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Abstract  Microfibrillated cellulose (MFC) and 
hydroxypropyl methylcellulose (HPMC) were 
employed as gelling agents in hydroalcoholic solu-
tions. However, a limited number of studies have 
explored the interactions between MFC and cellulose 
derivatives in organic solvents. Most of these stud-
ies have primarily focused on either the interactions 
between MFC and polymers in aqueous solutions. To 

investigate their collaborative effect, phase diagrams 
were constructed by varying the concentration of 
the constituent elements, confirming phase separa-
tion, and identifying liquid-like and gel-like proper-
ties through oscillatory rheological measurements. 
Oscillatory amplitude, frequency, oscillatory swing 
temperature and viscosity were performed. Addition-
ally, aerogels were fabricated with and without etha-
nol for microscopic analysis. It was demonstrated that 
ethanol significantly influences the rheological char-
acteristics of MFC and MFC + HPMC dispersions, 
resulting in an increase in the elastic modulus (G’), 
decreased thixotropic behavior, and increased stabil-
ity. Tests were also conducted with urea, a strongly 
chaotropic agent, providing evidence of the types of 
interactions governing the systems, and demonstrat-
ing that intermolecular hydrogen bond interactions 
play a predominant role.
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Introduction

According to IUPAC (2006), gel is a non-fluid col-
loidal network or polymer network that is expanded 
throughout its whole volume by a fluid. These net-
works limit the solvent flow and can be formed from 
various materials and solvents, each imparting spe-
cific characteristics to the resulting gel. Such gels 
find application across diverse fields such as food, 

biology, medicine, and pharmaceuticals (Nath et  al. 
2023; Xu 2009; Rathod and Mehta 2015). Particu-
larly noteworthy are alcogels, formed from alcohol 
and gelling agents, which have garnered significant 
interest across industries (Cassanelli et al. 2017).

Alcohol gels, a type of organogels, offer versa-
tile properties such as the ability to dissolve both 
hydrophobic and hydrophilic compounds and act 
as antisolvents (Onori and Santucci 1996; Joye and 
Mcclements 2013). These characteristics enable their 
application including disinfection, edible products, 
anti-freezing agents, and bioactive drug delivery sys-
tems (Gold et  al. 2023; Villa and Russo 2021; Jian 
et al. 2021; Zhang et al. 2022).
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To produce alcogels, a range of gelling agents can 
be employed, including cellulose derivatives, which 
are notable for their renewable, biodegradable, and 
abundant nature (Nechyporchuk et al. 2016; da Silva 
et  al. 2018). Among these derivatives, microfibril-
lated cellulose (MFC) has attracted significant atten-
tion due to its nanometric scale and potential appli-
cations (Klemm et al. 2011). Studies have elucidated 
very interesting rheological properties of MFC, 
modulated by several factors such as concentration, 
pH, salts, organic solvents, cellulose derivatives, and 
carbohydrates (Pääkko et  al. 2007; Rezayati-Charani 
et al. 2013; Costa et al. 2019; Kokol 2022; Lameirin-
has et al. 2023).

The use of cellulose derivatives, such as Hydroxy-
propyl Methylcellulose (HPMC), in modulating the 
rheological behavior of nanocellulosic materials has 
received significant interest (Echeverria et  al. 2016; 
Kokol 2022; Sorvari et  al. 2014). HPMC, widely 
employed in pharmaceutical, food, and dietary sup-
plement industries, exhibits versatile physicochemical 
attributes influenced by factors such as molar mass, 
degree of substitution, and solvent composition (Bur-
dock 2007; Mašková et al. 2020).

However, despite existing research on MFC and 
cellulose derivatives in water, a gap remains in under-
standing the behavior of MFC with cellulose deriva-
tives dispersed in organic solvents. This gap presents 
an opportunity for investigation, offering potential 
insights for developing new materials and products, 
including applications in pharmaceuticals, aerogels, 
scaffolds, and coatings. In this context, our study 
aims to evaluate the rheological behavior of MFC 
in conjunction with ethanol and HPMC, providing 
comprehensive insights into their interactions and 
potential applications. We present three meticulously 
developed phase diagrams, investigating the effects 
of ethanol concentrations on MFC, HPMC, and their 
combination, utilizing oscillatory rheology and scan-
ning electron microscopy for comprehensive analysis.

Experimental

Materials

The commercial MFC from bleached eucalyptus 
pulp (Klabin S.A.—Paraná/Brazil) was purchased in 
gel form (3.99 w/w%) and used as the raw materials. 

The cellulases mix Maximyze® 2570 was purchased 
from Buckman (Memphis, TN, USA). For the ammo-
nium acetate buffer solution was used ammonium 
acetate from Sigma-Aldrich (USA) and acetic acid 
from Alphatec® (Brazil). Moricell F (HPMC) was 
obtained from MC Química (São Paulo, Brazil). The 
mass average molar mass (Mw) was 5.7 × 105 g mol−1; 
number average molar mass (Mn) of 4.9 × 105 g mol−1 
and dispersity (Đ) of 1.2. Wet and ash content was 
determined as 1.3 and 0.0, respectively. Substitution 
degree (DS) was calculated for methyl (DSM) and 
hydroxypropyl (DSP) by 1H-NMR and were 0.35 and 
0.12, respectively. Ethanol 99.5  w/w% was obtained 
from Sigma-Aldrich (USA).

Methods

Enzymatic/Mechanical post‑treatment

To enhance the properties of MFC as a rheological 
modifier, samples underwent to enzymatic/mechani-
cal post-treatment, employing the enzyme mix Max-
imyze 2570. This post-treatment aimed to achieve 
finer defibrillation of the MFC, leading to increased 
viscosity of the gel suspension. The process involved 
enzymatic assistance to facilitate mechanical process-
ing with a reduced number of passes. Preliminary 
data, yet unpublished, indicates that the enzyme treat-
ment resulted in MFC with higher elastic and vis-
cous moduli, as well as viscosity, requiring only half 
the passes compared to treatments without enzymes 
under similar conditions. Additionally, a decrease 
in the intrinsic viscosity of the MFC was observed, 
along with an increase in crystallinity.

Initially, the MFC concentration was adjusted to 
1  w/w% of solids in a 10  mM ammonium acetate 
buffer at pH 5.5. Subsequently, 1 mg/g of enzyme was 
added relative to the dry mass of MFC, and the mix-
ture was incubated at 25  °C in a water batch under 
constant stirring for 49  min. The treated MFC was 
then processed using a Super Masscolloider Masuko 
Sangyo mill (Masuko, Japan) operating at 1500 rpm 
and a flow rate of 0.5 L/min for 10 passes. Following 
processing, the MFC was heated to 80 °C for 10 min 
to deactivate the enzymes.

In unpublished data, enzymatic treatment was 
found to decrease polymerization degree and 
increase crystallinity, as evidenced by intrinsic 
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viscosity and XRD analysis. Despite this, the enzy-
matic cocktail Maximyze® 2570 does not convert 
cellulose into sugars, making it suitable for MFC 
production to prevent losses in cellulose depolymer-
ization. Furthermore, enzymatic treatment modifies 
suspension rheology, enhancing elastic and viscous 
moduli, apparent viscosity, and significantly reduc-
ing the number of passes needed to achieve optimal 
levels. This reduction in processing steps is essen-
tial for the economic feasibility of MFC production, 
resulting in energy and time savings.

Phase diagram

Three phase diagrams were obtained: a pseudo-
ternary diagram comprising MFC, HPMC, ethanol, 
and water, with MFC and HPMC concentrations 
ranging from 0.1 to 1.0% and 0.04 to 0.4%, respec-
tively, and ethanol concentrations varying from 0.0 
to 90%; and two ternary diagrams. One ternary dia-
gram included MFC, ethanol, and water, with MFC 
concentrations ranging from 0.1 to 1.0% and etha-
nol concentrations varying from 0.0 to 90%. The 
other ternary diagram comprised HPMC, ethanol, 
and water, with HPMC concentrations ranging from 
0.2 to 1.6% and ethanol concentrations varying 
from 0.0 to 90%.

The sample preparation procedure for the pseudo-
ternary phase diagram involved adding HPMC to the 
ethanol/water mixture while stirring magnetically 
until complete solubilization (colloidal dispersion). 
Subsequently, MFC was added, and the samples 
were further mixed by magnetic stirring until com-
plete macroscopically homogenization was achieved. 
For the ternary diagrams, either MFC or HPMC was 
introduced into the ethanol/water mixture under mag-
netic stirring and stirred until the sample was macro-
scopical homogenization. The suspensions’ behavior 
was evaluated visually and through frequency sweep 
rheological tests after 24 h.

To investigate the participation of intermolecular 
hydrogen bonds in the network formation of MFC and 
MFC + HPMC gels, dispersions were prepared with 
6 M urea, a known hydrogen bond disrupting agent, 
which can, collaterally, weaken hydrophobic interac-
tions. For this, urea was solubilized under magnetic 
stirring followed by the addition of other polymers 
according to the procedure described above.

Rheological characterization

Dynamic oscillatory measurements were performed 
using a Discovery Hybrid HR-10 rheometer (TA Instru-
ments., New Castle, DE, USA), with a cone-plate con-
figuration (40  mm diameter, 2° cone angle and trun-
cation gap of 0.101 mm), coupled to a Peltier system. 
First, amplitude sweeps were performed in the range of 
0.001 to 500 Pa at a constant frequency of 10 Hz, to 
determine the linear viscoelastic region (LVR), which 
was used for the other tests. Then, frequency sweeps 
were performed on the LVR, where the storage (G’) 
and loss (G") modulus were recorded, as well as the 
loss tangent (tan δ) as a function of frequency between 
0.01 and 10 Hz.

Flow sweeps experiments were performed under 
steady state conditions for data reproducibility and to 
remove the effect of thixotropy, determined experimen-
tally and using a shear rate ramp from 1 to 100 s−1 and 
followed by another ramp from 100 to 1 s−1, with 300 s 
for each ramp. Operating conditions were 25 °C, equi-
librium time of 60 s and 5 points per decade.

The oscillatory swing temperature test was per-
formed between 5 and 50  °C with a heating rate of 
10 °C/min, at a constant frequency of 1 Hz and a con-
stant stress of on the LVR. To avoid solvent evapo-
ration, solvent trap was used. Then, the temperature 
ramp was performed in cooling mode from 50 to 5 °C 
under the same conditions. These temperature sweeps 
were repeated three times to identify any sign of sam-
ple instability.

Zeta potential

To evaluate the impact of ethanol and HPMC on the 
Zeta potential of MFC, samples of MFC 0.1 w/w%, 
HPMC 0.1 wt% and MFC 0.1 wt% + HPMC 0.04 wt% 
were prepared in different concentrations of ethanol. 
The zeta potential was determined using Particle Met-
rix—Stabino® equipment and model PMX 400, with 
measurements every 5 s for a period of 5 min.

Results and discussion

Phase diagram

Figure  1 presents phase diagrams illustrating dis-
persions of MFC (Fig.  1a), HPMC (Fig.  1b), and 
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MFC + HPMC (Fig.  1c) in various ethanol/water 
concentrations. Macroscopic observations of gel or 
liquid properties were made by tilting the tube and 
further confirmed by oscillatory rheology, where an 
ideal gel elastic, the G’ value is anticipated to remain 
frequency-independent, with G’ exceeding G’’ (Peng 
et al. 2018; Tzoumaki et al. 2013).

In MFC dispersions (Fig.  1a), phase separa-
tion occurs when MFC concentrations fall below 
0.25  w/w%, irrespective of ethanol concentration. 
This phenomenon is likely linked to the gel point 
concentration, representing the critical consistency at 
which a continuous network of fibers in suspensions 
forms, leading to a self-supporting network (Gourlay 
et al. 2018; Raj et al. 2016). MFC concentrations sur-
passing 0.5  w/w% displayed gel-like behavior, sug-
gesting that the solids content predominantly governs 

network formation, with minimal impact from the 
ethanol/water mixture.

In Fig.  1b, viscoelastic liquid-like behavior is 
observed at ethanol concentrations below 80  w/w%, 
regardless of polymer concentration. This behav-
ior can be attributed to the hydroxypropyl groups of 
HPMC, which disrupt intermolecular hydrogen bonds 
(Wang et  al. 2018). Conversely, phase separation 
occurs at ethanol concentrations exceeding 85 w/w.%. 
Ethanol is known to act as an anti-solvent, leading to 
polymer precipitation at high concentrations (Tian 
et al. 2022). Perinelli et al. (2021), studying alcohol-
based hand sanitizers employing cellulose deriva-
tives, propose that at elevated ethanol concentrations, 
interactions between polymeric chains may intensify, 
reducing the hydration shell and promoting polymer 
aggregation, ultimately resulting in precipitation.

Fig. 1   Phase diagram of polymers-ethanol/water mixtures. 
The gel state was defined by frequency sweep when the sam-
ple exhibit G’ > G’’. a Microfibrillated cellulose-ethanol/water 
(MFC-EtOH). b (Hydroxypropyl)methyl cellulose-ethanol/

water (HPMC-EtOH). c Microfibrillated cellulose/hydroxy-
propylmethylcellulose -ethanol/water (MFC + HPMC-EtOH), 
MHC:HPMC ratio 1:0.4. Black square: gel (a–c) and viscoe-
lastic liquid (b). Red circle: phase separated
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The behavior of MFC + HPMC mixtures across 
varying ethanol concentrations is presented in Fig. 1c. 
Similar to MFC dispersions, phase separation occurs 
at polymer + fiber concentrations below 0.35  w/w% 
(MFC 0.25  w/w%/HPMC 0.10%  w/w%), and gel-
like behavior is observed above 0.70  w/w% (MFC 
0.50 w/w%/HPMC 0.20 w/w%), with one exception at 
the point MFC + HPMC 0.70 w/w%/EtOH 90 w/w%.

Hypothetically, it is probable that HPMC becomes 
adsorbed onto MFC chains, where primary inter-
actions occur within ethanol/water solutions. An 
indication of HPMC adsorption on MFC fibrils is 
the observed reduction in zeta potential (Mosse 
et  al. 2012), a point we will discuss briefly in this 
manuscript.

Butchosa and Zhou (2014) demonstrated the 
adsorption of CMC onto cellulose nanofibers through 
conductometric titration. Here, we supposed that at 
higher ethanol concentrations, interactions among 
HPMC chains intensify, leading to polymer aggre-
gation and subsequent co-precipitation of HPMC 
with MFC when MFC concentrations are low. The 
occurrence of phase separation at low concentrations 
likely correlates with the gel point concentration, as 
discussed earlier. At higher polymer concentrations, 
the gel-like behavior is probably governed by the ele-
vated MFC concentrations, which establish a robust 
network structure.

Rheological properties

Frequency sweep

Frequency sweep measurements are conducted to 
assess the structural integrity and mechanical strength 
of materials (Yuan et  al. 2018; Zhou et  al. 2020). 
Figure  2 and SI-1 (Supplementary Information 1) 
present frequency sweeps for the MFC, HPMC, and 
MFC + HPMC dispersions across various ethanol 
concentrations and polymer concentrations. The MFC 
dispersions (Fig. 2a) exhibit G’ > G” across the entire 
frequency range, with both moduli being nearly fre-
quency-independent, indicating gel like system (Jia 
et al. 2015).

In HPMC dispersions (Fig. 2b), G’’ surpasses G’, 
and both moduli exhibit frequency dependence, esca-
lating as the frequency rises, indicative of a liquid-
like viscoelastic behavior (Baby 2019).

MFC + HPMC dispersions exhibit a hybrid 
behavior, reflecting the influence of both cellu-
lose nanofiber and polymer. Like MFC dispersions, 
MFC + HPMC systems (Fig.  2c) display G’ > G”, 
characteristic of solid-like behavior at total concentra-
tions ≥ 0.7%. However, unlike MFC dispersions, both 
moduli of MFC + HPMC are frequency-dependent, 
escalating with increasing frequency, likely attribut-
able to HPMC. This behavior indicates the formation 
of weak gels (Naeli et al. 2020).

The differences between MFC and MFC + HPMC 
dispersions are clearly delineated in Fig.  SI-1. 
MFC + HPMC moduli are notably lower and more 
frequency-dependent (Adeyeye et  al. 2002). The 
decline in tan δ at low frequencies, observed to 
MFC + HPMC, correspond to an increase in terminal 
relaxation time, indicative of quasi-permanent or per-
manent network presence. Additionally, we suppose 
the reduction in modulus resulting from HPMC pres-
ence suggests weakened fiber interactions or fewer 
contact points between them, indicating HPMC’s 
role in dispersing the MFC suspension (Sorvari et al. 
2014).

Nanocellulosic materials such as MFC exhibit 
polar characteristics that interact with hydrophilic 
groups along HPMC molecule backbones (Bilbao-
Sáinz et  al. 2010). The shared backbone structures 
of both fibers and polymers suggest that adsorption 
might align HPMC chains with MFC chains, poten-
tially keeping cellulose fibrils separated and reducing 
frictional forces (Hubbe et al. 2017). This phenome-
non mirrors the behaviour observed in other polymers 
like CMC, HEC, and xanthan gum (Kokol 2022; Sor-
vari et al. 2014).

Figure  3 illustrates the impact of ethanol con-
centration on G’, G”, and tan δ in MFC dispersions, 
HPMC, and MFC + HPMC mixtures.

Notably G’ increases with ethanol concentration, 
as evidenced in Figs.  3a and 3c, with tan δ exhibit-
ing a continuous decline from 0.29 to 0.15 for MFC 
and MFC + HPMC. This decline and the concurrent 
rise in G’ indicate a progressive increase in sys-
tem stiffness. Similar observations were made by da 
Silva et al. (2018), suggesting a connected fibril net-
work formation or loss of mobility due to increased 
excluded volume.

Hypothetically, the progressive stiffening of MFC 
dispersions can partly be attributed to zeta potential 
modulus decay with increasing ethanol concentration, 
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a result of ethanol/water interaction (Gözcü et  al. 
2023). Additionally, microdomain formation in water/
alcohol mixtures, resulting from water and alcohol 
molecule self-association, may lead to non-homoge-
neous groupings (Dixit et  al. 2002; Wakisaka et  al. 
2001). These microdomains could segregate MFC, 
concentrating in decreasing water domains as alcohol 
content rises (da Silva et al. 2018). Also, cellulose’s 
type I combined with ethanol, could enhance MFC 
hydrophobic interactions (Medronho et  al. 2012; 
Morel et al. 2020; Vorontsova et al. 2015). However, 
further studies are needed to comprehensively under-
stand all mechanisms involved in MFC and alcohol/
water system interactions.

It’s plausible that HPMC becomes adsorbed onto 
cellulose microfibrils, possibly enveloping them and 
hindering direct fiber-to-fiber contact. This could 

weaken interactions between fibers or reduce the 
number of contacts between them. In an alcoholic 
medium, as observed, the hydration layer diminishes, 
enhancing inter/intrachain interaction of HPMC. 
However, at higher ethanol concentrations, interac-
tion between HPMC chains might intensify, further 
reducing the hydration layer and prompting polymer 
aggregation, ultimately leading to precipitation. In the 
case of MFC + HPMC mixtures, it’s conceivable that 
at high ethanol concentrations, partial desorption of 
HPMC from the surface of MFC fibrils occurs, par-
tially restoring contact between MFC fibrils. This 
elucidates the increase in G’ and the decrease in tan 
δ observed when the ethanol concentration reaches 
80%. As this is the first manuscript addressing this 
interaction, some observations are speculative and 
require further investigation.

Fig. 2   Oscillatory frequency sweep, performed in a linear vis-
coelastic regime at constant temperature 25  °C. Figures a–c 
storage modulus G’ (solid symbols), loss modulus G’’ (open 
symbols) and tan δ (circle with + center). 0.0 w/w % ethanol: 
black symbols. 50 w/w% ethanol: red symbols. 80 w/w % etha-
nol: green symbols. a Storage and loss modulus for 1  w/w% 

MFC dispersions in different ethanol concentrations; b stor-
age modulus and loss modulus for 1.6  w/w% HPMC in dif-
ferent ethanol concentrations. HPMC d storage modulus and 
loss modulus for 1 w/w% MFC + 0.4 w/w% HPMC in different 
ethanol concentrations
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Flow sweep

Fig. SI-2presents flow sweeps for MFC, HPMC, and 
MFC + HPMC dispersions at various ethanol and 
polymer concentrations. In Fig.  SI-2b, flow sweeps 
for MFC at different polymer concentrations are 
depicted. The behavior of MFC appears to be non-
Newtonian, exhibiting a decrease in apparent viscos-
ity with increasing shear rate, indicative of shear-thin-
ning behavior, consistent with prior findings using 
water as solvent (Agoda-Tandjawa et  al. 2010; Iotti 
et al. 2011; Pääkko et al. 2007).

In water-based MFC dispersions, various concen-
trations exhibit a distinctive viscosity profile charac-
terized by two regions of shear thinning, separated 
by a semi-plateau where viscosity remains relatively 

stable. This intermediate viscosity state, noted in the 
literature for MFC/NFC systems, often manifests as 
a plateau (Agoda-Tandjawa et al. 2010; Jaiswal et al. 
2021; Sorvari et al. 2014; Chen et al. 2002). Agoda-
Tandjawa et al. (2010) and Chen et al. (2002) propose 
that during this phase, certain structural arrange-
ments, possibly comprising individual fibers, emerge 
within the suspensions, causing a non-uniform flow 
pattern. This observation sheds light on the intricate 
rheological behavior of MFC dispersions, hinting at 
underlying structural transformations influencing 
their flow properties.

The viscosity dependence on shear rate is pre-
sented in Figs. 4a and SI-2a for various ethanol con-
centrations. Table SI-1presents flow curve regression 
parameters using a Hershel-Buckley model. Notably, 

Fig. 3   Oscillatory frequency sweep, performed in a linear vis-
coelastic range at constant temperature 25 °C. MFC 1 w/w%: 
black square. HPMC 0.4 w/w%: red circle. HPMC 1.6 w/w%: 
green up triangle. MFC 1  w/w% + HPMC 0.4  w/w%: blue 
down triangle. a and b Storage modulus (G’) and loss modulus 

(G”) at 1 Hz for MFC, HPMC and MFC + HPMC dispersions 
in different ethanol concentrations, respectively; c tan δ at 1 Hz 
for MFC, HPMC and MFC + HPMC dispersions in different 
ethanol concentrations
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MFC dispersions exhibit shear-thinning behavior, 
with an n < 1 (where n is the flow behavior index, 
n < 1 denotes shear-thinning fluids, n = 1 for New-
tonian fluids, and n > 1 for shear-thickening fluids) 
(Ciftci et  al. 2020), except for the suspension with 
80% ethanol, which had an n of 1.99. In this case, the 
high ethanol concentration likely promotes greater 
fiber–fiber frictional contact.

Flow sweeps of HPMC dispersions at different 
polymer concentrations are shown in Fig.  SI-2d. At 
all concentrations, HPMC dispersions exhibit shear-
thinning behavior. However, at 0.4% HPMC, the n 
value of the dispersions, except for the sample with 
80% ethanol, exceeds 0.8, indicating dilute and New-
tonian solution behavior (Lue and Zhang 2009). 
Fig.  SI-2c and SI-2d depict flow sweeps for HPMC 

dispersions at various ethanol concentrations and 
polymer concentrations, respectively. At low HPMC 
concentrations (0.4%) (Fig. 4a), ethanol content does 
not seem to affect viscosity, likely due to the low pol-
ymer concentration. However, at higher polymer con-
centrations, ethanol initially increases viscosity up to 
a certain concentration, after which it appears to have 
no effect. This aligns with findings reported by Per-
inelli et al. (2021).

Fig.  SI-2f shows flow sweeps for MFC + HPMC 
at different polymer concentrations, with flow curve 
regression parameters presented in Table  SI-1. 
MFC + HPMC dispersions exhibit shear-thinning 
behavior like MFC and HPMC dispersions, albeit 
without a plateau region observed in MFC disper-
sions. Notably, yield stress is observed regardless of 

Fig. 4   Flow curves of polymers-ethanol/water mixtures. 
Increasing shear rates: solid symbols. Decreasing shear rates: 
open symbols. a Effect of ethanol on viscosity at 1  s−1 for 
HPMC, MFC and MFC + HPMC dispersions in different etha-
nol concentration. b Flow curve for 0.4 w/w% HPMC disper-

sions in different ethanol concentrations. c Flow curve for 
1 w/w% MFC dispersions in different ethanol concentrations. 
d Flow curve for 1 w/w% MFC and 0.4 w/w% HPMC disper-
sions in different ethanol concentrations
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ethanol concentration for MFC + HPMC dispersions, 
which does not occur for other dispersions except for 
MFC dispersions with ethanol concentrations above 
80%. This effect likely arises from HPMC adsorp-
tion on MFC fibrils, decreasing the zeta potential to 
close to zero and increasing attraction between par-
ticles, leading to aggregation and increased viscosity 
and yield stress, similar to observed by Mosse et al. 
(2012).

To evaluate dispersion hysteresis, ascending and 
descending flow curves were conducted from 1 to 
100 1/s and from 100 to 1 1/s (Fig. 4) under steady-
state conditions. Table  SI-1shows hysteresis loop 
area obtained for HPMC, MFC, and MFC + HPMC 
samples. MFC dispersion at 0.0% ethanol exhibits a 
hysteresis loop at low shear rates. At 50% ethanol, 
positive hysteresis areas are observed at low and high 
shear rates, and negative hysteresis at medium shear 
rates, while at 80% ethanol, positive and negative 
areas occur at low and high shear rates, respectively. 
Hysteresis has been observed for various types of 
MFC dispersions (Agoda-Tandjawa et al. 2010; Blok 
et al. 2021; Martoïa et al. 2015; Schenker et al. 2018, 
2019). This time-dependent viscosity effect is attrib-
uted to changes in MFC dispersion structure under 
shear flow. In the absence of shear, MFC fibrils are 
randomly oriented, but under shear, they orient and 
align, reducing the viscosity.

Temperature ramp

Temperature ramps were conducted to assess the sta-
bility of MFC (Fig.  5a–b), HPMC (Fig.  5c–d), and 
MFC + HPMC (Fig.  5e–f) dispersions at varying 
ethanol concentrations. Three ascending ramps from 
5 °C to 50 °C and three descending ramps from 50 °C 
to 5 °C were executed, with a heating and cooling rate 
of 10 °C/min, using a solvent trap.

All MFC dispersions exhibited G’ > G". At 0.0% 
ethanol, the MFC dispersion displayed pronounced 
instability, with a significant decrease in both moduli 
and non-coinciding forward and backward ramps. 
Conversely, MFC dispersions in ethanol exhibited 
a gradual decline in both moduli with well-overlap-
ping ramps. Similar results were reported by Jia et al. 
(2014) for amorphous cellulose suspensions in water, 
attributing this behaviour to the weakening or disrup-
tion of intermolecular hydrogen bonds with increas-
ing temperature. Regarding dispersions with ethanol, 

it’s plausible that ethanol, acting as a chaotropic 
agent, has already disrupted a significant portion of 
hydrogen bonds, thereby minimizing the tempera-
ture’s impact.

In Fig. 5c–d, the temperature ramps for the HPMC 
dispersions reveal a typical pattern, with G" surpass-
ing G’ and both moduli diminishing as temperature 
rises (Silva et  al. 2008). The temperature ramps do 
not overlap, likely due to the low polymer concentra-
tion, as better overlap is observed at higher concen-
trations (results not depicted). Additionally, it’s worth 
noting that the behavior remains quite similar for dis-
persions with ethanol, suggesting that ethanol has a 
minimal effect on intermolecular hydrogen bonds for 
HPMC in the range of concentrations evaluated.

Temperature ramps for MFC + HPMC dispersions 
are depicted in Fig.  5e–f. All dispersions exhibit a 
consistent pattern, with G’ surpassing G" and a grad-
ual decline in moduli with increasing temperature. G’ 
was around 100 Pa, with good overlap of the round-
trip ramps. Firstly, this suggests that HPMC in etha-
nol smoothes the slope of the moduli versus tempera-
ture cycle and promotes overlapping of the round-trip 
ramps, indicating reduced intermolecular interaction 
due to hydrogen bonds with adsorbed HPMC on the 
fibrils. Secondly, ethanol appears to have no discern-
ible effect in the presence of HPMC, mirroring obser-
vations in HPMC dispersions. Thus, it can be inferred 
that HPMC positively influences the stability of MFC 
dispersions.

Effect of urea

To evaluate polymer–polymer and polymer–sol-
vent interactions, MFC and MFC + HPMC samples 
were prepared with 6  M urea, a well-known chao-
tropic agent effective in disrupting hydrogen bonds 
(Kjøniksen et al. 2003; Kokufuta et al. 1998), which 
may also weaken hydrophobic interactions (Kokufuta 
et al. 1998).

Fig. SI-3illustrates ascending and descending flow 
curves of MFC and MFC + HPMC dispersions with 
and without urea. Figs. SI-3a and SI-4b depict MFC 
flow curves with and without urea. MFC dispersions 
at 0.0% ethanol (Fig. SI-3a) with urea exhibited lower 
viscosity at low shear rates compared to MFC dis-
persions without urea, consistent with prior research 
(Jaishankar et  al. 2015; Kjøniksen et  al. 2005), sug-
gesting that a portion of the viscosity arises from 
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hydrogen bonds. It’s plausible, hypothetically, that 
urea’s presence encourages fibril floc formation, lead-
ing to increased flow resistance at high shear rates. 
Moreover, MFC dispersion with urea demonstrated 
higher viscosity throughout the shear rate range dur-
ing the back flow sweep, suggesting that urea facili-
tates better reassociation post-structure breakdown 
induced by shear.

MFC dispersions in ethanol/water (Fig.  SI-3b) 
exhibited lower viscosity compared to MFC disper-
sions in water. Interestingly, the profiles of MFC 
dispersions with and without urea were similar in 
ethanol/water, with slightly lower viscosity at low 
shear rates in the presence of urea. Additionally, in 
both cases, the return sweep closely mirrored the 
initial sweep, indicating higher viscosity than MFC 

dispersions without ethanol. This behavior could be 
attributed to ethanol acting as a chaotropic agent sim-
ilar to urea, aligning with existing literature (Morel 
et al. 2020; Vorontsova et al. 2015).

Fig.  SI-3c and SI-3d display MFC + HPMC flow 
sweeps with and without ethanol, respectively, 
and with and without urea. Like MFC dispersions, 
MFC + HPMC dispersions exhibited reduced hyster-
esis areas in both the presence of ethanol and urea, 
likely due to the chaotropic nature of urea and etha-
nol, disrupting hydrogen bonds. However, unlike 
MFC dispersions, MFC + HPMC dispersions with 
urea displayed higher viscosity. This could stem from 
a conformational change in the HPMC molecules 
adsorbed on the MFC, with urea potentially dis-
rupting intra-molecular hydrogen bonds, leading to 

Fig. 5   Temperature sweep for MFC, HPMC and 
MFC + HPMC dispersions in 0.0  w/w% (G’ – black solid 
square, G” – yellow open square) and 50 w/w% (G’ – red solid 
circle, G” – magenta open circle) ethanol. a and b Storage 
modulus and loss modulus, as a function of temperature, for 

1 w/w% MFC dispersions. c and d Storage modulus and loss 
modulus, as a function of temperature, for 0.4  w/w% HPMC 
dispersions. e and f Storage modulus and loss modulus, as a 
function of temperature, for 1.0 w/w% + 0.4 w/w% HPMC dis-
persions
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extended chain conformations and increased viscos-
ity in certain polymers, a phenomenon observed in 
chitosan, fenugreek gum, and xyloglucan (Tsaih and 
Chen 1997; Winkworth-Smith et al. 2016).

Figure 6 showcases temperature sweeps of MFC 
and MFC + HPMC dispersions with and with-
out urea. MFC dispersions at 0.0  w/w% ethanol 
(Fig.  6a) exhibited unstable behavior, while those 
at 25% ethanol (Fig. 6b) displayed only a downturn 
in both moduli, indicating stability. With the addi-
tion of 6  M urea, both moduli decreased, sharply 
dropping to 0.0  w/w% dispersions. Additionally, 
the crossover between G’ and G’’ occurred at 
25–35  °C and 31–48  °C for dispersions with and 
without ethanol, respectively. Notably, a more sub-
stantial decrease in moduli was observed for MFC 
dispersions without ethanol, possibly due to ethanol 

acting as a chaotropic agent, disrupting a significant 
portion of intermolecular hydrogen bonds, leav-
ing fewer for urea to disrupt. The crossing point of 
moduli G’ and G’’ suggests that hydrogen bonding 
and hydrophobic interactions are crucial for gel net-
work formation and stability, a common observation 
in the presence of chaotropic agents (Sun and Arnt-
field 2012; Yan et al. 2021).

Figure  6c (0.0% ethanol) and 6d (25% ethanol) 
illustrate temperature ramps for MFC + HPMC dis-
persions with and without urea. In both cases, urea 
had no impact on both moduli, with good overlap 
compared to temperature sweeps for dispersions 
without urea. This indicates an interaction between 
MFC and HPMC and suggests that, in this case, 
intermolecular hydrogen bonds do not play a sig-
nificant role in the gel network.

Fig. 6   Temperature sweep of polymers-ethanol/water mixtures 
with and without urea. Storage modulus with (black solid cir-
cles) and without urea (red solid square). Loss modulus with 
(black open circles). a Effect of urea on thermal behavior for 
MFC + HPMC dispersions at ethanol 0.0%. b Effect of urea 

on thermal behavior for MFC + HPMC dispersions at ethanol 
25%. c Effect of urea on thermal behavior for MFC dispersions 
at ethanol 0.0%. d Effect of urea on thermal behavior for MFC 
dispersions at ethanol 25%
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Zeta potential

The impact of HPMC and ethanol concentration on 
the surface electrical charge of MFC was assessed 
by measuring the zeta potential (Table  1). At 0.0% 
ethanol, MFC dispersions exhibited a zeta potential 
of approximately − 50  mV. With increasing ethanol 
concentration, there was a consistent decline in the 
zeta potential, reaching − 6.2/− 7.1 mV. This decline 
is attributed to ethanol/water interactions and the 
lower dielectric constant of ethanol (24.5) compared 
to water (78.1) (Gözcü et al. 2023).

Conversely, in MFC + HPMC dispersions, the zeta 
potential remained stable within the range of ~ − 4.0 
to 6.1  mV, indicating no significant variation com-
pared to pure MFC. This suggests minimal influence 
of ethanol on the zeta potential of MFC/HPMC dis-
persion. Moreover, the notable decrease in zeta poten-
tial suggests HPMC adsorption onto the MFC sur-
face, resulting in increased distance between fibrils 
and the shear plane (Duro et al. 1998). No significant 
change in the zeta potential of MFC was observed 
with varying ethanol concentration.

Conclusions

The study aimed to investigate the thickening 
properties and rheological stability of MFC and 
MFC + HPMC dispersions in ethanol/water mixtures. 
Both ethanol addition and HPMC incorporation led 
to enhancements in rheological properties. Through 
concentration variation, phase diagrams were estab-
lished, revealing phase separation, and distinguishing 
between liquid-like and gel-like behaviors via oscil-
latory rheometric measurements. Results highlighted 
the gel-like behavior of MFC and MFC + HPMC, 
primarily dictated by polymer concentrations with 
minor influence from ethanol. Ethanol significantly 
impacted the rheological characteristics, attributed 

to its chaotropic nature, affecting network strength, 
thixotropic behavior, and stability. HPMC, by adsorb-
ing onto MFC fibrils, induced system aggregation, 
influencing viscosity, thixotropy, and stability. Test-
ing with urea, a potent chaotropic agent, provided 
insights into the governing interactions.
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