time of unstabilized samples stored at 110 ◦C. Using
the same CaBER settings throughout all measurements, the time
for final filament rupture is clearly reduced upon prolonged stor-
age at 110 ◦C. The advancing depolymerization of the cellulose
results in shorted chains which exert a reduced visco-elastic stress
counteracting the capillary pressure. Thus the filament is thinning
faster and breaking sooner. This is an important finding for cel-
lulose solution spinning. As mentioned, the key-feature of dry-jet
wet spinning of polymer solutions is the possibility to draw the
filament in the air-gap. This, however, requires the necessary elon-
gational properties and stability of the liquid filament. Uncontrolled
cellulose depolymerization reduces this stability, leads to filament
breaks in the air gap, and, ultimately, deteriorates the spinnability.

4. Conclusion

A study on the thermal stability of cellulose in [emim]OAc upon
storage was  conducted using traditional and rheological methods.
The determination of the intrinsic viscosity and the molar mass
distribution of the coagulated cellulose established that cellulose
depolymerization mainly occurs during the first hours of storage
at temperatures over 90 ◦C. Degradation of cellulose chains in IL
was also monitored by investigating the behavior of the cellulose-
[emim]OAc solutions under shear and extensional stresses by using
dynamic shear rheology and capillary break-up extensional rhe-
ology, respectively. The drop of the complex viscosity to lower
values and the shift of the cross over point of the storage and loss
moduli to higher frequency values demonstrate a liquid-like behav-
ior of the solution after long storage at high temperature as a direct
result of the reduction of the cellulose DP. The liquid-like behavior
of the cellulose-[emim]OAc solutions stored at high temperature

is confirmed by the faster thinning and shorter breakup times
obtained during extensional measurements. It was  thus shown
that shear and elongational rheology are two methods that can
be used to monitor cellulose depolymerization in IL. Shear and
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longational visco-elastic properties of cellulose-[emim]OAc solu-
ion are the key-feature of a successful dry-jet wet spinning.
he uncontrolled depolymerization of cellulose occurring in
emim]OAc at high temperature reduces the spinnability due to
ts impact on the rheological properties of the polymer solution.
n addition, mono and oligomeric degradation products may  accu-

ulate in the spent ionic liquid which necessitates appropriate
ecycling strategies. These results will promote the understand-
ng and the establishment of a stable dry-jet wet spinning of
ellulose–ionic liquid solution for the production of fibers and films.
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