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with higher DS, yielding suspensions with higher 
and stability-prolonged zero-shear viscosity, as well 
as a more linearly decreased and irreversible viscos-
ity profile after the shear load removal at higher shear 
stresses. The carboxylic groups at CMC additionally 
decreased the interactions between the fibrils, and 
subsequently reduced the fibrils’ flocks, or formed 
larger aggregates with their integrations, while 
increasing the MFC suspension gel-strength, improv-
ing its flow and viscoelastic behaviour through higher 
water retention ability and surface tension properties, 
and also its recovery after deformation.
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Introduction

The unique flow and viscoelastic characteristics of 
micro- and nano-fibrillated cellulose (MNFC) aque-
ous suspensions are becoming of high importance 
for both their handling and use during many emerg-
ing applications, such as thickening (Li et  al. 2021; 
Dimic-Misic et  al. 2013a), compounding (Clemons 
and Sabo 2021), fibre spinning (Lundahl et al. 2017), 
surface coating (Kumar et al. 2016a, 2017; Oh et al. 
2017), as well as screen (Kokol et al. 2021) and digi-
tal (3D) printing (Wang et  al. 2020; Mariani et  al. 

Abstract Water-soluble polymers have been shown 
to improve the flow rigidity and water retention abil-
ity of highly-branched (flocculated) and polydisperse 
water-suspended MFC, thereby also modifying and 
controlling their rheological behaviour. The addition 
of hydroxyethyl (HEC) and carboxymethyl (CMC) 
celluloses of different content (5–10–20  w/w%), 
molecular weights  (MW, 90.000–1.300.000  g/mol) 
and degrees of substitutions (DS, 0.7–1.2) to 1.5 wt% 
MFC suspension, have thus been studied by evaluat-
ing their microstructure (SEM imaging), strength 
and rheological properties, i.e. the yield stress and 
flow under rotational (viscosity vs. shear rate) and 
oscillatory (viscoelastic) regime, using cone-plate 
measuring geometry at a rather low truncation gap. 
The pure MFC suspension showed high-viscosity at 
lower shear stress and shear-thinning behaviour at 
higher rates, with two yielding zones, indicating a 
secondary deflocculation of smaller and more stiffly 
packed fibril structures and their orientation/aligning 
in the direction of flow. This behaviour was reduced 
substantially by the addition of high-MW HEC, or 
almost eliminated completely by medium-MW CMCs 
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2019). During these processes the suspensions are 
exposed to complex loads, including a broad range 
of shear rates and stresses. Knowing how MNFC 
suspensions behave at both low (up to  103   s−1) and 
high (between  103 and  106   s−1) shear rates is, thus, 
an important characteristic, as its viscosity and flow 
behaviour determine their processing and structural 
recovery after elongational deformation (Iotti et  al. 
2011; Kumar et  al. 2016b; Vadodaria et  al. 2018; 
Jaiswal et al. 2021).

Besides MNFCs` solid content, substantial pro-
gress in understanding the rheological behaviour of 
MNFC suspensions by focusing on the fibrils` mor-
phology (i.e. the fibrils` aspect ratio and network 
structure) and interactive forces (electrostatic/ionic 
repulsions and attractions, as well as physical inter-
actions) between them, depending on the source of 
the cellulose raw material and manufacturing condi-
tions (e.g. the degree of delamination during prepa-
ration), have, thus, been considered in many research 
articles in the last decade (Cinar Ciftci et  al. 2020, 
Schenker et al. 2019; Siqueira et al. 2010; Nechypor-
chuk et al. 2016; Taheri and Samyn 2016). It has been 
established that as prepared MNFC water suspen-
sions form highly viscous gels already at rather low 
(0.1–0.5  wt%) consistency (Cinar Ciftci et  al. 2020; 
Facchine et al. 2020; Li et al. 2021) due to the fibrils` 
high specific surface area, and, thus, high hydroxyl 
group surface density with water trapping and hydro-
gen bonding properties. However, at steady shear 
conditions, the shear-thinning behaviour of nano-
fibrillated cellulose (NFC) suspensions at low solid 
content can be rather poor, as nanofibrils are mostly 
completely detached from each other, so there are 
no, or rare, branched or network structures present, 
except possible entanglements or agglomeration that 
is brought about by the attractive forces of differently 
surface-charged fibrils (Nechyporchuk et  al. 2016; 
Naderi and Lindström 2014, 2015).

On the other hand, the rheological properties of 
highly branched or network-like micro-fibrillated cel-
lulose (MFC) structures with a broader and rather 
heterogeneous fibrils` size distribution ranging from 
micro- to nanometers in diameter and micrometres 
in length (Nechyporchuk et  al. 2014; Haavisto et  al. 
2015; Schenker et al. 2018; Shafiei-Sabet et al. 2016; 
Dimic-Misic et  al. 2018; Cinar Ciftci et  al. 2020), 
which gives rise to the formation of differently large 
and strong aggregates and agglomerates or floccules, 

with colloidal and non-colloidal characteristics 
(Pääkkö et  al. 2007) among the freely suspended, 
typically thinner and shorter, fibrils, respectively 
(Karppinen et al. 2012; Hubbe et al. 2017; Koponen 
2000) which is much more complex. Due to the dif-
ferently strong interfibrillar forces and fibrils` organi-
sation (collision, entanglements and flocculation of 
fibrils during preparation/stirring; Saarikoski et  al. 
2012), MFC can, thus, form differently strong gel-like 
structures (Pääkkö et  al. 2007), whose rheological 
behaviour, however, is dependent on the mechanism 
of connectivity and rigidity of these fibril clusters, 
as well as their separation and deformation during 
the increasing shear rates. Generally, MFC suspen-
sions exhibit high viscosities at low shear rates, and 
a significant shear-thinning behaviour with increas-
ing shear rates, while the viscosity increases, pref-
erably with the fibrils` surface charging rather than 
with the increasing concentration of MFC (Vesterinen 
et  al. 2010; Iotti et  al. 2011; Karppinen et  al. 2011; 
Moberg et al. 2017). A transition region (Karppinen 
et al. 2011) and a shear-rate viscosity hysteresis loop 
effect with a dilatant (non-Newtonian) behaviour 
at lower shear rates (usually up to 50   s−1), has also 
been reported for most MFC suspensions, already 
from 1 wt% of solid content (Iotti et al. 2011; Yuan 
et  al 2021), thus explaining the shear-induced struc-
tural changes of the initial aggregated / flocculated 
network structure by increasing the shearing. Addi-
tional studies (Saarikoski et al. 2012; Koponen 2000) 
also revealed that such a fibrils` flocculation network 
separates first into chain-like floc formations, and, 
by further shear rate increase, into individual spheri-
cal flocs, the size of which is inversely proportional 
to the shear rate, and dependent on the geometry gap 
affecting the measured shear stress. Indeed, by optical 
coherence tomography it was comfirmed that the rup-
ture dynamics of flocs during shear-thinning is linked 
quantitatively to the decrease of the floc size for three 
consistency levels (Lauri et  al. 2021). All such het-
erogeneous network structures of MFC suspensions 
also exhibit elastic characteristics (i.e., the storage 
modulus G’ exceeds the loss modulus G’’), where the 
storage modulus (determined from the stress or strain 
amplitude sweep) is not affected by the lower fre-
quency, while resulting in its decrease by exceeding 
the critical stress (or strain) amplitude, being associ-
ated with the breakdown of its initial network struc-
ture (Karppinen et al. 2011).
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The cellulose fibrils` surface characteristics, above 
all surface charge, causing electrostatic or ionic repul-
sion or attractions (Moberg et  al. 2017; Naderi and 
Lindström 2014), and the presence of ions (Saariko-
ski et al. 2012; Naderi and Lindström 2015) have also 
received much attention, and have been encompassed 
in some recent rheological studies. While electro-
static repulsion, associated with the fibrils` surface 
charge, retards aggregation/mechanical entanglement 
and flocculated network formation, and, thus, lower-
ing the viscosity and rheological response of MNCF 
water suspensions (Moberg et  al. 2017; Naderi and 
Lindström 2014), an increased tendency to aggrega-
tion/flocculation in the presence of ions was revealed 
by decreasing the interfibrillar repulsion and encour-
aging aggregation, the disintegration of which in 
steady shear resulted in large free voids without fibrils 
appearing in the structure parallel to the direction of 
compression (Saarikoski et  al. 2012). Furthermore, 
the addition of water-soluble polymers to the MFC 
suspension revealed that its microstructure (floccula-
tion behaviour) and rheological properties could be 
modified and controlled. The addition of sodium car-
boxymethylcellulose thus made the MFC suspension 
less gel-like, and reduced the shear thinning, due to 
the more homogeneously spread and aligned microfi-
brils (Veen et al. 2015), whereas cationic polyacryla-
mide and starch strengthened the MFC gel and pre-
served its shear-thinning behaviour (Karppinen et al. 
2011; Vesterinen et al. 2010).

In this study, the changing of 1.5 wt% water-sus-
pended MFC microstructure after the addition of dif-
ferent amounts (5–10–20  wt% per wt% of MFC) of 
hydroxyethylated (HEC) and carboxylmethylated 
(CMC) cellulose polymers with different molecular 

weights  (MW, 90.000–1.300.000  g/mol) and degrees 
of substitutions of CMC (DS, 0.7–1.2), have been 
evaluated by microscopic imaging and rheological 
behaviour. In this frame, several rheological parame-
ters, such as zero shear viscosity (η0), yield point (τy), 
power parameters (K and N), flow point (Gʹ = Gʹʹ) and 
tan δ (tan δ = Gʹʹ/Gʹ) of differently formulated MFC-
based suspensions, were investigated by performing 
steady shear rotational (viscosity vs. shear rate) and 
oscillatory (viscoelastic) flow in amplitude and fre-
quency sweep tests, respectively. The water reten-
tion and surface tension properties of the suspensions 
were evaluated in addition,.

Experimental

Materials

Commercially available microfibrillated cellu-
lose, (MFC) Exilva F-01-L, consisting of approxi-
mately 22–50 μm long and up to 50 nm tight fibrils 
with negative surface charge of − 28 ± 2.2  mV and 
18.5 ± 4.0 mmol/kg, as determined by using conduc-
tometric titration, was provided by Borregaard AS, 
Norway. Analytical grade (Sigma Aldrich, Germany) 
carboxylmethyl cellulose (CMC) and hydroxyethyl 
cellulose (HEC) of different molecular weights  (MW) 
and degrees of substitution (DS) were used as pre-
sented in Table 1.

Preparation of MFC suspensions

The MFC-based suspensions were prepared by mix-
ing the desired amount of water pre-dispersed MFC 

Table 1  Characteristics of carboxylmethyl cellulose (CMC) and hydroxyethyl cellulose (HEC) used as water retention additives 
(according to the technical data sheet from Sigma-Aldrich)

Name (catalogue no.) Average molecular weight, 
 MW (g/mol)

Degree of substitu-
tion, DS

Viscosity (mPas) at a given concent. (wt%), 
measured at 25 °C by a Brookfield LV spindle 
viscometer

HEC1 (434965) 90.000 – 750–1.500 (5 wt%)
HEC2 (434973) 720.000 – 45.000–65.000 (2 wt%)
HEC3 (434981) 1.300.000 – 34.000–50.000 (1 wt %)
CMC1 (419273) 90.000 0.7 50–200 (4 wt%)
CMC2 (419303) 250.000 0.8–0.9 400–800 (2 wt%)
CMC3 (419281) 250.000 1.2 2.500–6.000 (1 wt%)
CMC4 (419338) 700.000 0.8–0.95 2.500–6.000 (1 wt%)
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and the desired amount of water pre-dissolved HEC or 
CMC. An amount of 8.8 wt% MFC was first diluted 
to about 1/3 by gradual addition of the required vol-
ume of distilled water, and mixing it in a 250 ml low-
shaped glass cup by a three-bladed (5 cm in diameter) 
propeller mixer (RE 166 Analog IKA, Germany) 
from low speed (300  rpm) via medium (1000  rpm) 
to higher (2000  rpm) speeds, each for 15  min, and, 
after the addition of another 1/3 volume of water and 
repeating the mixing speeds, thus to obtain a homoge-
neous MFC suspension of known solid content. The 
required amount of HEC/CMC was pre-dissolved in 
distilled water by mixing it at 800 rpm using a mag-
netic stirrer at room temperature until the HEC/MFC 
was completely dissolved. Finally, an appropriate 
amount of pre-dispersed MFC was added by mixing 
them at 2500 rpm for 15 min, and another 30 min at 
1500 rpm. In the final suspensions the concentration 
of MFC was 1.5 wt%, and CMC or HEC were added 
as 5–10–20  w/w% from the dry weight of MFC, or 
as 0.075–0.15–0.3  wt%. Before further analysis, the 
samples were left to rest for at least 10 min.

Scanning electron microscopy (SEM) imaging

The high resolution images of the selected MFC-
based suspensions were performed using a Sirion 
400NC (FEI, USA) microscope. A drop of each 
suspension (as prepared) was applied to the sample 
holder and air dried before the analysis. For each 
MFC suspension, up to ten SEM micrographs were 
performed at different magnifications, thus, to deter-
mine the water-suspended fibrils` microstructure 
credibly, as well as the fibrils’ distribution and/or 
their aggregation.

Rheological evaluation

Rheological measurements of the prepared suspen-
sions were performed at a constant temperature of 
23 ± 1  °C by using a rotational rheometer Phys-
ica MCR 302 (Anton Paar GmbH, Austria) and a 
cone–plate measuring configuration with a cone of 
50  mm in diameter and 1° angle (CP50/1°), and at 
a truncation gap of 0.1 mm; both the cone and plate 
had smooth surfaces. This (cone-plate) measuring 
system has generally proved to be less appropriate for 
investigation of the flow and viscoelastic properties of 
microfibrillated suspensions, because of being able to 

cause rheometric-induced artefacts (side-effects) like 
wall depletion (ejection of larger fibrils` structures 
from the measurement gap/cell wall due to increased 
floc-floc interactions; Nazari et al. 2016), shear strips 
or water depletion and associated apparent slippage at 
the geometry walls, even at low (below 3 wt%) MFC 
concentrations, and, thus, might lead to misinterpreta-
tions of the rheograms (Schenker et al. 2018; Kumar 
et  al. 2016b; Nazari et  al. 2016; Naderi and Lind-
ström 2015; Nechyporchuk et  al. 2014; Karppinen 
et al. 2012). On the other hand, the parallel-plate con-
figuration may lead to even more secondary effects 
when using too narrow a (below 1 mm) gap between 
the plates (Naderi and Lindström 2015; Nazari et al. 
2016). These effects were not addressed beyond the 
dynamic critical stress (yield) point (i.e. in the linear 
viscoelastic regime; Cinar Ciftci et  al. 2020; Schen-
ker et al. 2018), as also confirmed by our preliminary 
study (Fig. S1). In addition, such a heterogeneous 
aggregate/flocculated network structure of MFC sus-
pension was revealed to break gradually into smaller 
aggregates/flocs, or even disintegrate into eroding 
fibrils by increasing the shear rate (Saarikoski et  al. 
2012; Nechyporchuk et  al. 2016; Koponen 2000). 
However, the effect of HEC/CMC addition to MFC 
could not be predicted, even from the course of the 
obtained stress dependent viscosity curves` profiles 
(Fig. S2). All of these phenomena were taken into 
account in this study, to evaluate the effect of HEC/
CMC addition on the initial network structure of the 
1.5  wt% MFC suspension by using a cone of very 
small (1°) angle and narrow truncation gap distance. 
Up to three repetitions were made, and an average 
measurement was taken; the typical Standard Devia-
tions between the measurements were ≤ 10%. The 
noisy moduli data obtained at low strain values were 
omitted from the evaluation.

Rotational flow curve measurements were per-
formed by increasing the shear rate continuously 
(γ·) from 0.0001 to 1000   s−1 with 100 evenly dis-
tributed point measurements, obtained with an auto-
mated acquisition time mode (each of minimal 1.8 s) 
and shear rate control provided by the rheometer to 
prevent flow-instabilities, and, after reaching the 
maximum value, decreasing the shear rate directly, 
followed by the same interval (the whole CSR vis-
cosity measurement requires approximately 6  min). 
The typically obtained flow curve (presented as vis-
cosity, η in dependence of the shear rate, γ˙vs. shear 



7067Cellulose (2022) 29:7063–7081 

1 3
Vol.: (0123456789)

stress, τ) from the increasing intervals was described 
by the zero-shear viscosity (η0), the yield stress 
point (τy), and the power law parameters (consist-
ency coefficient, K and flow index, N) according to 
the simple power law model (τ = KγN−1) by fitting 
the curves as presented in Fig.  1a and illustrated in 
Fig. S3 for 1.5 wt% MFC (Schenker et al. 2019; Cinar 
Ciftci et al. 2020; Koponen 2000). As the exponents 
obtained from fitting the curves were rather sensi-
tive to the distribution of data points, not necessarily 

reflecting the true average behaviour of these sus-
pensions accurately, and there were two yielding 
zones obtained in each η/τ dependency curve (also 
identified by other authors; Karppinen et  al. 2012), 
the power law fitting for each zone was performed 
from the experimental data of the flow (η(γ˙)) curve 
(Figs.  1a and S1). The yield stress point (τy) was 
determined only in the first pass (as the cross-section 
of tangents applied to the zero-shear viscosity region 
and the first yielding region of the η(τ) curve), where 

Fig. 1  Illustration of a 
fitting of A rotation and B 
oscillatory measurement 
curves of 1.5 wt% MFC 
suspension for describing 
its properties
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the viscosity decreased by several size classes with 
increasing shear rate. The zero-shear viscosity (η0) 
was calculated as the average of all viscosity values 
obtained from η(τ) measurements at low shear stress, 
where the viscosity was constant. In addition, the hys-
teresis loop obtained from the shear rate increasing 
and decreasing curves is presented and described by 
giving the relevant viscosity values.

The viscoelastic properties were determined by an 
oscillatory amplitude sweep measurement at a con-
stant frequency of oscillation (1  Hz = 6.28  rad/s) by 
increasing the shear strain (γ) from 0.01 to 600% with 
25 evenly distributed point measurements of around 
1.8  s acquisition time mode for all points. In addi-
tion, the frequency sweeps were performed in the fre-
quency range from 0.01 Hz (0.062  rad/s) to 100 Hz 
(628  rad/s) at a constant shear strain (γ = 0.1–0.2%) 
within the Linear Viscoelastic Range (LVE) region 
determined by the strain amplitude sweep tests. The 
plateau values for the storage (Gʹ) and loss (Gʹʹ) mod-
ulus in the LVE regime (at 0.1–1% shear strain) were 
determined, as well as the yield points calculated fit-
ting the G’ curves from the tangential, as presented 
in Fig. 1b. The shear stress at which the value of Gʹ 
modulus dropped to around 90% of its initial value 
was defined as the yield stress. The tan δ (Gʹʹ/Gʹ) val-
ues and complex viscosities (η*) were also calculated 
from the measurements described above.

Water retention properties

The water release of differently prepared MFC sus-
pensions was measured with an ÅA-GWR (Åbo 
Akademi Gravimetric Water Retention Device, 
GRADEK). Before the measurement, the samples 
were diluted with water to a total solids content of 
0.2 wt%. A known amount of the diluted sample (3 g) 
was filtrated through the membrane filter (nominal 
pore size 5  µm) for 30  s with 0.5  bar pressure, and 
the released water was collected and weighed. The 
results, the amount of released water from the amount 
of the sample (g/g), are given as an average of three 
measurements, and being recalculated in percentages.

Surface tension properties

The surface tension of both pure HEC/CMC solu-
tions and differently prepared MFC suspensions 

were determined using a platinum Wilhelmy plate 
on a tensiometer (Krüss GmbH, Germany). The 
tested liquid (75 mL) in the vessel was placed on a 
movable table under the Wilhelmy plate. The plate 
was suspended vertically 6 mm into the tested sus-
pensions, due to their relatively high viscosities. 
The surface tension (γ) correlates to the force (F) 
measured when the plate is pulled out, and was cal-
culated by the Wilhelmy equation ( γ = F∕(l ∙ cosφ) , 
where l is the wetted perimeter (2w + 2d), w is the 
plate width, d is the plate thickness, and φ is the 
Contact Angle (CA) between the liquid and the 
platinum plate). The average values were calculated 
from at least four individual measurements.

Results and discussion

Microstructure of MFC suspensions

The microstructure of the water-suspended MFC 
was quantified with SEM imaging. It is manifested 
clearly from Fig.  2, that the pure MFC suspension 
is highly polydispersed, containing larger fibril 
fragments of approximately up to 50  nm in diam-
eter, and the length of a few µm, surrounded with 
more or less delaminated thinner fibrils. These 
fibrils are attached to one another tightly (are over-
lapping each other significantly) due to physical 
attractions originating from the surface OH-group 
mediated hydrogen bonds and van der Waals inter-
actions (Kuijk et  al. 2013), forming a complex, 
highly entangled, web-like network structure of dif-
ferently large segments (less and smaller voids, as 
well as bundles of fibrils), and also the presence of 
slightly agglomerated/flocculated structures. The 
addition of 20 w/w% of relatively highly-MW HEC2 
(700.000  mol/g) and HEC3 (1.300.000  mol/g) did 
not affect the dispersibility of the cellulose micro-
fibrils or their deagglomeration, but resulted 
in a more dense structure with relatively good 
integrated HEC polymers. This effect was even 
more pronounced in the case of using CMC4 
 (MW = 700.000  g/mol) at even much lower con-
tent (5 w/w%), which might be related to a higher 
swelling ability of those polymers due to the pres-
ence of carboxylic groups (DS = 0.8–0.95) on their 
backbones.
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Rotational tests: flow behaviour

The viscosity (η) versus shear rate (γ˙) curves 
(obtained by the controlled shear stress approach 
where the shear rate is measured) of MFC suspen-
sions, with and without the addition of 20  w/w% 
HECs or 5  w/w% CMCs (as representative con-
centrations), are presented in Fig.  3a. In general, 
all the MFC suspensions exhibited a highly viscous 
structure at low shear-rates conditions and a shear-
thinning behaviour (i.e. decreasing of the viscosity 
with an increased shear rate). All curves also show a 
faster change of the structure in the shear rate region 
between 0.01 and 1   s−1 given by the rather limited 
number of measuring points, probably due to insuf-
ficient time for contact points between the still floc-
culated fibrils to get stabilised. The shear-rate and 
time-dependent behaviour of the hysteresis can also 
be observed, whose unconnected loop in the reverse 
shear rate between 0.1 and 100   s−1 appears to move 
to the left (to the lower shear rates) in the graph, and 
become weaker upon the addition of certain HEC/
CMCs, corresponding to the larger shear stress which 
occured in such MFC-based suspensions in that 
region. This could mean that the initial fibrillar floc-
culated network of MFC suspension changes its struc-
ture by reorganisation in a way to be less susceptible 
to the higher shear rates. However, bearing in mind 
the relatively narrow truncation gap distance between 
the cone and plate which were used during the meas-
urements, and the fact that the floc size is inversely 

proportional to the shear rate and dependent on the 
geometry gap (Saarikoski et al. 2012), this could, in 
addition, not only limit the detection of the largest 
fibrillar flocs, but might also remove them from a cer-
tain distance around the geometry boundary, leaving a 
layer of low viscosity suspension with smaller, and in 
the flow direction, rearranged flocs, and/or individual 
fibrils eroding from them in the measuring place. In 
addition, while certain MFC suspensions containing 
HEC/CMCs show no viscosity measurement points at 
higher shear rates (100–1000   s−1), this might there-
fore mean that the fibrillated structures formed in the 
presence of HEC/CMC were larger and thicker, and, 
thus, unable to adapt physically to the narrow gap 
distance under faster shear rates, and were therefore 
removed from the measuring geometry at those shear 
rates. On the other hand, higher shear rates might 
also cause irreversible changes (aggregation) to such 
suspension`s network structures.

The share rates yielded different stresses to such 
structured MFC-based suspensions, as is evident 
from their shear stress (τ) dependent viscosity (η) 
curves, presented in Fig. 3b. All these curves have 
a similar profile, where the viscosity is constant at 
low shear stresses, and it falls significantly above a 
certain threshold of the shear stress (corresponding 
to the 1st yield region, Fig.  1) due to the decom-
position/reorganisation of the larger fibril aggre-
gates and floccules, followed by another, much less 
pronounced and more continuous decrease (cor-
responding to the 2nd yield region), with a further 

Fig. 2  SEM images of MFC-based suspensions obtained at different magnifications
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increase of the shear stress. These suspensions also 
have different high viscosities at low shear stresses, 
the plateaus of which are destroyed at different 
shear stresses, depending on the addition of HEC/
MFC, that, consequently, affect their behaviour at 
higher shear rates/stresses.

The zero shear viscosity (η0), determined from 
η(τ) measurements at low shear stresses, where the 
viscosity was constant (Fig. 1), revealed that the pure 
MFC suspension exhibited the lowest η0 (≈11 kPa s), 
which was increasing with the addition of HEC and 
increasing of HEC’  MW (Fig. 4) in accordance with 

Fig. 3  A, B Shear rate and C–F shear stress dependent vis-
cosity curves for 1.5  wt% MFC suspension with and without 
the addition of C 5, D 10, and A, E 20  w/w% HEC of dif-
ferent  MW and B, F 5  w/w% CMC of different  MW and DS, 

respectively. Legend: MFC (without HEC/MFC, black line), 
MFC with HEC1 or CMC1 (yellow line), MFC with HEC2 or 
CMC2 (red line), MFC with HEC3 or MFC3 (blue line), MFC 
with CMC4 (green line)
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the polymer theory (Sviderskyi et al. 2018). Anyway, 
this was valid only for 5 w/w% and 10 w/w% of HEC 
addition, while, with its higher (20  w/w%) content, 
the η0 was additionally increased only for the sus-
pension containing the lowest  MW HEC (HEC1 of 
90.000 g/mol, to ≈27.5 kPa s), while it was decreased 
for samples prepared with HEC2 and HEC3, among 
which the suspension containing the highly  MW HEC 
(HEC3 of 1.300.000 g/mol) resulted in the lowest η0 
(≈17.6 kPa s) among all of them. The viscosity of the 
MFC suspension at low shear stress was also found 
to fluctuate notably in the logarithmic scale, prob-
ably due to the formation of relatively unhomogene-
ous (differently large, stiff and strong) aggregated/
flocculated fibrils` networks, as being evidenced from 
the SEM images (Karppinen et al. 2012; Cinar Ciftci 
et al. 2020; Schenker et al. 2019) with reduced mobil-
ity. This effect was even more pronounced in the case 
of adding HEC to the MFC suspension, whose vary-
ing viscosities in this region indicate the in/ability of 
HEC to become integrated homogeneously within the 
initially formed aggregated/flocculated network struc-
tures of fibrils. Furthermore, HEC polymers could 
probably not disintegrate some more intertwined and 

strongly interacted flocks of fibrils, or they become 
structured in new, larger and stronger bands (Dimic-
Misic et  al. 2013b) while forming weaker struc-
tures with freely suspended fibrils in between. The 
described structures can, thus, lead to the formation 
of intra-structural regions of different viscosities, and, 
thus, flow properties, which, when having in mind the 
differently large, stiff and interfibrillary-interacting 
nature of the hybrided MFC/HEC structures, also act 
as a precursor for their transformation at higher shear 
stresses (Nechyporchuk et al. 2014).

At a certain shear stress the viscosity decreased 
until a first plateau was reached (at about τ > 10 Pa), 
being a consequence of the progressive structural 
deformation of the MFC network, where fibrils 
agglomerates/floccules started to de-agglomerate/
flocculate, or larger structures being squeezed from 
the measuring geometry at those shear rates due to the 
problems described above, being, however, expressed 
by the 1st yield point. The samples with higher yield 
points were, thus, able to resist higher stress, because 
the strength of the fibrillated network structure was 
higher, and, thus, more force was needed to change the 
structure of such suspensions. The yield point of the 

Fig. 4  Zero-shear viscosity (η0) and Yield point (τy) values 
with relevant consistency (K) and flow behaviour (N) index 
parameters, as well as viscosity after shearing (at 1  Pa in a 
decreasing shear loop) of 1.5 wt% MFC suspension with and 

without the addition of (5, 10, and 20 w/w%) HEC of different 
 MW or (5 w/w%) CMC of different  MW and DS, respectively. 
All data are presented in Table S1
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pure MFC suspensions (which occurred at τ ≈ 13 Pa) 
thus increased with increasing the  MW of the added 
HEC, reaching the highest value (τ ≈ 23–31  Pa) for 
the suspension with addition of the highest  MW HEC 
(HEC3 with  MW = 1.300.000 g/mol). The flow behav-
iour index (N) corresponds to the changing of such 
structures, thus, varying/decreasing from about 0.055 
for pure MFC to about 0.021–0.045 as a function of 
the solid content and  MW of HEC increasing, while 
the consistency index (K) was increased proportion-
ally (from around 18.12 for pure MFC to around 
18.76–38.86 for the hybrid with HEC polymers). 
By increasing the shear stress further a 2nd yielding 
zone could be observed at around τ > 40 Pa, indicat-
ing additional fibril’s de-agglomeration/flocculation 
(probably destroying parts of—in the measuring gap 
remaining—smaller, stiffer and strongly intertwined 
fibrils), given also the maximum organisation (more 
aligned planar structures) of the fibrils in suspen-
sion in the tested shear stress range. The addition of 
HEC was making the 2nd yielding zones less pro-
nounced and shortened, the maximum value of which 
was shifted to the lower shear stress (Table inserted 
in Fig. 4) by increasing the HEC’s  MW and concen-
tration, i.e. from around 22–90  Pa for pure MFC to 
around 38—60  Pa for MFC containing 5–10  w/w% 
HEC3 of 1.300.000  g/mol, given the viscosities 
between 5 and 15  Pa  s. The flow indexes increased 
accordingly to around 0.16–0.45 (and the consistency 
indexes generally reduced to around 7.31–30.39), 
depending on the network`s structure formed after the 
 1st yielding zone and their additional changing dur-
ing the higher shearing. The HEC3 with the highest 
 MW had a greater structure forming effect (Svider-
skyi et al. 2018), and, thus, provided the well-defined 
pseudoplastic properties of the MFC suspension, the 
2nd yielding of which could not be evaluated. Such 
behaviour can be attributed to both the earlier/faster 
(at lower shear stress) alignment of individual fibrils 
(still remaining in the measuring gap, and, in the flow 
direction oriented smaller, more densely packed and 
rigid fragments of the remaining agglomerated/floc-
culated fibrils hybrided with the HEC under shearing, 
by forming cylindrical structures, as compared to the 
pure MFC suspension, thus all together resulting in 
viscosity dissipation and slippage of such less viscous 
suspensions (Karppinen et  al. 2012). After reach-
ing the maximum value and shear stress decreasing, 
the MFC suspensions followed a similar trend in the 

feedback loop, although they returned to different vis-
cosities and differently high shear stresses, depending 
on the HEC addition. The fastest recovery was, thus, 
obtained for MFC containing 20 w/w% of HEC3 (at 
≈20 Pa), yielding the highest viscosity (≈5.24 kPa s). 
Although the structures formed during the shearing 
were not returned completely to the previous/initial 
state formations, their reversibility profiles give rise 
to better understanding of their changes under higher 
shear speeds and loadings.

In comparison, the flow behaviour of MFC sus-
pensions containing 5 w/w% of CMC with different 
 MW and DS (Figs. 3, 4) gave the highest zero shear 
viscosity (η0) for CMC3 (≈33.3 kPa·s) with the high-
est DS (DS = 1.2), while it was reduced to around 
20 kPa·s for CMC2 with similar  MW (250.000 g/mol) 
and lower DS (DS = 0.8–0.9), and decreased further 
by the addition of CMC1 (to ≈12.2 kPa s) and CMC4 
(to ≈8.7  kPa·s) with similar DS (DS = 0.7–0.85) 
but different  MW (90.000–700.000  g/mol). It is also 
obvious that a decrease of the viscosity in the  1st 
yielding zone occurred at the highest shear stress 
(≈35  Pa) for the suspension containing CMC3, and 
it was sharper compared to the MFC suspensions 
containing HEC (which occurred at ≈15–31  Pa) or 
CMC with lower DSs (DS < 1.2, which occurred 
at ≈20–26  Pa). The 2nd yielding zone was, gener-
ally, additionally reduced (to 26–60  Pa), given an 
irreversible (after reduction of the stress) viscosity 
profile at much higher shear stress (at around 15 Pa, 
thus yielding viscosity of around 49 Pa  s at the last 
point at which it was measured), which indicated 
the best fibrils` integration with the surface charged 
CMC  (K1st ≈ 25.39–32.26,  K2nd ≈ 17.43–21.99), 
as well as their flowing  (N1st ≈ 0.024–0.045 and 
 N2nd ≈ 0.18–0.27) and stability after relaxation. This 
trend, although much less pronounced, was reduced 
primarily with the addition of a lower  MW CMC, 
and secondly with its lower DS, i.e. from CMC3 to 
CMC2, followed by CMC1 and CMC4, the latter also 
giving a much wider shear stress hysteresis. Such flow 
behaviour of MFC/CMC-based suspensions support 
the previous findings on the formation of generally 
larger and also more flexible aggregated/flocculated 
fibrils` structures in suspensions containing CMC by 
their better dispersibility (due to the surface adsorbed 
CMC, Butchosa and Zhou 2014) reducing the fric-
tion, and, thus, the rigidity between them, and allow-
ing their easier movement and orientation upon the 
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application of shear. The results also coincide with 
other studies, where it was found that the flexibility of 
low surface charge cellulose fibrils is directly depend-
ent on the fibrils` size distribution (Cinar Ciftci et al. 
2020), and, as such, contributes importantly to their 
rheological behaviour, above all, beyond the yield 
point (Ishii et al. 2011; Butchosa and Zhou 2014), i.e. 
at flow initiation. Such flexible behaviour might also 
be related to the higher swelling ability of CMCs (due 
to the presence of the carboxylic groups), as well as 
their repulsive interactions with the rare negative sur-
face charge groups present on the MFC (given a zeta 
potential of around 28 mV in a pH of 6.5, Karim et al. 
2019), that contribute to the depleting of fibrils at the 
solid boundaries of simple shear flow. On the other 
hand, good adhesion of CMC to the fibrils, due to 
hydrophobic interactions arising from the non-polar 
methyl moieties at CMCs, can increase their network-
ing (Medronho et al. 2012).

It is obvious that the cellulose polymers (HEC/
CMC) can hold cellulose fibrils apart from each 
other, thereby delaying contact and diminishing the 
development of frictional forces, thus affecting rheo-
logical behaviour significantly. Under static or low 
shear conditions, beyond the yield point, the presence 
of HEC/CMC can, thus, exhibit diverse rheologi-
cal behaviour, depending on the surface charge and 
hydrophobicity of the solids (both HEC/CMC and 
MFC) and their water binding properties. In the case 
of MFC, the application of strain under low shear for 
continued periods can lead to structure ensemble ori-
entation. The strong mutual electrostatic repulsion of 
the highly charged CMC and the immobilisation of 
the trapped interstitial water, act together to create 
highly elastic structured zones that are manifested as 
a time-dependent increase in viscosity (Dimic-Misic 
et  al. 2013a). When such suspensions are exposed 
to an increasing ultralow shearing (in the zero-shear 
viscosity region), the developed fibrils and fibrils 
with integrated HEC vs. CMC complex structures 
arising from the MFCs initial aggregation/floccu-
lation and the ability of HEC/CMC to interact with 
them and integrate, can lead to the formation of intra-
structural regions of different viscosities (due to the 
formation of differently-large fibrils` floccules with/
without integrated HEC/CMC, also dispersed option-
ally in between the water-rich and differently large 
HEC/CMC polymer clusters; Schenker et  al. 2019). 
It can also be proposed that smaller clusters become 

structured into larger under the prolonged influence 
of low shear below the yield point (Dimic-Misic et al. 
2018). The flow properties are, thus, rendered primar-
ily by the integrated water-binding HEC/CMC, lead-
ing to fibrils` clusters` alignment (formation of more 
entangled structures) at higher shearing, and depend-
ing on the solids` charge and aspect ratio of fibrils vs. 
HEC/CMC dominating the flow curve. Swelling of 
both MFC and HEC/MFC can also reduce the friction 
between fibrils in a suspension, thus allowing fibrils` 
movement upon the application of shear. CMCs that 
have a higher surface charge and are generally more 
water-swollen and flexible than low-charged HECs, 
can, therefore, create less friction at low shear, while, 
under higher shearing conditions, they exhibit more 
pronounced decreases in viscosity as a consequence 
of flow (Dimic-Misic et  al. 2013a). The shear-thin-
ning effect is, thus, more pronounced, and the onset 
of shear-thinning generally starts at lower applied 
shear stresses (Fig. 3).

The breakdown and recovery of suspensions 
can also be described by thixotropic shear-thinning 
behaviour. As seen from Fig. 5, an increase of shear 
rate results in a deformation and flow curves show-
ing hysteresis loop and thixotropic behaviour (returns 
to a point similar or a bit lower than the initial criti-
cal shear stress), being governed by a hydrodynamic 
shear stress that distorts or pulls aggregations/floc-
cules and fragmentation of MFC vs. MFC contain-
ing HEC/CMC suspensions` structures apart. The 
area within the hysteresis loop thus represents the 
energy consumed in the structure`s breakdown, indi-
cating the extent of the thixotropy, which was signifi-
cantly lower in the case of the addition of high-MW 
HEC (HEC3), and even less pronounced in the pres-
ence of medium-MW CMCs of higher DS (CMC2 
and CMC3). The addition of HEC/CMCs might thus 
reduce the hydrogen bonding interactions between 
cellulose microfibrils, resulting in less dense and 
physically weaker aggregates and fibrils` bundles 
in such a mixtured suspension by localised integra-
tion, which improves fibrils` distribution, and, hence, 
increases their mobility in such a network.

Oscillatory testing: amplitude sweep (viscoelastic 
behaviour)

Oscillatory measurements are used to examine the 
contributions of solid-like (elastic) and liquid-like 
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(viscous) interactions to the flow characteristics and 
mechanical properties of suspensions. The MFC-
based suspensions were, thus, subjected to an increas-
ing oscillating strain at a constant frequency (ampli-
tude sweep), or vice versa (frequency sweep), to 
determine their viscoelastic behaviours, where the 
obtained elastic modulus (G’) describes the solid-
like, whereas the loss modulus (G”) defines their 
liquid-like behaviours. As already examined well 
by other researchers (Cinar Ciftci et  al. 2020; Pääk-
könen et al. 2016), and can be verified from Fig. 6, all 
MFC-based suspensions possess a linear response at 
low shear stresses (in the Linear Viscoelastic Regime/
LVE), wherein both Gʹ and Gʹʹ are independent of the 
shear strain, and Gʹ is dominant over Gʹʹ, indicating 
that the suspensions are acting consistently solid-
like by forming a differently strong fibrillar network. 
At a critical shear strain (at about 2%), the suspen-
sions start to yield, being shown by a decrease in Gʹ, 

and then reach a crossover or flow point where Gʹʹ 
becomes dominant (Gʹʹ > Gʹ) and the sample begins 
to flow, indicating that the fibrillar network struc-
tures have broken down and begun to behave as a 
non-Newtonian shear-thinning fluid. The shear stress 
of the equilibrium modulus (Gʹ = Gʹʹ) for the pure 
MFC suspension was determined to be around 11 Pa, 
resulting in a deformation or shear strain of around 
5.8% (Fig.  7). The flow point values of MFC sus-
pensions containing HEC are increased by modulus 
(from tan δ ≈ 0.57 up to ≈ 0.20) and shifted to higher 
shear strains (up to 9.2%) by increasing of HEC’ 
 MW, resulting in up to ≈22  Pa of the shear stresses 
for an MFC suspension containing 20  w/w% of the 
highly  MW HEC (HEC3 of 1.300.000  mol/g). For 
MFC suspensions containing 5 w/w% CMCs, already 
the yielding is shifted to the higher shear strains (to 
≈ 4.5% from ≈1.84% at pure MFC or ≈1.4–3.7% 
for MFC/HEC suspensions) due to the slower 

Fig. 5  Thixotropy of 1.5 wt% MFC suspension with and with-
out the addition of A 5 and B 20 w/w% HEC of different  MW 
or C 5 w/w% CMC of different  MW and DS, respectively, at 
different increasing/decreasing shear stress/rate measuring pro-

files, with corresponding D viscosities before (zero-shear) and 
after applied shear stresses. The legend for the coloured lines 
of the rheological measurements correspond to the description 
in Fig. 3
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deformation process for those suspensions, except 
the suspension containing CMC3 with the highest 
DS (DS = 1.2, ≈3.1%), and the region between yield-
ing and flow extended as compared to all other MFC/
HEC suspensions. The cross-over points of modulus 
thus appeared at significantly higher shear strains 
(15–17%). Such a behaviour of those suspensions 
confirmed the generally stronger network structures 
(being also expressed in lower complex viscosities), 
among which the the MFC suspensions contain-
ing CMC2  (MW = 250.000  g/mol, DS = 0.8–0.9) and 
CMC4  (MW = 700.000  g/mol, DS = 0.8–0.9) were 
the strongest, followed by the one containing CMC1 
 (MW = 90.000 g/mol, DS = 0.7), while it was reduced 
to around 10% for the suspension containing CMC3 
with relatively low  MW  (MW = 250.000 g/mol) but the 
highest DS (DS = 1.2). Such properties of MFC/CMC 
suspensions could also be related to the better water 
retention properties of highly water-binding CMC, 
as already established by Pääkkönen et  al. (2016). 

This also indicates that the applied strain used for the 
processing of those MFC/CMC-based suspensions 
could be higher without completely destroying their 
structure.

Oscillatory testing: frequency sweep

The frequency tests were performed at constant 
deformation (0.1–0.2%) within the linear viscoelastic 
range, and varying the frequency of oscillation from 
f = 0.01–100  Hz (Fig.  8). For all samples, complex 
viscosity decreased with increasing frequency in the 
same manner for different HEC or CMC additives. 
All MFC-based dispersions also exhibited solid-like 
behaviour, with Gʹ > Gʹʹ over the entire examined 
frequency. Both moduli increased with increasing 
the frequency, indicating that the network structure 
formed by the microfibrils was in the dynamic mode 
of physically formed entanglements, resulting in a 
stable gel-like behaviour. However, the modulus for 

Fig. 6  Oscillatory amplitude tests at constant frequency 
(1 Hz) for an MFC suspension with and without the addition 
of A 5, B 10 and C 20 w/w% HEC of different  MW and D 5 

w/w% CMC of different  MW and DS, respectively. The legend 
for the coloured lines of the rheological measurements corre-
sponds to the description in Fig. 3
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MFC suspensions containing HEC showed notice-
ably higher values for both parameters and in the 
whole measuring range, which depended on the type 
and concentration of HEC added, indicating differ-
ently strong/stiff agglomeration/floccules’ networking 
structures formed with fibrils. This was also reflected 
in a change of their complex viscosity (an increase 
from about 4250  Pa  s for pure MFC up to about 
9700 Pa  s for MFC containing HEC; Fig.  7), meas-
ured at 0.2% strain and 1 Hz frequency, additionally 
confirming the formation of differently strong clusters 
of MFC/HEC vs. CMCs, that modulate the height of 
the complex viscosity, as well as the Gʹ and Gʹʹ modu-
lus. Similar viscoelastic behaviour was observed with 
aqueous suspensions of MFC containing CMC (Agar-
wal et al. 2018), or other polymeric additives such as 
pectin (Agoda-Tandjawa et al. 2012).

It was also possible to observe some divergence in 
the rheological behaviour of MFC/HEC suspensions 
compared to MFC/CMC ones with similar solid con-
tent (5 w/w %). This may be related primarily to the 
higher surface potential of highly carboxylated CMC 
compared with HEC, and, secondly, with their  MW. 
CMC would form larger and more open cluster struc-
tures compared to the HEC of similar  MW, bearing 
only OH surface groups, resulting in huge H-bonding 

and highly conformed smaller /denser networks, and, 
thus, higher zero-shear viscosities of higher flow 
points (shear stress) and more dynamic (Gʹ and Gʹʹ) 
rheological properties. It is obvious that the addi-
tion of a higher HEC concentration to MFC suspen-
sions does not modify their viscoelastic and micro-
structural properties significantly, and the mixtures 
are controlled mainly by the cellulose fibrils. On the 
other hand, an increased viscosity with an increased 
ionic strength of CMC, leading to a higher electro-
static repulsive force between them, and, thus, also to 
a different form of fibrils` interaction, which forces, 
however, collapse at higher shear stress (i.e. higher 
strength is needed to decrease such a gel`s strength 
structure) compared to a pure MFC-based one.

The tan δ values (which represent the ratio between 
Gʹʹ and Gʹ) have been used to describe the viscoelastic 
response of the suspensions at different viscoelastic 
regions, and, thus, to predict their strength. Figure 9 
shows that the values of tan δ obtained at low fre-
quency (f = 0.025 Hz, in LVR) and at the yield point, 
and plotted against an increasing proportion of HEC/
CMC in the MFC suspension, primarily decrease 
with increasing the  MW of the HEC, and secondly 
with increasing of its concentration, and with the 
increasing DS of the CMC. Although those values 

Fig. 7  The dependency of the addition of (5, 10 and 20 w/w%) 
HEC of different  MW and (5 w/w%) CMC of different  MW and 
DS, respectively, on the rheological parameters of 1.5  wt% 

MFC suspension, determined by oscillatory testing at constant 
strain/deformation (0.1–0.2%) and frequency (1  Hz = 1   s−1). 
All data are presented in Table S2
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were much higher when reaching the yield points, the 
trends were similar, additionally confirming the for-
mation of differently strong network microstructures.

Water retention and surface tension properties

The water retention and surface tension properties of 
selected MFC-based suspensions were determined in 
addition, to assess/confirm their contribution/impact 
on the rheological properties, above all, the zero-
shear viscosity, flow properties and structural recov-
ery after elastic deformation. As shown in Fig. 10, the 
addition of both CMC or HEC to the MFC suspension 
obviously improved its water retention properties. 

The water removal values of MFC-based suspen-
sions were, thus, reduced from about 70% to 25–35% 
by the addition of HEC or CMC, which order—from 
the highest to the lowest values for the samples ana-
lysed—was HEC1  (MW = 90.000  g/mol) > HEC3 
 (MW = 1.300.000  g/mol) > CMC3  (MW = 250.000  g/
mol, DS = 1.2) > CMC4  (MW = 700.000  g/mol, 
DS = 0.8–0.95). This indicates that the carboxyla-
tion degree (DS) of CMC has a higher effect on the 
water retention of MFC-based suspensions than that 
of its Mw. The higher waterretention of CMC-based 
polymers is related to the better accessible carboxyl 
and hydroxyl groups available for hydrogen bond-
ing with water molecules, which can, in combination 

Fig. 8  Oscillatory frequency tests, performed in a linear vis-
coelastic range at constant strain, and its complex viscosity for 
1.5 wt% MFC dispersions with and without the addition of A 
5 and B 20 w/w% HEC of different  MW, C 5 w/w% CMC of 
different  MW and DS, and D corresponding complex viscosi-

ties for 1.5 wt% MFC dispersions with and without the addi-
tion of 20 w/w% HEC of different  Mw. The legend for the col-
oured lines of the rheological measurements corresponds to the 
description in Fig. 3
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with a higher degree of MFC de-aggregation/floccu-
lation, increase the fibrils` surface area and amount 
of CMC/HEC integration between the fibrils, thus 
forming larger, more dense and stronger cluster-based 
network structures, as confirmed by the rheological 
measurements.

The surface tension of a polymeric suspension is 
also an important parameter, affecting its dispersibil-
ity and physical stability, while reducing its viscosity 
(Ahmari and Amiri 2015). The pure HEC solutions 
exhibited negligible surface activity, which surface 
tension was slightly lower (≈67  mN/m) or close to 
that of milli Q water (≈70 mN/m), independent of the 
HEC’s  MW. On the other hand, the surface tension 
of pure CMC solutions was slightly increased (≈72 
mN/m) similar to that of the pure MFC suspension 

(≈73 mN/m) with negative surface charge. Although 
the Wilhelmy plate method, which was used in this 
study to measure the surface tension, might be 
affected by the viscous force arising from the surface 
detachment between the plate and the viscous liquid, 
thus resulting in its increases (Lee et  al. 2012), the 
surface tension data trend was obviously affected by 
the SD of the CMC and its Mw, i.e., an increased sur-
face polarity of the cellulose polymers (the presence 
of surface-active carboxylic groups) that enhance 
the interfacial interaction, and, thus, affect the stack-
ing density and distribution of the hydrophilic and 
hydrophobic segments of the cellulose chain (Miller 
and Donald 2002) in the MFC suspension. The sur-
face tension of the pure MFC suspension was, thus, 
increased additionally to ≈98 mN/m with the addition 

Fig. 9  Values of Tan 
δ in the linear viscoe-
lastic region (LVR) at 
f = 0.025 Hz and at the 
Yield point obtained from 
the frequency test

Fig. 10  Water-removal and 
surface tension properties 
of different HEC/CMC 
solutions and corresponding 
MFC-based suspensions, 
respectively, with respect to 
their zero-shear viscosities
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of 5 w/w% of highly DS’ CMC4  (MW = 700.000  g/
mol, DS = 0.8–0.95) and slightly (~ 82 mN/m) with 
20 w/w% of highly  MW HEC3  (MW = 1.300.000  g/
mol). At the same time, its zero-shear viscosity was 
reduced from ≈33–17  kPa  s to ≈8.7  kPa  s, which 
indicates a comparatively more stable and less aggre-
gated suspension due to the repulsive interactions 
between the negatively charged carboxylic groups, 
followed by MFC suspensions with 20 w/w% of 
HEC1  (MW = 90.000  g/mol) and 5 w/w% of CMC3 
 (MW = 720.000 g/mol).

Conclusion

In the present study, the rheological behaviour of 
highly-branched (flocculated) and polydispersed 
1.5  wt% microfibrillated cellulose (MFC) suspen-
sions have been investigated after the addition 
of various amounts (5–10–20 w/w%) of water-
soluble hydroxyethyl (HEC) and carboxymethyl 
(CMC) celluloses of different molecular weights 
 (MW = 90.000–130.0000  g/mol) and degrees of sub-
stitution (DS = 0.7–1.2) by performing steady shear 
rotational (viscosity vs. shear rate) and oscilla-
tory (viscoelastic) flow in amplitude and frequency 
sweep tests using cone-plate measuring geometry. It 
was shown that, already, the addition of a very low 
(5 w/w%) concentration of high-MW HEC or mid-
dle-MW CMC with high DS, improved the colloi-
dal dispersibility of the fibrils and their flocculated 
structures, giving a higher and stability-prolonged 
zero-shear viscosity with a more linearly decreased 
viscosity profile (shear-thinning behaviour) by reduc-
ing, or even eliminating, the second yielding zone, 
that was otherwise obtained with the pure MFC sus-
pension, due to the reduced effect of fibrils` agglom-
eration and/or flocculation. In addition, due to the 
higher water retention ability of such HEC/CMC, 
they yielded MFC suspensions with higher surface 
tension properties, and, thus, stronger microstruc-
tures, that can be processed at higher shear rates or 
stresses, given the almost irreversible and faster vis-
cosity rebuilding after stress reduction. The MFC/
CMC suspensions also possessed a wider linear vis-
coelastic region with the flow point at higher shear 
stress, although they revealed a stronger decrease of 
complex viscosity with increasing frequencies, due 
to the formation of a more stable and viscoelastic 

gel-like structure with significantly higher elastic 
contribution (Gʹ > Gʹʹ). Water-soluble HEC/CMC 
polymers can, thus, offer a simple way to improve the 
flow of MFC suspensions by changing their floccula-
tion behaviour and improving their water retention 
ability, thereby also modifying and controlling their 
rheological properties, making them suitable for vari-
ous applications.
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