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a  b  s  t  r  a  c  t

Enzymatically  treated  cellulose  was  dissolved  in a  NaOH/ZnO  solvent  system  and  mixed  together  with
microfibrillated  cellulose  (MFC)  in  order  to find the  threshold  in which  MFC  fibers  form  a percolation
network  within  the dissolved  cellulose  solution  and  in order  to improve  the  properties  of  regener-
ated  cellulose  films.  In  the  aqueous  state,  correlations  between  the  rheological  properties  of dissolved
cellulose/MFC  blend  suspensions  and  MFC  fiber  concentrations  were  investigated  and  rationalized.  In
addition,  rheological  properties  of diluted  MFC  suspensions  were  characterized  and  a  correlation  with
NaOH  concentration  was  found,  thus  partly  explaining  the  flow  properties  of  dissolved  cellulose/MFC
blend  suspensions.  Finally,  based  on  results  from  Dynamic  Mechanical  Analysis  (DMA),  MFC  addition
had  strengthening/plasticizing  effect  on regenerated  cellulose  films  if  low  concentrations  of  MFC,  below
the percolation  threshold  (5.5–6  wt%,  corresponding  to 0.16–0.18  wt%  of  MFC  in the  blend  suspensions),
were  used.

© 2014  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Due to growing environmental concerns, the interest of using
natural polymers as replacements for synthetic polymers in certain
product areas, such as packaging applications has increased during
recent years. In this context, cellulose, being the most abundant nat-
ural polymer, has an important role. During the last two  decades
new ways to utilize cellulose have emerged and re-discovered types
of cellulose such as micro- and nano-fibrillated cellulose and regen-
erated cellulose have been the subject of several research studies.

Cellulose can be dissolved in aqueous solvents such as NaOH
in water under specific conditions. The first dissolutions of cellu-
lose in a NaOH/water system were reported by Davidson (1934).
However, Sobue, Kiessig, and Hess (1939) are often regarded as the
invertors of this system, since they developed the fundamentals
for the cellulose–NaOH–water ternary phase diagram (Sobue et al.,
1939). According to the NaOH/water phase diagram, cellulose can
be dissolved in a narrow range of temperatures and concentrations.
However through recently developed solvent systems with addi-
tives such as urea (Cai & Zhang, 2005; Qi, Chang, & Zhang, 2008; Qi,
Yang, Zhang, Liebert, & Heinze, 2011; Zhou & Zhang, 2001), thiourea
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(Qi et al., 2008, 2011; Ruan, Zhang, Zhou, Jin, & Chen, 2004) or ZnO
(Liu, Budtova, & Navard, 2011; Vehviläinen et al., 2008) the disso-
lution range of cellulose in NaOH/water based solvents has become
wider. With these newly developed systems, additives such as zinc
oxide or urea are used to promote the cellulose dissolution process
since they work as solution stabilizers against gelation. Through
these solvent systems cellulose can be dissolved with NaOH con-
centrations ranging from 6 to 18 wt%  at a temperature of +1 to
−8 ◦C (Egal, Budtova, & Navard, 2007; Isogai & Atalla, 1998; Moigne
& Navard, 2010; Qi et al., 2011; Roy, Budtova, Navard, & Bedue,
2001; Roy, Budtova, & Navard, 2003) or through a freeze-melting
procedure (Isogai & Atalla, 1998; Vehviläinen et al., 2008).

Microfibrillated cellulose (MFC) is produced from pulp by
mechanical disintegration processes (grinding or fluidization),
sometimes combined with chemical or enzymatic pre-treatments.
The MFC  fibers are up to several micrometers long and have
nanoscale diameters (Vartiainen et al., 2011). A characteristic
feature of MFC  is its tendency to form continuous, web-like, floc-
culated, entangled network structures (Karppinen et al., 2012;
Saarikoski, Saarinen, Salmela, & Seppälä, 2012; Siró & Plackett,
2010) in water suspensions down to very low (∼0.1 wt%) concentra-
tions (Pääkkö et al., 2007). Because of this property, MFC  is obtained
as a dilute water suspension usually below 2 wt% solid content.

Due to its particular microstructure, MFC  has specific rheological
properties in aqueous environments. Under steady shear condi-
tions, MFC  suspensions are reported to be both shear thinning and
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thixotropic (Agoda-Tandjawa et al., 2010; Goussé, Chanzy, Cerrada,
& Fleury, 2004; Lasseuguette, Roux, & Nishiyama, 2008; Pääkkö
et al., 2007; Turbak, Snyder, & Sandberg, 1983) and dependent on
shearing history (Saarikoski, Saarinen, et al., 2012). As a thixotropic
material, the shear viscosity profile of MFC  suspensions is strongly
dependent on time. If the flocculated network structure of MFC  is
broken down by shearing, it takes time for it to reach an equilib-
rium at any given shear rate (Karppinen et al., 2012; Saarikoski,
Saarinen, et al., 2012). In general, the rheological behavior of MFC
suspensions is very sensitive to measuring conditions. Therefore
it is also important to take into account that when measuring the
rheological properties of MFC, the geometry itself and the gap size
used for the measurements could also have an impact on the results
(Saarikoski, Saarinen, et al., 2012; Saarinen, Lille, & Seppala, 2009;
Saarinen, Haavisto, Sorvari, Salmela, & Seppälä, 2014).

During recent years, growing interest in sustainable material
concepts has led to the development of biocomposite materials.
Within this field, all-cellulose composites (ACC) have emerged as
new interesting materials. In order to overcome the comb abil-
ity problems related to conventional composites, the basic idea
behind ACCs is to remove the chemical incompatibilities between
reinforcement and matrix phases by utilizing cellulose as both
components. Consequently there would be no need for use of
coupling agents or fiber treatments in order to improve chem-
ical bonding at the reinforcement–matrix interface. Thus ACCs
can be considered as bio-derived monocomponent composites.
(Gindl & Keckes, 2005; Huber et al., 2012) Cellulose materials
offer several advantages due to their high modulus, stiffness and
high strength. In all-cellulose blends/composites hydrogen bonding
between OH groups is an important factor by providing driving
forces for the attainment of miscibility between polymer phases.
Basically two  different techniques have been utilized to prepare
all-cellulose composite films. First method is to use partial disso-
lution technique (partially dissolved cellulose is regenerated in the
presence of undissolved cellulose) by using for example ionic liq-
uids (Duchemin, Mathew, & Oksman, 2009). Second method is to
regenerate a fully dissolved component in the presence of fibers
(Gindl & Keckes, 2005).

In addition to rheological properties, interest in microfibril-
lated cellulose has been raised due to its mechanical properties
in the dry state. The mechanical strength of an individual cellu-
lose microfibril is very high, which together with its high surface
area makes MFC  a potential reinforcement material for compos-
ites (Miao & Hamad, 2013). In the area of all-cellulose composites,
MFC  has been used as reinforcement material for high strength
paper sheets with different pulp types such as unbleached euca-
lyptus pulp (Alcalá, González, Boufi, Vilaseca, & Mutjé, 2013) or
bleached sulfite softwood pulp from spruce (Sehaqui, Allais, Zhou,
& Berglund, 2011) or for example as a reinforcement in composites
with filter paper (Duchemin et al., 2009). In addition, in the area
of biocomposites, MFC/polylactic acid (PLA) composites have been
produced (Boissard, Bourban, Plummer, Neagu, & Månson, 2012;
Iwatake, Nogi, & Yano, 2008). Regenerated cellulose fibers can also
be used as reinforcement material, although their mechanical prop-
erties are not as good compared with other fiber types (Adusumali
et al., 2006). In addition, natural fibers usually show a large scatter
of properties compared to industrially made fibers.

Polymer blending is an important procedure to improve
and modify the physical properties of polymers and in order
to prepare new functional materials with properties that are
unattainable by using only single components. The properties of
dissolved cellulose can be modified by blending with synthetic
polymers, such as poly(vinylpyrrolidone) in dimethyl sulfoxide-
paraformaldehyde (DMSO-PF) solvent (Masson & Manley, 1991).
In aqueous environments, dissolved cellulose can be blended
with acrylic acid copolymers to enhance the mechanical strength

of precipitated cellulose films (Lipponen, Saarikoski, Rissanen, &
Seppälä, 2012; Saarikoski, Lipponen, Rissanen, & Seppälä, 2012;
Saarikoski, Rautkoski, Rissanen, Hartman, & Seppälä, 2014). Also
natural polymers can be blended with dissolved cellulose. For
instance, Twu, Huang, Chang, and Wang (2003) prepared cellu-
lose/chitosan blends via homogeneous dissolution of chitosan and
cellulose in N-methylmorpholine N-oxide (NMMO) (Twu et al.,
2003). Furthermore, Wu,  Wang, Li, Li, and Wang (2009) prepared
cellulose/starch/lignin composite films, showing that the content of
cellulose and lignin significantly affects the mechanical properties
of the composite films, while starch brings flexibility to the films
(Wu  et al., 2009).

In this paper, blend suspensions of dissolved cellulose and
microfibrillated cellulose (MFC) were prepared using a solution
mixing method. To characterize the rheological properties, studies
were carried out by rotational rheometry. By providing informa-
tion about the mixing of the polymer phases, rheological behavior
is one of the key properties to be measured when preparing new
types of blends. The aim of this study was  to investigate the thresh-
old at which MFC  fibers are able to build a network structure
within the dissolved cellulose solution. This feature can be useful
in, for instance, paper coating applications where the stability of the
coating plays an important role. Generally, MFC-suspensions have
been under rheological investigation due to their potential as rheo-
logical modifiers for coating applications (Grüneberger, Künniger,
Zimmermann, & Arnold, 2014). Microfibrillated cellulose suspen-
sions are known to have stable network structures over time in
storage by preventing the sedimentation of the coating fillers. It
is known from literature that 0.1% MFC  concentration in water is
close to the lowest network forming concentration of MFC  suspen-
sions (Karppinen et al., 2012; Pääkkö et al., 2007), meaning that
only small additions of MFC  could be sufficient for coating or paint,
in order to prevent sedimentation.

Rheological properties may  reflect and have a very significant
impact on the final dry product. Mechanical properties of all-
cellulose composites after precipitation are often reported in the
literature, but solution state and rheological properties prior to the
precipitation has received only limited attention. However, rheo-
logical properties are one of the key properties when identifying the
single aspects that might be responsible for mechanical properties.
For instance small deformation oscillatory rheology has been used
to evaluate the roles of cellulose and xyloglucan in determining the
mechanical properties of primary plant cell walls (Yi & Puri, 2014).
Therefore systematic analysis and close inspection of rheological
properties is needed to provide essential background information
and knowledge if for instance direct preparation of ACC materials
is planned.

After the mixing steps and rheological characterization, all-
cellulose composite films were prepared by co-precipitating the
blend suspensions, whereafter the final dry blend films were char-
acterized by Dynamic Mechanical Analysis (DMA) and Scanning
Electron Microscopy (SEM). It is known that mechanical properties
of anisotropic composites depend on dissolution and regeneration
conditions (Huber et al., 2012). Secondly, it is known that fiber con-
centrations have significant effects on precipitated films. In this
study, we  wanted to determine how rheological properties, espe-
cially close to the percolation threshold, are reflected in the blend
films prepared by co-precipitation in acidic medium.

2. Experimental

2.1. Materials

Cellulose water solution (3 wt%  cellulose, 6.5 wt% NaOH,
1.3 wt%  ZnO, pH 13) was provided by Tampere University
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