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ABSTRACT: Speciality high-strength board, packaging grades, and novel cellulose-based nanocomposites may incorporate microcellulosic
nanofibrillated materials (MNEC), although the rheological properties of such strongly water sorbing structures are challenging for proc-
essing technologies. This study introduces rheological methods for the evaluation of dewatering and flow behavior of such high consis-
tency furnishes to exemplify the effect of energy input on microfibrillar material (MFC), as produced by a combination of enzymatic
pretreatment and increased levels of fluidization. The large number of fibril contact points act to entrap water, held both on the fibril
surface as immobilized water and in the interfibril spacing forming the gel structure. Tuning of the rheological and dewatering proper-
ties has been enabled by in situ precipitation of calcium carbonate filler (in situ PCC) on the MFC, which results in the production of a
more uniform furnish. Such in situ PCC coated MFC fibrils incorporated into furnish were seen to increase dewatering rate over that of
the furnish mix without the in situ precipitated filler primarily because of the reduction in total surface area of the fibers and fibrils

when the pigment is present on the fibrillary surface. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43486.
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INTRODUCTION

Sustainability is one of the key targets for industrial practice
today, and the research aimed at new materials development
based on renewable sources replacing traditional oil-based prod-
ucts is widely considered as highly relevant.”? In the forest
products industry nano (NFC) and microfibrillated cellulose
(MFC) have attracted attention because of a number of poten-
tial applications not only in paper and board manufacturing
but also in other industrial value chains, such as nano-
composites.3 7> Micro nanofibrillated cellulose (MNEC) has
interesting intrinsic properties, exhibiting particularly high spe-
cific surface area, flexibility, regions of crystallinity, and surface
chemistry presenting hydroxyl groups for possible chemical
modification.® ® Such properties influence their particulate
interactions on a colloidal level, especially when combined with
other components in complex suspensions, impacting strongly
on flow-related processes and dewatering.”” ">

Mechanical methods of MNFC production use high pressure
homogenizers, microfluidic cells, rotor-stators, refiners, and
super masscolloider or microgrinders to break up the wood
fibers to dimensions of 100-50 nm in diameter."” "7 Applica-
tion of chemical methods prior to mechanical treatments, such
as enzymatic pretreatment, drastically reduces energy con-
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sumption.'® 2% Refining of enzymatically pretreated pulp using
a microfluidizer/homogenizer is one novel route in MFC and
NEC production designed to reduce problems typically related
to clogging of refiner systems,'>*' "> thus enabling production
of higher consistency suspensions by employing the high shear
zone through the fluidizer chamber while obtaining the desired
higher aspect ratio nano or microscale product via repeated
passes.”"> Such methods are frequently used to transform
microfibrillated material (MFC) into nanofibrillated forms
(NFC). Materials lying between these two categories are termed
here MNFC. High consistency composite materials consisting of
a mixture of traditional pulp fibers and MNFC have attracted
much attention in recent years. Such composites are attractive
because of the possibility to use reduced amounts of pulp fibers
and drastically increased amounts of fillers, enabled via
increased hydrogen bonding of high aspect ratio MNFC, which
adds to the increase in both optical properties (higher filler
loading) and strength (hydrogen bonding) of the final product.
Problems arising in practice with such high consistency MNFC
furnishes are related mainly to the difficulty in dewatering.
Therefore, in order to propose novel processes for their imple-
mentation it is necessary to understand their complex dewater-
ing behavior and rheology. The scope of this research includes

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43486


http://www.materialsviews.com/

ARTICLE

utilizing findings related to the influence of the MNFC produc-
tion route on the agglomeration and colloidal gel-like nature of
complex MNFC-filler suspensions, in order to propose ways in
which these composite materials can successfully be character-
ized, classified, and applied.

In this research we contribute further to the rheological
evaluation of different grades of MNFC, obtained with enzy-
matic pretreatment of pulp, by controlling the level of postfluid-
izing.*'>*° This enzymatically pretreated MFC is studied as an
additive in high consistency high filler load furnish.>® Of novel
importance in this work is the as yet not studied effect on rhe-
ology and dewatering of the inclusion of in situ calcium carbon-
ate precipitation onto MFC (in situ PCC-MFC costructure)
when added to fiber furnish.® Analysis of the resulting rheologi-
cal and dewatering properties shows interesting advantageous
comparison with non-PCC-costructured MFC, adding easier
processing whilst maintaining the superior mechanical proper-
ties that were previously published.®

MATERIALS AND METHODS

Furnish, MFC, and Fillers

The pulp used for the papermaking furnish was once dried
bleached softwood Kraft pulp (BSK), originating from a Finnish
pulp mill with a weighted average fiber length of 2.23 mm
measured with a FiberLab analyzer (Metso Automation). The
freely added filler for comparison was PCC commercial grade
Syncarb FS-240 from Omya International AG, Switzerland. It
was delivered as a water suspension at 35 wt %, essentially
dispersant-free polysaccharide stabilized against sedimentation.
Never dried bleached hardwood Kraft pulp from a Finnish pulp
mill was used in the MFC preparation process, as described by
Rantanen et al® The hardwood Kraft pulp was subjected to an
enzymatic pretreatment and prerefining in a Valley beater for 30
min in order to facilitate the fibrillation of the fibers. The thus
refined enzymatically pretreated sample was used as a reference
for the other MFC samples that were subsequently fed through
the microfluidizer/homogenizer at 2000 bar through the 100
pm opening (Microfluidizer M-110P supplied by Microfluidics,
USA). The solids content of the MFC suspensions was 1.65 wt
% after the fluidization. A series of products, employing 1, 2,
and 5 passes (LMFC, 2MFC, and 5MFC), respectively, through
the microfluidizer/homogenizer, were made to study the effect
of nanofibrillation/degree of fibrillation on the MFC surface on
swelling and the consequent rheological properties in water
suspension.

In Situ Precipitation of Calcium Carbonate on MFC and
Furnish Compositions

As a result of the balanced satisfactory quality of product and
medium energy consumption of the 2 pass MFC (2MFC), com-
pared with the 5 pass grade (5MFC), it was chosen for the in
situ calcium carbonate precipitation process. The calcium car-
bonate (PCC) was precipitated on the surface of the 2MFC, as
described by Rantanen et al.® In situ precipitation was made by
feeding a mix of the 2MFC and Ca(OH), (slaked lime) into a
reactor, into which was fed CO, gas through the suspension, as
presented in Figure 1, to form PCC via the well-known precipi-
tation reaction in water
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Figure 1. Schematic representation of the MFC enzymatic and homogeniz-
ing process, showing the 2 pass grade (2MFC) with further in situ precipita-
tion to form the “in situ PCC-2MFC” costructure. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

CaO + H,0 — Ca(OH), : Ca(OH),+ CO;,
— (CaCOs+ H,0 (1)

As a result, PCC nanoparticles were formed on the surface of
the 2MFC, creating a PCC-MFC costructure (in situ PCC-
2MFC). The presence of MNFC and cellulosic moieties during
the precipitation will act to modify the PCC crystal growth, and
so there will undoubtedly be differences in particle morphology
between standard free precipitated carbonate and the in situ ver-
sion. However, this is not considered to be a major factor with
respect to the advantages found for in situ coprecipitation, since
the coprecipitated morphology will necessarily be less well-
defined with respect to crystal morphology. This varied mor-
phology would be expected to show less specific packing inter-
action, and if such a morphological mix was to be added freely
would actually deliver the opposite effect in many respects to
that found.

Two different precipitation levels on the surface of 2MFC were
performed, which resulted in an amount of 10.6 and 75.5 wt %,
respectively, of the total dry weight of the filler being precipi-
tated on the 2MFC fibers, measured via the ash content.®

The furnishes were made down into two consistencies, 4 and 7
wt % solids content, respectively, with furnish composition
being 70% PCC filler in total, either free, in the costructure or
both costructure and free combined, 20% MFC product [Ref
(prior to homogenizing), 1, 2, and 5 pass homogenized, respec-
tively] and 10% cellulose pulp fibers.®

Furnish Mixes

The high level of filler, unusual for paper and board manufac-
ture, is to represent the target of a filler—fiber composite mate-
rial, which is considered as a realistic sustainable natural
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Table I. Furnish Formulations and Labelling, in Accordance with Figure 1

Furnish formulation pulp
fibers (%)/fluidized MFC (%)/
number of homogenizer passes

in MFC production (nP)/PCC Sample
in situ (%)/free PCC filler label solids/
Consistency/% addition (%) MFC type?
N={4, 7} 10/20/Ref/0/70 N/Ref
10/20/1P/0[70 N/1P
10/20/2P/0[70 N/2P
10/20/2P[2.3/67.7 N/2P/LOW
10/20/2P/61.6/8.4 N/2P/HIGH
10/20/5P/0/70 N/5P

@MFC described by the number of passes, and by amount of in situ PCC
in the costructure (LOW and HIGH).

polymer composite replacement.”®** The sample labels follow
the notation: consistency/MFC grade/ratio of total pigment pre-
cipitated on MFC. The composition ratio of the furnish was
constant in all experiments with 70% filler in total, 20% MFC,
and 10% pulp fibers, and in the case after the precipitation
reactor was the 2 pass MFC coated with PCC (in situ PCC-
2MFC costructure). In the rheological measurements, the test
suspension in each case was at 4 and 7 wt %, as presented in
Table L

Characterization of Materials.

Zeta Potential and Particle Size of Freely Added PCC Filler
To help characterize the constituents, the charge of the freely
added filler pigment, defined by the zeta potential, {, was deter-
mined by a Zeta-sizer (Malvern Instruments). The particle size
of the pigment, MNFC and flocculated pigment agglomerates
was measured with dynamic light scattering (DLS), using the
photon correlation spectroscopic technique on the same instru-
ment. Prior to measuring the ensemble defined particle size, the
samples were diluted with de-ionized water to a solid content
of 0.01 wt %. The scattering volume equivalent diameter, dj,,
and ( are reported as an average of at least five runs. In the
case where the density of a material is constant throughout its
size distribution, the volume, and weight determined size distri-
bution are identical.

Scanning Electron Microscopy. For the microstructural analysis
of the effect of microfluidization on fibril morphology a field
emission scanning electron microscope (FE-SEM, Zeiss Sigma)
was used. Prior to freeze drying at —50°C and 2.4 Pa pressure,
the MFC suspensions were filtered on filter paper using a
Biichner funnel. The surface of the freeze dried samples was
coated with a thin conducting layer of gold and imaged in the
high vacuum mode. The accelerating voltage was 2.5 kV.

Gravimetric Dewatering and Gel Network Water Retention

The static gravimetric dewatering of suspensions and furnishes
was measured using the Abo Akademi Gravimetric Water Reten-
tion device (AA-GWR). A volume of 10 cm® of the MFC con-
taining furnish was inserted into the cylindrical vessel above a
polycarbonate membrane (Nucleopore Track-Etch membrane 5
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um, Whatman) and sufficient layers of absorbent blotting paper,
defined to absorb the subsequent water loss volume in the
experiment, and, after closing the cylinder, the sample was held

overpressure of 0.5 bar, as described
24,25

under in detail

previously.

The network level swelling of MFC and NFC was evaluated
with a water retention value test (WRV, ISO/DIS 23714). The
WRV test was slightly modified to suit the measurement of the
nanocellulosic materials.>***> This was done by mixing quanti-
ties of the nanocellulose in the range 0-6% with an unrefined
Kraft pulp and then centrifuging the mixture under normal
WRYV test conditions. The curve of WRV against nanocellulose
content can be used to calculate the pure nanocellulose
swelling.

RHEOLOGICAL MEASUREMENTS

A rotational and oscillation rheometer (Physica MCR-300) was
used in both controlled shear and strain modes with a plate—
plate geometry. The rheometer was equipped with roughened
(serrated) top (PP20) and bottom (P-PTD 200) plates,z‘*"26 the
bottom plate implementing a Peltier temperature control, with
fixed temperature at 23°C. The gap between plates was initial-
ized to 2.5 mm. The linear viscoelastic region (LVE) was identi-
fied with oscillatory measurements applying a strain sweep, at a
constant angular frequency (w) of 0.1 rad.s™', after which fre-
quency sweep measurements were performed within the LVE
where the strain (y) was varied between 0.01 and 500%. It
should be noted here that complex systems, as described by the
materials used in this study, i.e. macrofibrous as well as colloi-
dal particulates, undergo multiple structural configurations'®"!
including, and generating, a variety of elastic interactions.
Thus, the term LVE in this context refers to the particular LVE
region applicable for the fixed frequency of oscillation used.**?*
The influence of shear rate on the variation of dynamic viscos-
ity (1) was observed using the steady state flow curves over the
shear rate range of 0.001-1000 s~ '.*”° Once shear thinning
occurs, there is no natural damping or particle collective
motion, and so the system becomes highly sensitive to
particulate-driven swings in viscosity at overall very low viscos-
ity levels. The noise is assumed random, and in principle could
be averaged, but since it occurs well away from the initial thixo-
tropic viscosity drop region of interest, this behavior is consid-
ered irrelevant.

27,28

With the Tikhonov regularization based smoothing method we
obtained suitable rheograms for determining rheological param-
eters, as described in detail and defined in our previous work,”’
using the following transformations:

AZ=j 2)
where A is a matrix and X, ¥ vectors. In eq. (1), ¥ represents an
observed variable, the measurements of which are subjected to
some nonsystematic variation or noise, whereas X on the other

hand is an unmeasured quantity. In Tikhonov regularization the
minimization problem
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min |AZ—7|* (3)
is replaced by the penalized minimization problem
min {[|AZ—5|*+2||LZ||" } @)

where L is a matrix termed as the regularization matrix, and /1 is a
positive parameter. The purpose of the second term in the expres-
sion to be minimized is to penalize (suppress) extreme solutions
and favor physical ones. Data smoothing is achieved by setting the
matrix A in eq. (3) to the identity matrix and selecting the regula-
rization matrix in such a way that it penalizes data fluctuations.

Rheograms were constructed from the representative measure-
ments (after smoothing), while at least five samples were
included in the analysis. Data variation of AA-GWR was with-
in * 5%, while for rheometer and dynamic dewatering (IMC)
within = 7-10%, strongly related to the varied nature of the
materials spanning the geometry, in particular the particulate size
and physical interactions, leading to the likely presence of shear
inhomogeneity in the plate-plate geometry contributing to
reduced reproducibility, including the potential for wall slip and
the glassy low friction state within the suspension.*”***7*%>7

Yield Stress

Yield stress is perhaps the most important rheological property
of complex suspensions, as it needs to be exceeded in the order
that flow takes place.”** MNFC suspensions are gel-like and
exhibit a short range dynamic yield effect.*****> The dynamic
yield stress (t,°) is defined as the minimum stress required for
maintaining the flow, while static yield stress (t,”) is defined as
the stress required for initiating flow, and the latter often has
the higher value.””?®*® In this work we present the apparent
yield stress of suspensions obtained using two different meth-
ods, shear flow measurements and oscillatory measurements.
Shear flow measurements provide values of dynamic stress (7,)
as a function of shear rate (y°) and dynamic yield point ()
while oscillatory strain steep measurements that provide values
of static stress (7,) as a function of strain (y) and thus enable
defining of static yield point (z.), as the stress required for ini-
tiating of flow."*?"*** The Herschel-Bulkley equation describes
the presence of a dynamic yield stress (1,°) as

Td=rg+k'\'/" (5)

where the terms k and n are the consistency and flow index,
respectively. With the value of n< 1 the material exhibits shear
thinning, and for n =1 Newtonian behavior. For the determina-
tion of 7, a log-log plot of the flow curves were used, where
the stress plateau at low shear rate is taken for each rheograms
as a yield point stress (74 0y 54

Fitting the flow curve data to a yield stress model, however, can
lead to a misconception of the yield stress determination, espe-
cially with rheologically complex thixotropic gel-like suspen-
sions, in which the maintenance of flow is much less energy
demanding than the initiation of flow because of the normally
very long time constant of reestablishment of the gel struc-
ture.2®272%3647 Therefore, as in the case of MNFC complex sus-
pensions, which also have properties of gels, it is preferable to
determine vyield stress values also by direct measurement with
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oscillatory experiments.””*® The elastic stress component in
oscillatory mode is given by

Ts= G/V (6)

As strain (y) is constantly increased at constant frequency ()
from oscillatory amplitude sweep measurements, the maximum
elastic stress, corresponding to the static elastic yield stress (),
is determined as the first point of deviation from linear elastic
deformation. The static yield stress occurs at a corresponding
strain value (y.). The flow coefficient k and power law coeffi-
cient n from dynamic stress flow curves are obtained by lineari-
zation of the shear stress (1 — 7,) against shear rate (") log-log
curves for y">0.1 s~'.>** The flow coefficient k* and power
law coefficient n* from static stress flow curves (within the lin-
ear viscoelastic region (LVE) are obtained from the log—log
curves of complex viscosity (1*) against angular frequency (w).

Structure Recovery Measurements

The structure recovery measurements are made with the three
interval thixotropic test (3ITT), the purpose of which is to
determine how consistency, and the presence of a large amount
of pigment accompanied with fibers, might lead to induced
flocculation/agglomeration within the gel-like MFC matrix and
so affect recovery of network structure after removal of high
shear.*>*! 3ITT measurement can be expected to provide infor-
mation on the dynamic elastic structure recovery of MFC con-
taining furnish after high shear deformation, say, in a head box
and/or during fluidization. It is desirable that the initially high
dynamic viscosity of MFC can be reduced at the head box slit
and during application on a wire, in order to be in a reduced
viscosity “flowing state” for application, and then to recover
when forming the fiber mat.>"® Initially, in the first low shear
interval, samples were subjected to low shear rate (0.1 s '),
then subsequently high shear rate (500 s 1) and finally once
again low shear rate “recovery” (0.1 s '). Structure recovery
was traced with respect to recovery of dynamic transient viscos-
ity (n") in the third interval, expressed as percentage (%) of
ratio n*/n° after 300 s of measurements, where #° is the low
shear viscosity value at the beginning of the first interval.>*!

Dynamic Dewatering

Dynamic dewatering measurement was conducted using the
same Physica MCR 300 rheometer with an immobilization cell
(IMC) accessory, as licensed from BASF AG. The IMC consists
of a stainless steel cylindrical metal tube with a hole-punched
metal plate at its base that allows drainage of water through the
samples.”>* A filter is fastened on the top of the metal plate,
and the sample to be investigated is loaded into the cylindrical
vessel. A parallel plate geometry measuring system (PP-50) with
a 50 mm diameter was used in all immobilization tests, and ini-
tial gap was set to 2 mm.*** The sample is dewatered through a
Whatman nucleopore membrane, with pore size of 0.2 um, by
an applied vacuum of 50 kPa, which can be independently initi-
ated (similar conditions to those in AA-GWR dewatering). The
samples were presheared in the dynamic strain oscillation (DSO)
cycle for 40 s, with oscillatory parameters, within the LVE, of
7=10.1% and w=0.1 (rad)s ', and then dewatering is allowed
to proceed. Immobilization time (#,,) of MFC containing fur-
nishes were defined as the first minimum in the tan J curves,
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Figure 2. SEM images from enzymatically treated MFC fibrils of different generation (scale bar 200 nm): (a) enzymatically pretreated and refined sam-
ples (Ref), (b) fluidized MFC fibrils from 1 pass (1P), 2 pass (2P) and 5 pass (5P), and (c) dispersed fibrils from 2 passes (2P) which have precipitated
PCC filler on their surface, with 10.6% (LOW) and 75.5% (HIGH) filler precipitated on fibrils (Figure 1 and Table I). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

where tan 0 = G'/G, i.e. as the ratio between the loss and storage
moduli in the viscoelastic region, as explained in our previous
publication, which also previously was shown to correspond to
immobilization obtained by the intersection of the tangents of
the two branches of the G’ plots before and after yield.*>**

RESULTS AND DISCUSSION

We split the analysis into three sections. The first deals with the
rheological transition from an entangled/flocculated structure to
that of a gel-like structure driven by the fluidizing of the MFC
component. By providing in situ precipitation of PCC filler
onto the surface of the MFC component, the reduction of the
contribution from the structure component can also be
advanced. The second part deals with the response to shear for
these different viscoelastic systems and highlights the critical
stress factors applying in each. Finally, the third part links the
findings of the previous two to elucidate the processes at play
in the dewatering and immobilization of the suspensions.
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The rheology of MFC suspensions is known to be dependent on
the fines contained in the fibrillated cellulose, associated with
surface charge and fibril morphology, which is expected to
influence furnish rheology because of different friction and
mobility properties within the furnish—filler matrix.>*** There-
fore, it is important to evaluate in which way the increasing
amount of passes through the fluidizer will change the fibril
morphology, swelling of fibrils and suspension rheology. In this
respect, one of the targets of this study was to examine the role
of the fluidizing refining steps on enzymatically pretreated pulp
on both particle and network swelling/gelation of MFC suspen-
sion. Optical microscopy, Figure 2, was used to facilitate the
observation of disintegration of the enzymatically pretreated
and refined fibrils into nano and microscale fibrils, and to dem-
onstrate the importance of the fluidization in further fibrilla-
tion. The morphology of the resulting nanoscale fibrils after the
enzymatic and mechanical treatment, Figure 2(a), has changed
after the high pressure homogenization steps (1 pass, 2 pass,
and 5 pass, respectively), Figure 2(b).
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Figure 3. Fibrillated MFC agglomerates and PCC size distributions obtained
using dynamic light scattering (DLS). As homogenizing degree progresses,
the size distribution is seen to move to smaller values. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

To be able to utilize properties of high aspect ratio cellulose
nanofibrils fully, the dispersion with filler within the furnish
matrix is critical. An improved dispersion of nano or microcel-
lulosic components and filler is targeted by precipitation of filler
onto the nano/microcellulose fibrils themselves, Figure 2(c),
with two different flow rates of CO, prior to precipitation in
the reactor, Figure 1, which resulted in two different in situ
PCC-MFC composite costructures, in situ-LOW and in situ-
HIGH, as presented in Table 1.

A thorough description of the swelling of a fibrillar cellulose gel
should include both the water trapped within the fibrillar net-
work and the water immobilized inside and on the surface of
the particles.®***> As presented in Figure 3(a), the water reten-
tion value (WRV) data demonstrate the greater water trapping
nature of the more fibrillated 5 pass MFC (5MFC), where the
number of passes influences the water arresting properties
within the suspension matrix, increasing the MFC gel-network.
Because of the effective size of the components, i.e., water sur-

104
-l
3 e ——- -_—
] ./, B T e ~~'\‘
1. s i
P g ] "\.
o ¥
o a,
014 Tie
‘o oy
(Y]
b w4\ Plus  T[Refl  412Pk = 4/Ref

4/5Pk = 412P je=  4/Ref} 4/5P

0.01 - e TPl = 7/A P T[2P o = 7[2P
E 5Pl = AP T/Ref) - - - ISP
a
1E-3 5 X )
N e
0.01 0.1 1 10 100 1000
7 (%)

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

rounded MNFC versus non-water-interacting PCC, 2P/LOW
and 2P/HIGH samples have lower median particle size than 2P,
Table II.

The results from the WRV data, presented in Table II reflect the
increase in water retention with increase in the number passes
through the homogenizer. Samples 5P have evidently higher
WRYV than 2P and 1P. In contrast, as discussed earlier, reduction
in the surface area of MNFC when pigment is precipitated on
the fibril surface reduces swelling and water binding properties
of the suspension, as discussed in our previous publication,®
which is evident as a decrease in agglomerate size, Figure 3,
showing a direct correlation of particle level swelling and net-
work gel forming as a function of the increasing number of
passes.

Viscoelastic Properties: The Structure—Gel Transition

Any differences in the degree of entanglement, agglomeration
and/or flocculation in the network structure, resulting from the
increased degree of fibrillation, should manifest itself in a
change of mechanical and viscoelastic properties, including gela-
tion. At the beginning of the strain sweep, with low strain (y),
both storage and loss moduli exhibit a constant value, G,’ and
Gy, respectively, with Gy’ > G,/ until a critical strain amplitude
. is reached, which defines the end of the linear viscoelastic
region (LVE).%26:45:46

The present high elastic moduli, Figure 4(a), seen with respect
to the current reference and single fluidizing pass materials are
explained by the presence of retained long fibrils and fibril
agglomerates forming an inherently entangled network struc-
ture, which is not as evident for the more swollen higher fibril-
lated gel-like structure of the higher energy homogenized
materials.'**>*

The reduced form of the elastic (G/Gy) and viscous moduli
(G/Gy), presented in Figure 4(a,b), show the gelation effect of
increasing homogenizing energy input and the reduction of the
structure effect in nonhomogenized and once homogenized
MEFC containing furnish. As previously discussed, proceeding in
homogenizing steps acts to fibrillate MFC further, producing

——— 4/2P/HIGH
— ~7/2P/HIGH
— - 7/2PILOW
14 - - 4/2PLOW
—_-72P
R - - 4ppP
- - 4/2PMHIGH
[0) — = 7/2P/HIGH
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L) — -4/ 2PILOW
N —_—702P
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Figure 4. Reduced G and G for furnishes in an amplitude sweep test for 4% and 7% consistencies: (a) reduced elastic (G/G,') and storage moduli (G'/

Gy') for different homogenization passes of MFC, (b) elastic moduli for 2MFC furnishes regarding the type of filler (in situ vs. mixing with suspension

matrix): reduced elastic modulus (G/G,’) shown as continuous lines, reduced loss modulus (G/Gy') as broken lines. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Response of G’ and G against frequency [w = 0.1-100 (rad)s™

'] for all furnishes at 4% and 7% consistencies, respectively: (a) fur-

nishes for which 70% of pigment is added as separate inert component, Ref, 1, and 5 pass (IMFC, 5MFC), and (b) difference between in situ

precipitation of filler and addition as separate component for 2 pass MFC (2P, 2P/HIGH and 2P/LOW, respectively): elastic modulus (G') shown

as continuous lines, loss modulus (G') as broken lines. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

finer fibrillar material with higher surface charge, thus increas-
ing gelation of the suspension, which reduces flocculation
within the furnish upon addition of inert filler and pulp fibers.
Finer fibrillar material of the 5 pass MFC (5MFC) acts to
reduce both the viscous (G') and elastic (G') moduli of the host
furnish for both 4% and 7% consistency. When considering the
effect of in situ precipitation of filler on 2MFC (in situ PCC-
2MFC costructure), the greater the amount of precipitated filler
onto the fibrillar cellulose, and in turn the lower the amount of
filler added as separate inert component to the furnish, results
in lower structuration induced by phase separation of gel-like
MEC (inert filler and agglomerated pulp fibers).*" This is seen
as a decrease of both G and G as the amount of filler precipi-
tated on the fibrils is increased. The data indicate that G is
dependent on consistency, as expected, and that, for the non-
fluidized enzymatically pretreated reference MFC based fur-
nishes, G relates even more strongly to consistency than the
homogenized samples, i.e. G overall decreases with the number
of passes through the fluidizer across all measured consistencies,
and this despite the greater gelation tendency, which clearly sep-
arates the two structure mechanisms. This entanglement, there-
fore, relates inversely to the higher swelling-related WRYV, and in
turn higher zeta potential, which has been observed before.”*'
As shown in the same Figure 4, once above critical strain (y.),
G decreases gradually with increasing strain (), while the loss
moduli (G) exhibit a strain hardening characterized by an over-
shoot in the curve when strain is increased more rapidly than
the equilibrium relaxation of the system.”>*® Loss modulus
increase, indicating strain hardening, is typical for agglomerated
linear particulate gel systems incorporating the presence of fill-
ers and their respective complex nature of interactions.*’*
Loss moduli overshoots can also be observed, related to the
nonlinear oscillatory response of gel-like materials undergoing
shear banding and wall slip—a typical drawback when inter-
preting data from plate—plate geometry.>*>”>
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It is known that for gel-like nanocellulose suspensions G' and
G are relatively independent of angular frequency.'"*”*"** The
data in Figure 5(a,b) suggest a similar behavior of elastic mod-
uli as a function of oscillation frequency as was discussed above
in relation to Figure 4. High consistency furnishes are
entangled/flocculated  suspensions of cellulose macrofibers,
microfibrillar material (MFC), and fillers."> Their rheological
behavior is, therefore, expected to depend on the solids concen-
tration and the interaction of all the components. This becomes
manifest in the shear strain amplitude dependence of the stor-
age modulus (G) and the viscous modulus (G') measured at
the constant angular frequency @ = 0.1 (rad) s~ for all fur-
nishes. Progressive energy input by homogenizing, and thus
related gelation within the fibrillar cellulose component, is
reflected in the reduction in both G and G for the respective
furnish mixes within the given angular frequency range (w) Fig-
ure 5(a), acting in the same way as addition of filler through
precipitation for the same homogenizing energy input Figure
5(b), as discussed above. Consistency dependence is seen
through the range in gel-structure between the 4% and 7% fur-
nishes as frequency increases, where G and G decrease for
higher consistency furnishes, Figure 5(a), and for lower amount
of pigment added as a separate component to the 2MFC con-
taining furnish. Thus, for the 2 pass sample (2MFC), where the
MEFC is coated with nanoscale in situ formed PCC filler and the
remaining filler amount is postmixed with the furnish, increas-
ing the amount of in situ precipitated pigment shows a decrease
in G and thus less structuring within the furnish matrix. As
can be seen in Figure 5, this effect is consistent with results
shown in the previous Figure 4, where the G for highly fibril-
lated cellulose containing furnishes are generally lower than
those of less fibrillated MFC containing furnishes, as the more
swollen the fibrillar material, the more pronounced the disen-
tanglement and/or deflocculation within the furnish.>*>*' The
G is nearly independent of frequency, while the G is constant
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Figure 6. Oscillatory and dynamic rotational measurements: (a) complex viscosity as a function of frequency, (b) static stress (t,) within the LVE as a

function of strain (y), (c) dynamic stress (t,) as a function of shear rate for 4 Ref samples, raw data and smoothed data [eqs. (2)—(4)], and (d) represen-

tative samples of dynamic yield stress obtained at low shear rate, 3" = 0.01-10 s~ ' [eq. (5)]. Broken lines 4% consistency and continuous lines 7% consis-

tency. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

at low frequency and increases slightly at higher frequencies, tan
0 being in between 0.2 and 0.3. In other words, the more highly
homogenized materials behave as weak gels.

The relative response of the furnishes regarding the degree of
homogenizing, and the role of fibrillation, is seen in all the data
as a progressive increase in gelation of the more highly fibril-
lated suspension matrix, and a reduction in the mechanical elas-
ticity derived from the entangled fibril structure of less fluidized
material.

Shear Thinning and Recovery Behavior

Being viscoelastic, the structure of the agglomerated/flocculated
network changes when it is sheared.”*”*”>” The plots in Figure
6(a) show the n* decrease as a function of increasing = 0.1—
100 (rad) s~ ' within the LVE region, and corresponding static
yield stress () Figure 6(b) obtained using eq. (6). Complex
rheological behavior in shearing conditions is presented in the
steady state flow curves of furnishes at shear rates 0.1 — 1
000 s~ ! in Figure 6(c,d), through dynamic stress (t;) depend-
ence on shear rate (y°), eq. (5). We illustrate both the raw data
and the smoothed resulting curves for the sampling of 4 Ref
(4% consistency), Figure 6(c), to illustrate the complex rheolog-
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ical response under shearing conditions. The data are shown
with respect to stress only in Figure 6(c).>'*’

The static (t) and dynamic yield stress () of all furnishes
increases with consistency, Table III. Flow curves with fitted
power law exponents for both dynamic viscosity (1) and com-
plex viscosity (1*) vary between 0.14 and 0.11, in agreement
with some examples of earlier work with MNFC suspensions®®
and furnishes.”” Increase in consistency and greater flocculation
tendency within the complex suspension matrix are seen in a
higher k value, while very pronounced shear thinning behavior
is because of the breakdown response of the highly viscoelastic
gel-like structure to shear.”*”?°

In Figure 6(c), the higher consistency furnishes show the greater
7, as a function of strain (y), as might be expected. Similar
behavior is observed for 7 as a function of shear rate (y*), Fig-
ure 6(d). The structuration*’ within the furnish matrix increases
the span of both 7, and 7, as the mechanical agglomeration/
flocculation of entrapped water within the gel increases the
stress response of the material.*>***® This behavior is, thus, as
described above, consistency dependent and the mechanical
structure factor is reduced by increased homogenizing energy
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the online issue, which is available at wileyonlinelibrary.com.]

input, because of the transition to a more gel-like response. A
similar effect is seen when in situ PCC is formed on the 2 pass
MEC (is-situ PCC-2MFC costructure), i.e., agglomerate forming
structuration is reduced. We can conclude that this is semiinde-
pendent of the PCC filler added separately, since the homogeniz-
ing energy input of the MFC component follows this behavior of
reduction in structuration, even whilst the free-added PCC level
remains high in the system, reflected in the development of 7,” in
Figure 6(c), and 7 in Figure 6(d). This manifests the long range
interaction of the MFC fibrillar length compared with shorter
higher charged nano only fibrils (NFC), which is approached by
the highly fluidized MFC,*'® which in turn could be better
described as MNFC. Scatter in the data between yield stress
obtained by oscillation and steady shear measurements has been
observed before,”***>*® and depends on how apparent yield
stress is defined and the method of measurement employed.”*”>
The apparent yield stress of all furnishes increases with consis-
tency, which compares typically with other research done on sim-
ilar subject materials; differences in 7 and 7,4 ° between different
furnish types are small at low solids content, but more pro-
nounced for the higher solids content.*®

An important conclusion regarding the structure recovery after
high shear, Figure 7, is that the transient dynamic viscosity
recovery (n7) after high shear is a slow process, especially for
the highly homogenized MFC containing furnish samples,
resulting from breakage of the fibrillar gel-like structure and its
subsequent slow diffusion controlled reformation. This informs
us that a suspension takes a long time to recover its structure if
the MFC component has been highly fibrillated, resulting in
good levelling behavior, for example, after initial dewatering fol-
lowing the rapid shear increase at the slide prior to the forming
section,>*!*?

Dewatering and Immobilization

Dynamic Dewatering IMC. The immobilization curves of the
various MFC containing furnishes are characterized by an
increase in complex viscosity, which indicates faster initial dew-
atering and steeper increase in solids for furnishes with more
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agglomerated/entangled/flocculated structure and lower MFC
network swelling.*>*" This confirms the more permeable nature
and lack of water trapping properties within the mechanical
interfibrillar formed structure. After the initial increase in n*,
G, and tan 9, Figure 8(a,b) related to the first stage dewatering,
both #* and G reach a plateau, the value of which depends on
the amount of water entrapped in the gel structure. The pro-
gressive increase of tan & shows different time scales in which
the maximum of tan J is reached, Figure 8(c). In the case of
more gel-like structures, defined by the amount of refining by
homogenizing, the timescale is longer. Interestingly, for the in
situ precipitated PCC on MFC (in situ PCC-2MFC costructure),
the uniformity of the matrix (without entanglement/floccula-
tion) matches that of the higher energy input homogenized
sample, but the dewatering rate is fast, indicating that the in
situ precipitation of PCC onto the MFC reduces the gel trap-
ping of water, whilst nonetheless preventing the particle struc-
tural flow problems associated with the nonhomogenized or
low energy homogenized samples. As discussed in our previous
research, it is not possible to define final immobilization time
as a fixed point at which tan J reaches a plateau, rather it is
necessary to use turning points on the rheograms, or the mini-
mum of the tan J curve, defined also by the second zero of
dtan §/dt, as indicating complete immobilization.** Because of
the wide-ranging nature of the rheograms upon increase of con-
sistency, representative samples are considered with respect to
an “application representative” definition, i.e. samples lying
within a range of potential application in the field studied by
the paper.

Data presented in Figure 8(c) show the change in tan J, indicat-
ing similar dependence on consistency for the time taken to the
onset of immobilization f,,, but differences are observed
between mechanical entanglement/structuration within the fur-
nish matrix, as the lower the degree of swelling, so the lower is
the WRV and the greater the dewatering. The value of tan ¢
characterizes the viscoelasticity of the material as a ratio of the
viscous loss and elastic storage moduli, G'/G,”” marking the
transition of liquidlike to solidlike behavior during dewatering.*’
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Figure 8. Immobilization rheograms for all furnishes: (a) elastic modulus (G'), (b) complex viscosity n*, and (c) damping factor (tan ) showing pro-
gress toward immobilization. The wavy nature of the curves suggests nonequilibrium regions of dewatering probably induced by shear banding and wall
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Gravimetric Dewatering (AA-GWR) cipitated filler on the surface of MFC, i.e., in situ PCC 2MFC
In this section we compare the static pressure dewatering (water  costructure (2P/LOW and 2P/HIGH), indicates that the pigment
retention) using the AA-GWR device with the dynamic immo-  distributed on the MFC surface acts to reduce the action of
bilization under shear, Figure 9. The more uniform dispersion  trapping water, as was presented in Figure 8, leading to greater
of components in the furnish matrix that contains in situ pre- mobility of water within the matrix, which results in faster

7%

B 4% sp

2P/HIGH

2P/LOW

2P

1P

N—— . _— Ref i 5
0.0 5.0x10° 1.0x10° 1.5x10* ;
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Figure 9. Correlation amongst furnishes between filtrate amount with AA-GWR and immobilization time (#,,) against furnish type showing depend-

ence of agglomeration within the furnish matrix and dewatering. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

M‘h\;;liﬁ WWW.MATERIALSVIEWS.COM 43486 (10 of 13) J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43486
1


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table II. WRYV, Surface Charge {, pH and Median Size of MFC Agglomer-
ates and PCC used in the Study
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ous low elasticity initial flow, and clearly this is not occurring.
Also, that the more refined MFC containing system, which also
has pigment added as a separate phase (not in situ precipitated),

WRV d(0.5) s not (or less) flocculated suggests that it is supported in stable

(gg™™ £ (Mv) pH (um) suspension by the greater repulsion at higher charge level zeta
Ref 15 —26.4 6.8 894 potential of the more fluidized MFC, and that the pigment is
1P > _o21 6.7 43.7 an inert player in the suspension mix. This finding is supported
op 37 _o55 67 291 by previous work studying the flow properties of pigmented
SPILOW 51 123 92 14.9 coating colors employing MNIZ?, dispersed additionally with
SP/HIGH 18 127 103 142 carboxymethyl cellulose (CMC).
5p 51 -308 6.8 2813 Table III contains a summary of the collected data and their
freely added NA 10.6 103 41 parameterization, providing comparison of the effective rheo-
PCC/FS-240 logical behavior obtained from oscillatory and steady state stud-

dewatering. The dynamic immobilization rate results correlate
with gravimetric dewatering and confirm that the intrinsic
structure is less water retaining rather than that the structure is
more easily broken down under shear.?*?

Linking All Aspects of the Rheological and Dewatering
Observations

In order to compare the different response of complex (n*) and
dynamic (1) viscosities we use iterative least squares methods to
reveal values of their flow coefficients, together with the respec-
tive fitted values for shear thinning index n, respectively, as in
eq. (5). We see in most cases that k is larger for the more
agglomerated furnishes that contain the less fibrillated MFC,
indicating lower mobility of the longer fibril elements, i.e. more
entanglement, and greater phase separation between the long
cellulose fibers and pigment. This observation is also valid when
considering the reduced agglomeration/flocculation for the in
situ PCC-2MFC costructure containing furnish, in which part
of the pigment is precipitated on the MFC. That the agglomer-
ated structuration is occurring to a lesser degree in this in situ
PCC case, even in the presence of more fluidized 2MFC, sup-
ports the dominance of gel formation and absence of floc-
related structures involving pigment, which, if it were to be
flocculated by the gel component, would lead to less homogene-

ies, together with immobilization during dewatering and
structure recovery after shear. Average values of G and G
obtained at 0.16 (rad)s™ ' for all furnishes further confirm the
previous interpretation that the G for the nonhomogenized
MFC containing furnishes is higher compared to the more
fibrillated ones. Higher WRV implies greater swelling and thus
lower friction of the highly fibrillated cellulose as seen in lower
G. In general, the yield stress (2 and 7,0) of the structured
suspension depends on the solids content, particle size distribu-
tion and particle—particle interactions defined from Table II*">
The apparent 7. for all furnishes is a function of consistency, as
plotted in Figure 7.

CONCLUSIONS

This study undertakes to represent the changes in the rheologi-
cal and dewatering properties of MNFC when the level of fibril-
lation increases, and when used as a component in fiber and
filler composite furnish. It is seen that this transition occurs in
two major observable forms: (i) the water retention properties
increase as the transition progresses toward the gel, related to
the water binding and interparticulate trapping in highly fibril-
lated MFC, more correctly termed in this state as MNFC, and
(ii) the reduction of fibrillar entanglement as this transition
progresses leading to reduced viscoelasticity and slower struc-
ture recovery after shear.

Table II1. Static Yield Stress (z,") Obtained from Oscillatory Measurements within the LVE Region, Using eq. (6), and Dynamic Yield Stress ()

Obtained from Dynamic Measurements Using eq. (5)

4/2P|  4/2P/ 7/2P1  7/2PI
4IREF  4/1P  4/2P  LOW  HIGH  4/5P  7/REF  7/4P  7/2P  LOW  HIGH  7/5P
166 197 622 554 436 404 446 921 831 686 784 652
n 021 016 011 013 017 008 016 015 010 011 012 009
K 182 217 692 583 473 123 572 961 862 711 803 572
n* 021 017 014 011 013 009 018 015 016 013 014 009
*(Pa) 6.4 64 45 52 5.8 25 1192 999 823 642 623 574
«°(Pa) 382 327 274 207 189 164 1629 1339 1142 1036 917 759

Shear thinning behavior for all furnishes: initial and final values of flow curves for complex viscosity response (%) and dynamic viscosity () with their
respective flow indexes (k, k*) and shear thinning coefficients (n, n*). Data variation for rheological measurements are within + 10% because of the thix-
otropic and wall slip phenomena arising from the complex nature of MNFC suspensions
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A novel costructure, consisting of calcium carbonate precipi-
tated in situ on the surface of a moderately homogenized MFC,
provides advantageous properties in the furnish with respect to
enhanced dewatering whilst maintaining the flow properties of
a gel-like state. These changes in the traditional water retention
properties of microfibrillated cellulose are expected to lead to
improved sheet forming properties, with increased water
removal, and so lower drying cost, and controlled uniform set-
tling during subsequent recovery after shear. These properties
are expected also to lead to more uniform filler-fiber composite

materials in the advancing field of cellulosic composite
production.
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