
M
s

A
M
a

b

c

a

A
R
R
A
A

K
M
R
D
O
X
C

1

r
t
m
e
I
(
&
Ö
a
a
p
(
e
e
f

(
m

h
0

Carbohydrate Polymers 106 (2014) 283–292

Contents lists available at ScienceDirect

Carbohydrate Polymers

journa l homepage: www.e lsev ier .com/ locate /carbpol

odifying the flocculation of microfibrillated cellulose suspensions by
oluble polysaccharides under conditions unfavorable to adsorption

nni Sorvari a, Tapio Saarinena, Sanna Haavistob, Juha Salmelab,
aija Vuoriluotoc, Jukka Seppäläa,∗

Polymer Technology, Department of Biotechnology and Chemical Technology, Aalto University, P.O. Box 16100, FI-00076 Aalto, Finland
VTT Technical Research Centre of Finland, P.O. Box 1603, 40101 Jyväskylä, Finland
Forest Products Surface Chemistry, Department of Forest Product Technology, Aalto University, P.O. Box 16300, 00076 Aalto, Finland

r t i c l e i n f o

rticle history:
eceived 2 December 2013
eceived in revised form 30 January 2014
ccepted 9 February 2014
vailable online 18 February 2014

eywords:

a b s t r a c t

Carboxymethylcellulose (CMC) and xanthan gum were studied as dispersants for microfibrillated cel-
lulose (MFC) suspension using a rotational rheometer and imaging methods. The imaging was a
combination of photography and optical coherence tomography (OCT). Both polymers dispersed MFC
fibers, although CMC was more effective than xanthan gum. The negatively charged polymer chains
increased the viscosity of the suspending medium and acted as buffers in between the negatively charged
fibers. This behavior decreased the number and strength of contacts between the fibers and subsequently
icrofibrillated cellulose
otational rheometry
ispersant
ptical coherence tomography
anthan gum
arboxymethyl cellulose

dispersed the flocs. The stronger separation of the fibers was reflected in the frequency sweep where the
MFC/polymer suspensions had lower gel strength than pure MFC suspension. Dispersing effect was also
observed in the flow measurements, where the floc size was more uniform with polymers in the decel-
erating flow and after long, slow constant shear, which normally induces a heterogeneous structure with
large flocs into the MFC suspension.
. Introduction

Being a renewable raw material, wood and other cellulose
esources are under constant investigations for new applica-
ions. Wood pulp can be disintegrated by mechanical shearing to

icrofibrillated cellulose (MFC) fibers, which have nanoscale diam-
ters and length of several micrometers (Vartiainen et al., 2011).
t is a potentially new material, for example, in nanocomposites
Nguyen et al., 2011; Svagan, Samir, & Berglund, 2007; H. Yano

Nakahara, 2004; H. Yano et al., 2005), paper making (Ahola,
sterberg, & Laine, 2008; Eriksen, Syverud, & Gregersen, 2008),
nd as a rheology modifier (Turbak, Snyder, & Sandberg, 1983). As
rheology modifier, MFC has interesting properties in water sus-
ensions, for example, gel formation at a very low concentration
∼0.1%), thixotropy, and shear thinning behavior (Agoda-Tandjawa

t al., 2010; Iotti, Gregersen, Moe, & Lenes, 2011; Karppinen
t al., 2012; Pääkkö et al., 2007). These properties derive primaly
rom the inherent entangled network that forms when the fibers
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disintegrate to fibrils. A high fiber aspect ratio and partially disin-
tegrated fibers strengthen the network within these suspensions
(Pääkkö et al., 2007).

MFC suspensions, similar to many other fiber suspensions with
a high aspect ratio, tend to form flocs when dispersed in water,
unless specifically treated to prevent it. However, good dispersion
and non-flocculated structure are required in many applications,
for instance, transparent or high mechanical strength nanocompos-
ites. Different means, for example, increasing the surface charge
of the fiber (Saito, Nishiyama, Putaux, Vignon, & Isogai, 2006) or
adding dispersants (Myllytie, Holappa, Paltakari, & Laine, 2009)
may be used to disrupt the flocs and achieve better dispersion. The
origin of the MFC flocs is both mechanical and colloidal (Hubbe &
Rojas, 2008). MFC fibers are flexible and long compared to their
diameter, which enhances mechanical flocculation, as is known for
pulp fibers (R.J. Kerekes, 2006; R.J. Kerekes, Soszynski, & Tam Doo,
1985). This can occur via hooking of the fibers or the fibers can
bend in flowing suspension, and during decelerating flow, become
strained between other fibers, forming a three dimensional net-
work. The frictional forces between the fibers are important factors

in this mechanism. As MFC fibers are smaller than pulp fibers, in the
colloidal scale, the colloidal forces are also important in floccula-
tion. DLVO theory (Derjaguin & Landau, 1941; Verwey & Overbeek,
1948) is often used to describe the effect of van der Waals and
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lectrostatic double layer interactions. Van der Waals forces arise
rom the interactions between permanent, induced, or transient
lectronic dipoles (Hubbe & Rojas, 2008), which display attraction
etween similar surfaces. The electrostatic double layer is caused
y ions that accumulate close to the charged surface; these lay-
rs create repulsion between like-charged surfaces. The thickness
f the electrostatic double layer is dependent on the electrolyte
oncentration; the higher the ionic strength, the thinner the elec-
rostatic double layer is.

MFC fibers can also have non-DLVO interactions, such as steric
nd electrosteric interactions, in the presence of polymers or poly-
lectrolytes in the system. The effect of polymers on flocculation
nd rheology of pulp suspensions has interested researchers, as
any polymers are used in paper making as, for instance, reten-

ion aids to retain fines and fillers on the fibers (Stenius, 2000).
hese polymers can be anionic, cationic or neutral. The molecular
eight and charge density of the ionic polymers are the most char-

cteristic properties of the deflocculants (Gregory & Barany, 2011).
ften, adsorption of the polymer is needed and the interactions
ausing that may be electrostatic interactions, hydrogen bond-
ng, hydrophobic interactions, or ion binding (Gregory & Barany,
011). If a high amount of a polymer is adsorbed on the fibers,
he polymer can sterically stabilize the system. This is normally
chieved with highly cationic polymers (Gregory & Barany, 2011).
ome polymers, such as gums and mucilages (de Roos, 1958) and
arboxymethyl cellulose (Laine, Lindström, Nordmark, & Risinger,
000), are known to adsorb on cellulosic fibers, thus reducing the
ber–fiber friction, and in turn, mechanical flocculation.

Adsorption is not always necessary for the dispersing effect
f polymers. High molecular mass anionic polymers can be used
s dispersants for pulp and MFC, even if they do not adsorb
n cellulosic surfaces at low electrolyte concentration. They can
eflocculate the suspension by changing the shear or elongational
iscosity of the suspending medium. An increased shear or elon-
ation viscosity of the suspending medium reduces the turbulence
ntensity and the velocity of the approaching fibers, thus dimin-
shing flocculation (R.J. Kerekes, 2006; Lee & Lindström, 1989; Yan,
indström, & Christiernin, 2006; Zhao & Kerekes, 1993).

In this study, we utilized two commonly known anionic polysac-
harides, carboxymethylcellulose (CMC) and xanthan gum, for
ontrolling the flocculation and rheology of MFC suspensions. CMC
s an anionic, linear cellulose derivative which is known to adsorb
n cellulosic fibers in certain conditions, although the fibers and
olymer are both negatively charged (Laine et al., 2000). Adsorp-
ion can be expected at high temperatures, long adsorption time,
nd sufficiently high salt concentration. CMC is known to defloccu-
ate pulp suspensions (Beghello, 1998; Giri, Simonsen, & Rochefort,
000; Horvath & Lindström, 2007; Liimatainen, Haavisto, Haapala,

Niinimäki, 2009; Yan et al., 2006). The dispersion effect has
een attributed to the ability of CMC to lower the frictional
orces between the cellulosic fibers (Yan et al., 2006; Zauscher &
lingenberg, 2000, 2001) if it is adsorbed onto the fibers. Some
esearchers have also discovered that CMC can disperse pulp with-
ut adsorbing on the fibers. The proposed mechanism involves CMC
orming a non-adsorbed layer near the fiber surfaces, thus reduc-
ng fiber-to-fiber friction due to the large physical size of the CMC

olecules (Liimatainen et al., 2009), or that anionic CMC molecules
reates repulsive forces between the fibers and thus prevents floc-
ulation (Rantanen, Molarius, Pikkarainen, Knuutinen, & Pakarinen,
006).

The other polymer used here is a negatively charged xanthan
um which is less studied as a dispersant for pulp or MFC than

MC. It is used in the food industry as a stabilizer and thick-
ner, because it has high viscosity at low concentration and is
hear-thinning with yield stress and it is non-toxic (Ahmed &
amaswamy, 2004). Xanthan gum is produced by the bacterium
ymers 106 (2014) 283–292

Xanthomonas campestris. The main chain is composed of a 1–4
linked �-d-glucose units with trisaccharide side chains. Some of
the side chains carry acetic and pyruvic acid groups which make
the polymer anionic (García-Ochoa, Santos, Casas, & Gómez, 2000).
Under certain temperature and salt concentration, xanthan gum
backbone undergoes an order-to-disorder (or helix-to-coil) transi-
tion which is also reflected in the rheological properties (Norton
& Goodall, 1984; Rochefort & Middleman, 1987). In distilled water
and at room temperature, the backbone is disordered and highly
extended due to the negative side chains which repel each other.
The extended chains may align and associate via hydrogen bonding
and form a weakly associated structure. With salt, the backbone
takes a helical structure with the charged side chains inside the
helix. In this conformation, the molecules align easily and are
strongly associated resulting in gel-like structure (Rochefort &
Middleman, 1987).

Previously (Saarinen, Haavisto, Sorvari, Salmela, & Seppälä,
2014), a novel method was introduced to investigate the rheology
of a fiber suspension together with the information of its struc-
ture and flow profile inside the suspension using a combination of
a rotational rheometer and optical coherence tomography (OCT).
In this paper, the same system will be utilized to study MFC floc-
culation with polymers. The two polymers, CMC and xanthan gum,
were studied as a rheology modifier and deflocculant for MFC. First,
the adsorption of CMC and xanthan gum on MFC model surface by a
quartz crystal microbalance with dissipation (QCM-D) and the rhe-
ology of the polymer solutions as such will be shown. This will be
followed by measurements performed using a dynamic rotational
rheometer with a normal digital camera and optical coherence
tomography (OCT) device to study the MFC/polymer suspensions.
With these methods, the ability of the polymers to change the floc-
culation and interactions between the MFC fibers under flow were
studied, not only from outer surface of the rheometer geometry,
but also inside the suspension.

2. Experimental

2.1. Materials

Microfibrillated cellulose (UPM Fibril Cellulose) was obtained
from UPM-Kymmene Corporation. The material was prepared from
never-dried bleached kraft birch pulp by mechanical disintegra-
tion. The pulp was changed to its sodium form and washed with
deionized water to an electrical conductivity less than 10 �S/cm
according to a procedure introduced by Swerin, Ödberg, and
Lindström (1990) and subsequently ground three times in Super-
masscolloider (Masuko Sangyo, Japan). The MFC was received,
washed and ground and its initial solid content was 2% (w/w). The
fiber diameters of similarly prepared MFC have been measured
to be between 10 and 30 nm with some larger fibril aggregates
(Vartiainen et al., 2011). Polymers were carboxymethylcellulose
(CMC) from Sigma–Aldrich (Mw 700,000 g/mol, degree of substitu-
tion (DS) 0.9, sodium salt) and xanthan gum from CP Kelco (Kelzan
XG, mesh size 381 �m). The charge of xanthan gum was deter-
mined to be approximately 1.6 meq/g by conductometric titration
with cationic polydiallyldimethylammonium chloride. Both poly-
mers were used without purification.

The polymers were dissolved in Milli-Q water (electrical con-
ductivity <0.2 �S/cm at 25 ◦C) at room temperature and mixed with
a magnetic stirrer for at least 2 h. The MFC suspensions were diluted

with Milli-Q water and combined with polymer solutions using two
different polymer concentrations, shown in Table 1. The suspen-
sions were mixed with a Heidolph RZR 2051 control propeller mixer
at 1400 rpm for 10 min. The diameters of the propeller and beaker
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Table 1
Electrical conductivity and pH of the suspensions at room temperature. Concentra-
tions are given in mass percentage.

Suspension pH Conductivity
(�S/cm)

MFC 0.5% 6.18 20
MFC 0.5% + CMC 0.05% 6.85 146
MFC 0.5% + CMC 0.11% 6.94 278
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MFC 0.5% + xanthan gum 0.05% 5.69 80
MFC 0.5% + xanthan gum 0.11% 5.66 139

ere 58 mm and 66 mm, respectively. The electrical conductivity
nd pH of the suspensions are listed in Table 1.

Nanofibrillated cellulose (NFC) for the model films was pro-
uced by first passing bleached birch pulp through a Masuko
rinder three times, after which it was further homogenized with
wenty passes through a M110P fluidizer (Microfluidics corp.,
ewton, MA, USA). Deionized water that was further purified
ith a Millipore Synergy UV unit was used in all experiments

MilliQ-water). NFC model surfaces were prepared according to
he method described by (Ahola, Myllytie, Österberg, Teerinen,

Laine, 2008). The NFC gel was diluted to 0.190 wt% and
ltrasonicated for 10 min at 25% amplitude setting and consecu-
ively centrifuged at 10,400 rpm for 45 min. The nanofibrils were
btained from the resultant clear supernatant. This material is
alled nanofibrillated cellulose (NFC) to distinguish it from the
oarser but otherwise similar material, MFC, used in the rheo-
ogical characterization. The nanofibrils were spin-coated (Model

S-650SX-6NPP, Laurell Technologies, PA, USA) onto silica-coated
CM-D quartz crystals (Q-Sense) with a pre-adsorbed thin layer
f polyethyleneimine (PEI) at 3000 rpm with 90 s spinning time.
he crystals were stored at ambient conditions and were allowed
o stabilize overnight in water prior to measurements with
CM-D.

.2. Adsorption studies

Quartz Crystal Microblance with Dissipation (QCM-D) was used
o monitor xanthan gum and carboxymethyl cellulose adsorption
n the NFC model films. The basis of the QCM-D technique is
he acoustic oscillation of quartz crystal which can be measured
o monitor adsorption events. The simultaneously measured dis-
ipation (D) yields information about the viscoelastic properties
f adsorbing layers (Höök, Rodahl, Brzezinski, & Kasemo, 1998;
odahl, Hook, Krozer, Brzezinski, & Kasemo, 1995). The frequency
nd dissipation change are measured at a fundamental resonance
requency and its overtones.

The QCM-D measurements were performed using a Q-Sense E4
nstrument (Västra Frölunda, Sweden). The adsorbed mass is pro-
ortinal to the change in resonance frequency according to the
auerbrey equation (Eq. (1)) provided that the adsorbed layer is
niformly distributed on the surface, rigid and small compared to
he crystal’s mass (Rodahl & Kasemo, 1996; Sauerbrey, 1959):

m = CQCM−D�f

n
, (1)

here CQCM−D is 0.177 mg Hz−1 m−2 for 5 MHz crystal (provided
y the manufacturer), �f is the change in frequency and n is an
vertone number. The QCM-D measurements were conducted with
0.1 ml/min constant flow rate at 23 ◦C. Each QCM-D measurement
as performed three times. Results are calculated from the 3rd
vertones.
Xanthan gum and CMC (0.1 mg/ml) in water were allowed to

dsorb on NFC surfaces after first acquiring a stable baseline with
ater. Rinsing with water was applied when adsorption plateau
ymers 106 (2014) 283–292 285

was indicated by the QCM-D signals to study the irreversibility of
the binding of given molecules on the NFC surfaces.

2.3. Rheological measurements

The measurements were performed using a dynamic rotational
rheometer (ARG2, TA Instruments), with a metal concentric cylin-
ders geometry (bob and cup radii 14.00 and 15.19 mm) fulfilling the
standard ISO 3219/DIN 53 019. After a 20 min preshear interval at
apparent 250 s−1 and a subsequent 10 min recovery period (time
sweep at 0.5% strain and 1 Hz frequency), the frequency sweep
was measured from 0.02 to 200 rad/s at 0.5% strain and amplitude
sweep from the strain 0.01–1000% at a frequency of 1 Hz. The flow
curve was measured strain controlled from apparent shear rates
500 (MFC) or 300 (suspensions with polymers) to 0.1 s−1 with a
point time of 15 s. In addition, the suspensions were sheared at
two apparent shear rates (500 and 0.5 s−1) for 10 min. After each
shear rate, a 10 min time sweep was measured at 0.5% strain and
1 Hz frequency.

2.4. Imaging

A tailor-made transparent polymethylmethacrylate (PMMA)
outer geometry (radius 14.87 mm) was used in order to photograph
the changes in suspension structure during the measurements.
The cup was placed into a transparent water container to pre-
vent reflections. The photographs were taken with Nikon D90
(Nikon Corporation, Japan) camera controlled by NKRemote soft-
ware (Breeze Systems Limited, UK). Simultaneously, the suspension
was recorded with optical coherence tomography. The method
is described in detail in Saarinen et al. (2014). The device was a
Spectral Domain OCT (Telesto SD-OCT, Thorlabs Inc.) with a cen-
tral wavelength of 1325 nm. In the SD-OCT, a light beam of low
coherence is emitted from a super luminescent led light source
and split into the sample arm and the reference arm of the Michel-
son interferometer. The backscattered interference pattern carries
information about the sample scattering index from different
depths. Slice images are constructed from a series of adjacent lat-
eral scans. In Doppler OCT mode, the velocity data is acquired using
Kasai autocorrelation function of adjacent scans (Kasai, Namekawa,
Koyano, & Omoto, 1985).

The device was set to acquire 2D slice images consisting of 500
radial scans across a lateral width of 1 mm. The resolution and frame
rate of the slice images are determined by the light beam proper-
ties (central wavelength, coherence length and dimensions) and
the radial scan rate. With the current device the radial resolution
in water was approximately 5 �m and the lateral resolution was
15 �m. Three discrete values, 5.5, 28 and 91 kHz, were available for
the radial scan rate. The value was selected based on the shear rate,
aiming to minimize the structure motion between two sequential
slice images which is detrimental for image quality. At the highest
radial scan rate, a mean frame rate of 12 ms was achieved.

A sequence of 2D images was recorded at each shear rate during
the stepped flow measurements. In addition to structural charac-
terization, the images were utilized to determine the radial mean
velocity profile by tracking the horizontal displacement of the MFC
flocs between sequential structure images. The tracking was real-
ized with an optical flow algorithm developed for fiber flocculation
studies (Salmela & Kataja, 2005). The presented experimental setup
allowed structure motion to be tracked over shear rates from 0.1

to approximately 50 s in the vicinity of the outer cylinder wall.
The velocity profiles could be built up over shear rate range of 0.1
to approximately 15 s−1. Above that, the profile span was limited
by the image quality near the inner cylinder.
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Table 2
Adsorbed mass of xanthan gum and CMC on NFC model surface after 58 min adsorp-
tion and after 60 min adsorption and 10 min rinsing period calculated from the
3rd overtone by Eq. (1). Three parallel samples were measured and the error was
calculated by standard deviation.

Polymer Adsorbed
amount
(mg/m2)

Adsorbed amount
after rinsing
(mg/m2)

3
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Xanthan gum 0.6 ± 0.3 0.4 ± 0.3
CMC 0.1 ± 0.4 0.0 ± 0.4

. Results and discussion

.1. Adsorption of CMC and xanthan gum on the NFC model
urface

The adsorption of the polymers onto the fibers is one of the
echanisms how the polymers can prevent flocculation of pulp

Beghello, 1998; Giri et al., 2000; Watanabe, Gondo, & Kitao, 2004;
auscher & Klingenberg, 2001). Therefore, the adsorption of CMC
nd xanthan gum on the MFC fibers was studied by using QCM-D
nd NFC model films. Since the model films were made from a sim-
lar pulp as the MFC used in this study, it is assumed that the NFC

odel film represents the MFC fiber surface and can be used to eval-
ate the adsorption of the polymers on the MFC fibers. The studies
ere performed in MilliQ water without any additional electrolytes

o simulate the conditions used in the rheological measurements.
he measurement was started by stabilizing the model surface in
illiQ water flow. After achieving a constant baseline, the flow of

he polymer solutions to the surface was started. Table 2 shows
he adsorbed mass after 58 min flow of polymer solution to the
urface calculated by Eq. (1) from the third overtone of the fre-
uency. After an one hour adsorption period, rinsing with MilliQ
ater was started and the adsorbed mass after 10 min of rinsing

s also shown in Table 2. Both polymers showed minimal change
n the adsorbed mass which even decreased when the rinsing was
tarted. The results show that the conditions were not favorable for
dsorption of the polymers to the NFC surface.

The observed increase in mass was almost negligible com-
ared to adsorption which has been obtained for polysaccharides

n more favorable conditions (P. Eronen, Junka, Laine, & Österberg,
011; Junka et al., 2012; Orelma, Teerinen, Johansson, Holappa, &
aine, 2012). For instance, Orelma et al. (2012) measured 11 mg/m2

dsorption of CMC on cellulose surface, when using 100 mM CaCl2.
n general, polysaccharides tend to adsorb onto cellulose surfaces
ue to the structural similarities of the polysaccharides and cellu-

ose molecules (de Roos, 1958; Eronen et al., 2011; Myllytie, Salmi,

Laine, 2009). In particular, CMC has a high affinity toward cellu-

ose surfaces (Laine et al., 2000). However, the negative charge of
he polymers imped adsorption onto the NFC surface in electrolyte-
ree conditions (Junka et al., 2012). Moreover, the side chains of

Fig. 1. Frequency sweeps and flow curves for the xant
ymers 106 (2014) 283–292

xanthan gum could prevent the close contact between the poly-
mer backbones, thus preventing the adsorption (de Roos, 1958).
Both polymers had fairly large molecular masses which may further
decrease the adsorption. Applying these results to MFC/polymer
suspensions, it can be concluded that CMC and xanthan gum do not
significantly adsorb onto MFC fibers in electrolyte free-conditions.

3.2. Rheology of the polymer solutions

Fig. 1 shows the frequency sweeps and flow curves for CMC and
xanthan gum solutions without MFC. At low frequencies, both solu-
tions had higher loss modulus (G′′) than storage modulus (G′). With
increasing frequency the moduli increased; however, storage mod-
ulus increased more than loss modulus. At high frequencies, the
storage modulus was higher than loss modulus for both polymer
solutions. This is typical behavior for semi-dilute entangled poly-
mer solutions, and it shows that the polymer chains were weakly
associated in the solution but not strongly enough at this concentra-
tion to produce gel-like behavior across the whole frequency range
(Rochefort & Middleman, 1987). Xanthan gum is disordered or par-
tially disordered in electrolyte-free conditions but highly extended
due to the electrostatic repulsion between the charged side chains.
The xanthan gum chains can align and associate via hydrogen
bonding to form weak structures (Rochefort & Middleman, 1987),
which explains the moduli levels. CMC had relatively high molec-
ular weight and degree of substitution, which causes extended
chain conformation and repulsion between the polymers chains
and resulted in the high moduli. The crossover point of the loss and
storage moduli was approximately 1 rad/s for xanthan gum solu-
tion and approximately 100 rad/s for CMC solution. This indicates
that xanthan gum chains had longer relaxation times than CMC
solution which could mean that xanthan gum chains had longer-
range interactions with each other than CMC molecules. In addition,
xanthan gum had higher storage and loss modulus than CMC which
was probably due to the stronger interactions between the xanthan
gum polymer chains. The radius of gyration can be estimated to
be approximately 100 nm for the CMC in these conditions (Gondo,
Watanabe, Soma, & Kitao, 2006) which is lower than for xanthan
gum based on the mesh size (381 nm), thus further explaining the
higher moduli of the xanthan gum solution.

Flow curves for the polymer solutions in Fig. 1 show that both
polymers were shear-thinning with Newtonian plateau at low
shear rates. Shear-thinning behavior is in accordance with the
trends observed in the frequency sweeps and shows that a loss of
the ordered structure occurred during the flow measurement. Xan-

than gum had higher viscosity at low shear rates but it was more
shear-thinning than CMC solution, resulting in the lower viscosity
of xanthan gum at high shear rates compared to CMC. This can be
explained by the larger size distribution of xanthan gum or xanthan

han gum (circles) and CMC (squares) solutions.
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calculated from the consecutive images in those cases when it was
possible.

The measurement started from the high shear rates. Fig. 4c,
f, and i shows the structure of the suspensions at the apparent
Fig. 2. Frequency sweeps for MFC susp

um solution was more structured and was able to align within the
ow when shear rate was increased.

.3. Effect of polymers on MFC suspension gel strength

Fig. 2 shows the frequency sweeps for the MFC suspensions
ith polymers. Frequency sweeps were measured within the lin-

ar viscoelastic region, as confirmed with the amplitude sweep
easurements (results not shown). Fiber suspensions are prone to
all depletion, particularly in steady shear measurements. There-

ore, oscillation measurements in the linear viscoelastic region
ere used as an indication of the gel strength, since the prob-

ems with wall depletion are expected to be diminished with small
tresses and strains after a suitable pre-shear period (Barnes, 1995;
jörkman, 2006; Buscall, 2010; Saarinen et al., 2014). Pure MFC
uspension had a higher storage modulus than loss modulus, and
he moduli were rather independent of angular frequency, indi-
ating gel-like behavior. Adding either CMC or xanthan gum to
he suspension decreased the storage modulus and increased the
an delta of the suspension compared to the pure MFC suspension.
his shows that gel strength decreased and the suspension turned
ore fluid-like with CMC and xanthan gum addition, although the

uspensions still behaved like gels. The lower amount of polymer
0.05%) decreased the storage modulus but the slope of the curve
as almost the same as in the pure MFC suspension. At higher
olymer concentrations (0.11%), xanthan gum lowered the storage
odulus less than CMC, although both polymers increased tan delta

nd made the storage modulus clearly increase with frequency.
The storage modulus provides information about the strength

f the fiber network at rest which is dependent on the strength of
he average fiber–fiber contact and the number of contact points
etween the fibers (R.J. Kerekes et al., 1985). Earlier studies have
hown that CMC lowers the yield stress (Beghello & Lindström,
998; Horvath & Lindström, 2007) and moduli (Giri et al., 2000) of
ulp suspensions and it has been connected to better dispersion of
he pulp fibers. Lower moduli suggest that both polymers dispersed
he MFC suspension and weakened the interactions between the
bers. The more liquid-like behavior (higher tan delta) observed
ith 0.11% polymer concentration also suggests that there were

ewer or weaker contacts between the fibers. At 0.05% polymer con-
entration, both polymers decreased the gel strength similarly. At
.11% polymer concentration, CMC lowered the storage modulus
ore than xanthan gum, suggesting that CMC dispersed the MFC

bers better than xanthan gum. CMC had a higher charge density
hich could explain its greater effect on the gel strength. Further-

ore, xanthan gum solution had a higher gel storage modulus than

MC solution, as was shown in Fig. 1, which may be the reason for
igher gel strength in MFC/xanthan gum suspensions compared to
FC/CMC suspensions.
n as such and with polymer additives.

3.4. Flow properties and floc structures

The ability of CMC and xanthan gum to prevent shear-induced
flocculation of MFC was studied in a stepped flow measurement.
In order to see the floc structure, the suspensions were measured
in the transparent geometry with a rheometer, and the floc struc-
ture of the suspensions was observed with normal digital camera
and optical coherence tomography (OCT). The transparent geome-
try consists of a standard metal inner cylinder (oxidized aluminum
surface) and transparent polymethylmethacrylate (PMMA) outer
cylinder. Flow curves for the suspensions with transparent cup are
shown in Fig. 3. Although wall depletion impairs the rheological
data obtained from the flow measurements (Saarinen et al., 2014),
together with the imaging it gives information about the suspen-
sion structure in decelerating flow. Especially at low shear rates, the
suspension slips at the geometry walls and flows as a plug flow.
At higher shear rates (above the yield stress), the suspension is
under shear but the velocity profile is not linear due to wall slip at
both geometry walls (Saarinen et al., 2014). Therefore, the shear
rates presented here must be considered as apparent ones. The
suspensions were photographed and recorded with OCT at every
shear rate, except the highest shear rates where the imaging was
impossible (maximum shear rate for OCT imaging was approxi-
mately 10–20 s−1 and for photographs 100 s−1). Figs. 4 and 5 show
the suspension structure at certain shear rates recorded by camera
and OCT. In addition, the OCT images contain the velocity profile
Fig. 3. Flow curves for MFC suspensions as such and with polymer additives mea-
sured with transparent cup.
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Fig. 4. Photographs from the suspensions at three apparent shear rates: 0.5% MFC
suspension at apparent shear rate (a) 0.6 s−1, (b) 6 s−1, (c) 64 s−1 from the flow curve
measurements. 0.5% MFC suspension with 0.11% CMC at apparent shear rate (d)
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.6 s−1, (e) 6 s−1, (f) 64 s−1. 0.5% MFC suspension with 0.11% xanthan gum at apparent
hear rate (g) 0.6 s−1, (h) 6 s−1, (i) 64 s−1. The width of the photographed area is
0 mm.

hear rate 64 s−1. At high shear rates, macroscopic floc structure
onsists of small and same-sized flocs, as we have shown earlier
Karppinen et al., 2012; Saarinen et al., 2014), and the polymers
id not change this. At high shear rate region, the suspension is
nder shear, despite suffering from wall depletion at the outer wall
Saarinen et al., 2014). The viscosity and shear stress of the polymer
ontaining suspensions differentiated the most from the pure MFC
uspension in this region, see Fig. 3. The apparent viscosity is the
um of the polymers’ effect on the MFC floc size and depletion layer.
t high shear rates, the viscosity of the polymer solutions seemed to
etermine the apparent viscosity of the suspensions. CMC solution
iscosity was higher than the viscosity of xanthan gum solution at
igh shear rate, and similarly MFC suspension with CMC had higher
iscosity and shear stress than MFC suspension with xanthan gum.
oth CMC and xanthan gum disperse the flocs, which lowers the
hear stress at a given shear rate (Barnes, 1995), but in the case of
MC, the increased medium viscosity dominates the response.

At intermediate shear rate, flocs started to adhere to each other
n the pure MFC suspension as the shear rate decreased, result-
ng in a very heterogeneous structure shown in Fig. 4b. Within this
ange, the slope of the shear stress decreased clearly. In the suspen-
ions containing either xanthan gum or CMC, the fibers were more
venly distributed, and no clear change occurred in the floc struc-

ure (Fig. 4e and h). Moreover, the shear rate, where shear stress
tarted to level as a function of shear rate, is clearly lower for the
MC suspension and higher for the xanthan gum suspension com-
ared to pure MFC suspension. It is evident that floc adhesion in
ymers 106 (2014) 283–292

decelerating flow differs with polymers compared to the pure MFC
suspension. The dispersing effect of the polymers prevents the floc
size from changing, but the flocs still gradually attach to each other
at their extremities.

The OCT images in Fig. 5 show the structure of the suspensions
over the gap at intermediate and low shear rates. The pure MFC
suspension showed flocs and water between them. The addition
of CMC or xanthan gum resulted in a better dispersion in the sus-
pension through the gap, although the structure appeared slightly
more flocculated toward lower shear rates. This further confirms
that both polymers dispersed the floc structure in decelerating flow
compared to pure MFC. The velocity profiles in Fig. 5 show that
pure MFC suspension (first row) slips at both geometry boundaries
and flows as a plug flow, as we have reported earlier (Saarinen
et al., 2014). For xanthan gum (third row in Fig. 5), the situation
is similar, although it slips more at the inner cylinder compared
to pure MFC. Instead, the suspension with CMC (the second row
in Fig. 5) shows some deformation within the bulk at shear rate
5.7 s−1, which further suggests that the forces between the flocs
were weaker in the MFC/CMC suspension. Unfortunately, it was
not possible to calculate the velocity profile for the higher shear
rate due to the recording frequency in the MFC/CMC suspension
being too low.

At the low shear rate end of the flow curve, both polymers
slightly increased the shear stress of the MFC suspension. This is
presumably from the increase in viscosity of the depleted layer.
Within the low shear rate range, OCT results confirm that the sus-
pension is not under shear but flows in a plug attached to the
inner geometry surface except in the MFC/xanthan gum suspen-
sion where the bulk is attached to the outer cylinder wall. OCT
images from a low shear rate, 0.5–0.6 s−1, show that all suspen-
sions slide at the geometry wall at this low shear rate region, and
shear is concentrated to the depletion layer near the outer or inner
boundary.

It seemed that the floc size was independent from the shear
rate for suspensions with polymer addition, and the only change
in the structure was that at high shear rate the flocs are detached
from each other and rolled in the flow. It shows that the polymers
prevented collisions between the fibers or reduced friction at fiber
contact points; hence, the fibers remained dispersed and floc size
small throughout the apparent shear rate range. Furthermore, OCT
results show that wall depletion is present at all shear rates, and
therefore, the shear rates and shear stresses must be considered as
apparent ones.

3.5. Floc structure after constant shear

Both polymers, CMC and xanthan gum, had a very similar effect
on the floc structure of MFC suspensions during the stepped flow
measurement, where each shear rate was applied for 15 s. To inves-
tigate whether there was a difference between these two polymers
at longer time scale, the suspensions were sheared for 10 min
at two different shear rates, 0.5 and 500 s−1, and the suspension
structure was photographed immediately afterwards at rest. The
structures are shown in Fig. 6. With pure MFC, the more homoge-
neous structure, the higher the preceding shear rate. Surprisingly,
an opposite trend was observed for the polymer-containing sus-
pensions. After low shear rate (0.5 s−1), the suspensions with CMC
and xanthan gum were well dispersed but after the 500 s−1 shear,
the suspensions contained horizontal darker and lighter belts over
the geometry height. Darker belts were visibly fiber free, while the
fibers were packed in the lighter belts. Similar structures have ear-

lier been observed for rodlike virus suspensions (Kang, Lettinga,
Dogic, & Dhont, 2006), although their belts were smaller in scale
and more regularly shaped. It has been suggested that the phe-
nomenon is related to development of normal stresses toward the
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Fig. 5. OCT images from the suspensions at three different apparent shear rates. White lines indicate the velocity profile through the gap. X axis is velocity in mm/s and y
axis distance from the outer geometry wall in mm. First row: 0.5% MFC suspension, second row: 0.5% MFC with 0.11% CMC, third row: 0.5% MFC with xanthan gum.
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nner cylinder of the concentric cylinders geometry (Dhont & Briels,
003). The inhomogeneties (in this case flocs or polymer chains)
ct like polymer chains in the Weissenberg effect (Weissenberg,
947) causing normal stresses (Dhont & Briels, 2003; Kang et al.,
006). However, the belts were formed under such a high shear
ate that it was not possible to observe the possible flows in the
ap, and therefore, the mechanism behind the stripes remains
nclear.

At low shear rates, the polymers dispersed MFC flocs. The appar-
nt shear rate of 0.5 s−1 caused a very heterogeneous structure to
FC suspension (Fig. 6d), since the shear stress induced collisions

etween the fibers and thus mechanical flocculation. However, it
as not sufficient to break flocs. Both polymers prevented this

ffectively as is shown in Fig. 6e and f. Qualitative inspection of the
mages of polymer-containing suspensions reveals that CMC addi-
ion resulted in a better dispersed structure than xanthan gum. This
upports the conclusion made from the gel strength results (Fig. 2)

here the MFC suspension with CMC showed lower moduli than
FC suspension with xanthan gum, and reduced interactions or

ecreased contacts between the fibers were expected to lead to
his lower gel strength.
3.6. Discussion on dispersing mechanism of the polymers

MFC fibers form a three dimensional network where the
junction points are partially disintegrated fibers or mechanical
entanglements. The small negative surface charge (65 �eq/g (P.
Eronen, Laine, Ruokolainen, & Österberg, 2012)), that the fibers
have, causes slight repulsion between the fibers, thus preventing
the aggregation to some extent. Under flow, the network is bro-
ken and new flocs can form mainly by mechanical hooking or
bending and locking of the fibers in the flow (R.J. Kerekes et al.,
1985). Imaging during flow curve measurements and after 10 min
constant shear showed that both CMC and xanthan gum clearly
dispersed shear-induced flocs in long, slow shearing. The better
dispersed structure was also observed in frequency sweep where
the suspensions with polymer had lower moduli than the pure
MFC suspension. CMC has been studied widely as a dispersant for
pulp fibers (de Roos, 1958; Giri et al., 2000; Liimatainen et al.,

2009; Rantanen et al., 2006; Watanabe et al., 2004; Zauscher &
Klingenberg, 2001) and MFC fibers (Myllytie, Holappa, et al., 2009;
Myllytie, Salmi, et al., 2009). CMC’s ability to disperse pulp has
mainly been attributed to lowering the friction between the fibers



290 A. Sorvari et al. / Carbohydrate Polymers 106 (2014) 283–292

F d–f) fo
w

a
e
T
H
o
s
s
1
t
m
t
h
(
c
M
c
p
b
2
x
t
h
w
t
i

ig. 6. Images of the MFC 0.5% suspensions after shearing at 500 (a–c) and 0.5 s−1 (
ith 0.11% CMC. Scale bar represents 5 mm.

nd thus preventing mechanical flocculation (de Roos, 1958; Giri
t al., 2000; Watanabe et al., 2004; Zauscher & Klingenberg, 2001).
his mechanism requires adsorption of the polymer onto the fibers.
owever, in this study, negligible amount of the polymers adsorbed
nto the fibers, and therefore other mechanisms must be con-
idered. Increased viscosity of the suspending medium has been
hown to decrease mechanical flocculation (Soszynski & Kerekes,
988; Yan et al., 2006; Zhao & Kerekes, 1993), since it reduces
he relative motion of the fibers. The rheology of the suspending

edium can also affect how much the fibers bend in the flow and
hus how strained they are when they come to rest, and therefore
igher viscosity should lead to higher capability to disperse fibers
Zhao & Kerekes, 1993). Xanthan gum had higher zero shear vis-
osity than CMC, however CMC resulted in more evenly distributed
FC fibers. This suggests that there are other factors than just vis-

osity affecting the dispersing ability of the polymer. The negative
olymer chains between the fibers may have prevented collisions
etween the MFC fibers (Liimatainen et al., 2009; Rantanen et al.,
006). CMC had roughly three times higher charge density than
anthan gum which could explain the better dispersion. The struc-
ure of the polymers was also different, since CMC is linear and

ighly charged and thus in extended conformation. Xanthan gum
as more structured and had intermolecular interactions based on

he solution rheology, which has been related to diminished abil-
ty to disperse pulp fibers (de Roos, 1958; Svedberg, 2012). Using
r 10 min. (a and d) Pure MFC 0.5%, (b and e) with 0.11% xanthan gum, and (c and f)

conditions favorable to adsorption of the polymers onto MFC could
give more insights to the mechanisms of the dispersion effect.

4. Conclusions

CMC and xanthan gum were studied as dispersants for MFC sus-
pension. Using OCT together with rotational rheometry, we were
able to show how MFC fibers are dispersed by the two polymers
in shear flow. Both polymers were negatively charged polysaccha-
rides. CMC is linear and had higher charge density than xanthan
gum, which is branched. Without additional salt, the polymers did
not adsorb onto MFC fibers. The dispersing ability of the polymers
was investigated by rheological characterization and visual obser-
vation of the floc structure over the shear rate range and during
the 10 min constant shear. Stronger separation of the fibers was
reflected in the frequency sweep where the MFC suspension with
polymers had lower gel strength and more liquid-like behavior than
the pure MFC suspension. Dispersing effect was also observed in the
flow curve measurement where the floc size of the suspension was
rather constant over the shear rates with polymers. This is differ-
ent compared with MFC suspensions without any additives where

the floc size is dependent on the shear rate. After a constant shear
at low shear rate, the floc structure of the suspensions was clearly
better dispersed in the suspensions with polymers, confirming the
dispersing effect of the polymers.
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This study showed that CMC and xanthan gum can be utilized to
educe shear induced flocculation of MFC suspensions. Moreover,
t is not necessary to use polymer which adsorbs onto MFC fibers.
MC is known to disperse pulp and it was now confirmed that it
isperses MFC fibers as well. Xanthan gum has not been studied
s a dispersant for pulp. Both polymers decreased the number and
trength of contacts between the fibers and thus decreased floc-
ulation. The mechanism behind the enhanced dispersion of MFC
bers may include several aspects. First, both polymers increased
he viscosity of the suspending medium, thus reducing the rela-
ive motion of the fibers. Second, the negatively charged polymer
hains, in between the negatively charged fibers, may have pre-
ented collisions and contacts between the fibers. CMC had better
bility to disperse MFC based on the qualitative inspection of the
uspension structure and lower gel strength measured in the oscil-
ation measurement. This can be due to the higher charge density
f CMC or smaller and more linear structure of CMC compared to
anthan gum.

This combination of a rotational rheometer with two imaging
ethods, optical camera and OCT, has proved to be an effective
ay of studying the dispersing ability of the polymers.
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