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Abstract The incorporation of graphene oxide 
(GO) into a nanocellulose matrix has attracted con-
siderable attention due to the unique advantages of 
both components. This study focuses on investigating 
the viscoelastic and flow properties of hybrid aqueous 
suspensions (2.00 w/v%), composed of TEMPO-oxi-
dized cellulose nanofibrils (TOCNF) and GO at dif-
ferent TOCNF/GO weight ratios. To adjust the elastic 
properties of the hybrid suspensions, calcium ions are 
introduced, varying the concentration systematically 
to study their effects on the hybrid network structure. 
All blends exhibit shear-thinning behaviour and dem-
onstrate elastic, gel-like properties. Notably, in the 
absence of calcium ions, the enhancement of elastic 
properties is more pronounced at higher GO fractions. 

Conversely, with the introduction of calcium ions, the 
enhancement of elastic properties becomes particu-
larly important at higher TOCNF fractions. For the 
quantitative evaluation of these enhancements, we 
employ the logarithmic mixing rule. Significant posi-
tive deviations from the predictions of the logarithmic 
mixing rule are ascribed to the complex, concentra-
tion-dependent arrangement of cellulose nanofibrils 
and GO liquid crystals in the aqueous suspension, 
coupled with ionic crosslinking induced by calcium 
ions. The study aims to contribute to the understand-
ing of the rheological behaviour of the TOCNF/GO 
hydrogel, showing potential advancements in various 
applications.
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Introduction

Nanocellulose, featuring at least one dimension meas-
uring less than 100 nm, is derived from an abundant, 
renewable and degradable cellulose resource. Over 
the last decades, nanocellulose has attracted sig-
nificant attention due to its remarkable mechanical 
properties, high aspect ratio, and high crystallinity 
(Saito et al. 2007; Isogai et al. 2011). In addition, its 
biocompatibility, non-toxicity and biodegradability 
offer considerable potential for numerous applica-
tions (Curvello et al. 2019; Das et al. 2022). Various 
preparation methods employing distinct cellulose 
sources have been developed for producing diverse 
types of nanocellulose particles (Kargarzadeh et  al. 
2018), including cellulose nanocrystals (CNC), 

bacterial nanocellulose (BNC), and cellulose nanofi-
brils (CNF).

The 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 
mediated oxidation is a well-established chemical pre-
treatment process used in production of highly fibril-
lated nanocellulose. In this procedure, the C6-primary 
hydroxy groups are selectively oxidized to sodium 
C6-carboxylate groups, introducing the negative 
charge on the surface of the fibrils (Araki et al. 2001; 
Xu et al. 2019). The process ensures the retention of 
the original cellulose crystallinity (Saito et al. 2007).

It has been reported that aqueous TEMPO-oxi-
dized cellulose nanofibrils (TOCNF) suspension 
exhibit stable physical gel properties at concentra-
tions exceeding 0.1 wt.% (Mendoza et  al. 2018). 
The microstructure of TOCNF hydrogels, exhibit-
ing elastic properties, can be described as a highly 
entangled and physically interconnected network with 
water-trapping properties. The microstructure proper-
ties are influenced by a combination of electrostatic 
interactions, hydrogen bonding, van der Waals forces, 
hydrophobic interactions, ionic interactions, and fibril 



6107Cellulose (2024) 31:6105–6122 

1 3
Vol.: (0123456789)

entanglements (Nechyporchuk et  al. 2016; Curvello 
et  al. 2019). TOCNF hydrogels exhibit thixotropic 
and shear thinning behaviour with a yield stress, 
which are more pronounced at higher cellulose con-
centration (Šebenik et al. 2019; Song et al. 2023; Xu 
et al. 2024). Studies have been conducted to compre-
hend the influence of nanocellulose particle proper-
ties, pH value and ionic strength of the aqueous phase 
on the rheological properties of hydrogels (Clasen 
and Kulicke 2001; Song et al. 2023). To enhance the 
mechanical properties of TOCNF hydrogels, which 
exhibit characteristics resembling those of a weak gel 
system (Šebenik et al. 2019), the capacity of TOCNF 
to form stronger ionic interactions with metal ions 
was exploited (Dong et  al. 2013; Zhu et  al. 2017; 
Xu et al. 2019; Kopač et al. 2021, 2022a). The ionic 
interactions between carboxylate groups on the sur-
face of the cellulose nanofibrils and divalent metal 
ions, such as  Ca2+, cause TOCNF crosslinking and 
substantial improvements in elastic properties (Park 
et al. 2015; Khanjani et al. 2019; Kopač et al. 2021).

In our previous publication (Šebenik et al. 2019), 
we investigated the evolution of rheological properties 
in a hydrogel prepared from a commercially available 
freeze-dried TOCNF powder. The study revealed an 
increase in shear viscosity and elastic properties with 
concentration and aging time. Invisibly small clusters 
with significant swell-ability in water formed over 
time due to entanglements of nanofibers and physi-
cal interactions between them, i.e. not only hydrogen 
bonding but also van der Waals interactions and elec-
trostatic repulsion. During aging, the clusters became 
larger due to water absorbance and the distance 
between them was reduced, which enhanced inter-
actions between them. Solhi et  al. (2023) reported 
that at the cluster–cluster interface, the surface 
bound water is located at the surface of the nanofib-
ers, whereas in the same cluster, the confined bound 
water is present at the nanofiber interface. These find-
ings offer valuable insights for diverse applications of 
nanocellulose hydrogels, particularly in the prepara-
tion of blends of high solids concentration.

Recently, layered nanomaterials with high aspect 
ratio and large surface area, such as nanoclays and 
graphene oxide (GO), have been incorporated into 
biopolymer hydrogels to further improve their prop-
erties and performance (Hao et al. 2022). In our pre-
vious study (Šebenik et  al. 2020), TOCNF-Laponite 
hydrogel blends were prepared by blending TOCNF 

and Laponite suspensions, varying their ratio and 
total solids content. An increased elastic behaviour 
and a higher zero-shear viscosity were observed at a 
low Laponite fraction due to attractive interactions 
between carboxylic groups of the fibrils and the posi-
tively charged rims of Laponite nanodiscs. At higher 
Laponite fractions, edge-edge and face-face repulsion 
between Laponite nanodiscs became more and more 
important, resulting in a diminished elastic response, 
while at a very high Laponite fraction, disruption 
of the highly coordinated Laponite structure was 
observed in the presence of TOCNF.

Among graphene-based materials, which have 
received much attention due to their numerous advan-
tages and unique properties (Yi et  al. 2020), GO 
stands out for its ability to form stable aqueous sus-
pensions owing to its hydrophilic nature and negative 
charge. The hydrophilicity arises from the presence of 
oxygen-containing functional groups, such as epoxy, 
hydroxyl, carbonyl, and carboxyl, while the nega-
tive charge results from dissociated carboxyl groups 
situated on the rims of GO (Konkena and Vasude-
van 2014; Simsikova and Sikola 2017; Moraes et al. 
2020). Aqueous GO suspensions have been catego-
rized as isotropic liquids, nematic liquids as well as 
liquids in arrested states (glass or gels), depending on 
various factors, such as the aspect ratio of GO par-
ticles, pH value, and total solids concentration (Dan 
et  al. 2011; Kumar et  al. 2014; Del Giudice and 
Shen 2017; Nikzad et  al. 2021). In our prior study 
(Malnarič et  al. 2023), focused on investigating the 
rheological properties of suspensions containing GO 
particles with varying lateral dimensions and thick-
nesses, we demonstrated a strong dependence of the 
structural states of GO suspensions on both concen-
tration and particle geometry. Concentrated GO sus-
pensions exhibited viscoelastic behaviour typical for a 
suspension in an arrested state. Moreover, they exhib-
ited pronounced shear thinning and thixotropic behav-
iour, characterized by a significant yield stress result-
ing from particle rotational restrictions, electrostatic 
attraction/repulsion, and nematic phase formation. 
However, a salt addition to GO suspension screens 
the electrostatic repulsion between GO particles, 
leading to agglomeration (Wang et  al. 2016). It has 
been reported that divalent ions bind to the GO sur-
face and bridge two individual GOs via complexation 
(Yang et  al. 2016; Bayati and Fidalgo de Cortalezzi 
2019). Konkena and Vasudevan (2014) showed that 
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at higher GO volume fractions and higher NaCl con-
centrations, the repulsive electrostatic interactions are 
screened, the attractive van der Waals forces domi-
nate, and the suspension exhibits a nematic to colum-
nar liquid crystal (LC) transition.

Since GO oxygen-containing functional groups 
as well its aromatic basal plane can strongly bind 
various organic and inorganic species through elec-
trostatic, hydrogen bonding, van der Waals forces, 
hydrophobic and π-π stacking interactions (Cao et al. 
2020; Raslan et  al. 2020), it has been extensively 
explored as an adsorbent for the removal of pollutants 
from water and for controlled drug delivery systems 
with improved loading efficiency (Cao et  al. 2020; 
Olate-Moya and Palza 2022). Through the same types 
of interactions, GO can be introduced into the nano-
cellulose matrix (Zhu et  al. 2018, 2022; Wei et  al. 
2022), which can enhance the mechanical proper-
ties (Wei et al. 2022; Zhu et al. 2022), as well as the 
electrical (Valentini et al. 2013; Yi et al. 2020), opti-
cal (Mianehrow et al. 2020), antibacterial (Xia et al. 
2019; Wei et  al. 2022), and loading efficiency (Yi 
et al. 2020) of TOCNF hydrogels.

While some research work has provided empirical 
insights into the rheological characteristics of aque-
ous suspensions incorporating nanocellulose and 
GO, the focus is primarily on practical applications 
(Liu et al. 2019; Mianehrow et al. 2020). The inves-
tigations predominantly employ crystalline nanocel-
lulose (Valentini et  al. 2013; Singh Raghuwanshi 
et  al. 2022; Shi et  al. 2023), nanocellulose without 
ionic charge (Wang et al. 2021; Nguyen et al. 2022; 
Wei et al. 2022), and consistently use small amounts 
of GO (Jia et al. 2020; Shi et al. 2023). To the best 
of our knowledge, there is currently no reported 
comprehensive work on the rheological properties, 
in correlation with the hydrogel network characteris-
tics, for the hybrid system containing TOCNF, GO, 
and calcium ions. Concentration-dependent arrange-
ment of cellulose nanofibrils and GO liquid crystals 
in aqueous suspensions may form different complex 
network structures, and the incorporation of GO par-
ticles into a weak TOCNF hydrogel could improve 
its elastic properties and performance. Introduction 
of  Ca2+ ions could facilitate connection between GO 
particles and TOCNF, further enhancing the elastic 
properties of the hybrid systems. It is expected that 
this enhancement will broaden the range of rheo-
logical properties and make the hybrid hydrogels 

suitable for a wider range of applications. Consid-
ering the complex network structures of the hybrid 
hydrogels, with or without  Ca2+ ions, we hypoth-
esize deviations from the mixing rule predictions. 
Therefore, this study systematically investigates the 
effects of blending TOCNF and GO suspensions 
(2.00 w/v%) at different weight ratios, specifically 
evaluating their effect on viscoelastic and flow prop-
erties. Furthermore, the study explores the effect of 
varying  Ca2+ concentrations to develop hydrogel 
systems with superior elastic properties. The inves-
tigation employs rheological models and the loga-
rithmic mixing rule for a quantitative evaluation of 
the experimental data. In addition, the study aims 
to thoroughly investigate the rheological behaviour 
associated with the hydrogel network characteristics. 
This understanding is crucial for tailoring the prop-
erties of the hydrogel and ultimately improving and 
expanding the applicability of this advanced hybrid 
system.

Experimental

Materials

Freeze-dried CNF modified by TEMPO (2,2,6,6-tetra-
methylpiperidine-1-oxyl), with the chemical formula 
[(C6H10O5)x(C6H9O4COONa)y], was purchased from 
Cellulose Lab (Canada). According to the specifi-
cations given by the manufacturer, the purchased 
TEMPO-oxidized CNF powder was prepared from 
wood pulp. The nanofibril cellulose structure was 
web-like, with dimensions of 20 − 60  nm in width 
and lengths of up to several microns. In our labora-
tory, the carboxylate content was determined to be 
1.4  mmol   g−1 by conductometric titration (Šebenik 
et  al. 2019). The determined aldehyde content was 
0.58  mmol/g solids. Single-layer GO material pro-
duced by a modified Hummer’s method, with purity 
greater than 99 wt.%, was purchased from Cheap 
Tubes Inc. (Grafto, VT, USA). According to the 
manufacturer’s data, the elemental composition of 
the purchased GO was 35–42% C, 45–55% O, and 
3–5% H. The GO material had a particle thickness 
of 0.7–1.2  nm, determined by atomic force micros-
copy, and lateral particle dimensions of 300–800 nm, 
which was confirmed in our laboratory (Malnarič 
et  al. 2023). The GO elemental composition was 
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determined to be 44.4% C, 52.5% O, and 2.3% H. The 
amount of carboxyl groups, determined by conduc-
tometric titration, was 1.9  mmol   g−1. Sodium azide 
(an assay of ≥ 99.5%), supplied by Sigma-Aldrich 
(St. Louis, USA), and calcium chloride supplied by 
Merck (Darmstadt, Germany), were used as received.

Sample preparation

2.00 w/v% aqueous TOCNF suspension was prepared 
by slowly adding demineralized water (with 0.02 
w/v% of sodium azide) to the freeze-dried TOCNF 
powder. The non-homogeneous suspension was 
stirred at 750 rpm using a four-blade propeller stirrer. 
After 2 h, the suspension was treated in an ultrasonic 
bath for 1 h. The resulting suspension was stirred at 
750 rpm at room temperature overnight and stored in 
the fridge at 4 °C for 30 days to establish a stable net-
work structure (according to studies in (Šebenik et al. 
2019)).

2.00 w/v% aqueous GO suspension was pre-
pared by adding GO powder to demineralized 
water. The suspension was stirred at 750  rpm for 
2  h using a four-blade propeller stirrer. After-
wards, the suspension was placed in an ultra-
sonic bath for 1  h. Finally, the obtained product 
was stored in the fridge at 4 °C for 24 h. The 2.00 
w/v% concentration was chosen to achieve a sig-
nificant viscoelastic response of the aqueous sus-
pensions. It has been shown (Malnarič et al. 2023) 
that the aqueous suspension of the GO material 
used in this study has a nematic liquid crystallin-
ity at 2.00 w/v%.

Aqueous TOCNF/GO suspensions were prepared 
by blending TOCNF and GO suspensions in differ-
ent weight ratios using a four-blade propeller stirrer 
at 600  rpm for 3  h at room temperature. Then, the 
obtained blends were stored in the fridge at 4 °C for 
24 h.

The suspensions were poured into a 1  mm thick 
3D-printed mould with the diameter of the rheom-
eter’s measuring plate.  CaCl2 was dissolved in dem-
ineralized water at different concentrations (0.17, 
0.43, and 1.00 w/v%). The prepared aqueous solution 
of calcium ions was sprayed onto the surface of the 
blends in the moulds. The sprayed volume of  CaCl2 
solution was identical for all samples. The samples 
were kept in the fridge at 4  °C for 24 h to establish 
the final hydrogel structure.

Characterization

Before being examined, GO material and TOCNF 
powder were vacuum-dried for 24 h at room tempera-
ture in a vacuum dryer.

The zeta potential of TOCNF/GO blends in dem-
ineralized water at 25  °C was determined using 
the LitesizerTM 500 instrument (Anton Paar) and 
obtained by measuring the electrophoretic light scat-
tering of the samples (Miller et al. 1991). To process 
the results, the Smoluchowski approximation was 
used (Esfahani et al. 2016; Smoluchowski 1921). The 
experiments were performed by using a concentration 
of 0.3 mg   ml−1. Average values of zeta potential for 
three replicates are reported.

The birefringence of TOCNF/GO blends was 
observed using a transmission-mode optical inverted 
microscope (Ti-U, Nikon) between crossed-polar-
izers. The blends were introduced into a rectangular 
glass capillary (0.01 × 0.10  mm) by capillary force 
and sealed with epoxy glue. The LC orientation of 
as prepared blends was measured using a full wave 
retardation plate.

Rheological investigation

Rheological measurements were performed on an 
Anton Paar Physica MCR 301 rheometer equipped 
with a 25  mm diameter crosshatched plate-plate 
geometry (PP25/P2) to reduce the wall-slip effect 
(Nechyporchuk et al. 2014), with a gap of 1 mm. To 
prevent the evaporation of water, a glass cover was 
used for the solvent trap. Each measurement was car-
ried out three times at 25 °C.

The steady-state flow behaviour of the samples 
was determined by applying an increasing sequence 
of constant stress segments. The corresponding 
shear rate was measured in the shear rate range of 
0.00001–1000  s−1.

The flow curves were fitted using the Cross model 
(Eq. 1) (Cross 1965), which describes the rheological 
behaviour of a purely viscous fluid.

η0 and η∞ represent the asymptotic values of viscos-
ity at zero and infinite shear rates, respectively, n 
measures the shear rate dependence of viscosity in 

(1)𝜂 = 𝜂∞ +
𝜂0 − 𝜂∞

1 + (𝜆�̇�)
n
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the power law region, and λ is the characteristic time. 
The critical shear rate, denoted as �̇�cr , corresponds 
to the reciprocal value of the relaxation time λ. The 
Cross model and/or other models for purely viscous 
fluids have been often used to describe the properties 
of different GO suspensions (Konkena and Vasudevan 
2014; Kumar et al. 2014; Naficy et al. 2014; Mypati 
et  al. 2021) and TOCNF suspensions (Kopač et  al. 
2020, 2022b; Liao et al. 2020).

Since the investigated blends exhibit gel-like 
properties with a non-linear yield stress fluid behav-
iour, the viscoplastic Herschel-Bulkley model was 
also used to fit the flow curves (Eq.  2) (Herschel 
and Bulkley 1926):

where τ is the shear stress, τy is the yield stress, K 
is the consistency index and m is the flow behaviour 
index.

Frequency sweep measurements were performed 
within the linear viscoelasticity range at constant 
strain (0.1%), defined by oscillatory stress sweep 
tests at 1  Hz. The oscillation frequencies varied 
from 100 to 0.1 rad  s−1.

The experimental data obtained by frequency 
sweep tests were fitted by generalized Maxwell 
(GM) model. Equations  3 and 4 describe the fre-
quency dependence of the elastic and viscous mod-
uli, respectively (Lapasin et al. 2017; Šebenik et al. 
2019):

where n is the number of considered Maxwell ele-
ments, Ge is the equilibrium modulus when frequency 
approaches zero value, gi is the relaxation modulus, 
and λi the corresponding relaxation time of the  ith 
Maxwell element, respectively. To reduce the degree 
of correlation between the adjustable parameters, the 
minimization procedure was performed by adopting 
the following recurrent constraint for the relaxation 
times: λi+1 = 10λi. Based on the statistical method, n 
was chosen to minimize the product χ2(n + 2), where 
χ2 is the sum of squared errors.

(2)𝜏 = 𝜏y + K�̇�m

(3)G� = Ge +

n
∑

i=1

gi�
2

i
�2

1 + �2
i
�2

(4)G�� =

n
∑

i=1

gi�i�

1 + �2
i
�2

Results and discussion

Effect of graphene oxide fraction on rheological 
properties of blends

TOCNF/GO blends were prepared by blending 2.00 
w/v% TOCNF and GO aqueous suspensions at various 
weight ratios (100:0, 75:25, 65:35, 50:50, 35:65, 25:75, 
15:85, 0:100) to investigate the significance and impact 
of the GO fraction on the flow and viscoelastic proper-
ties of the blends. The experimentally determined zeta 
potential values for the blends in the above order were 
-49 mV, -50 mV, -43 mV, -45 mV, -44 mV, -42 mV, 
-40  mV, and -39  mV, respectively, indicating stable 
suspensions (Li et al. 2008). The GO fraction given in 
figures and text below is the GO weight fraction in the 
total solids content, including both TOCNF and GO. 
A detailed rheological characterization and descrip-
tion of structural properties of the 2.00 w/v% simple 
suspensions (TOCNF, GO) can be found in our previ-
ous publications (Šebenik et al. 2019; Malnarič et  al. 
2023). Measured and calculated values (using Cross 
and GM models) describing the rheological behaviour 
of TOCNF/GO blends are presented in Fig. 1.

The effect of the GO fraction on the flow behaviour 
was examined across eight decades of shear rates, up 
to 1000  s−1 (Fig. 1a). Notably, the GO flow curve dis-
played higher viscosity values than TOCNF throughout 
the entire shear rate range. The shear thinning behav-
iour, observed for TOCNF, GO, and their blends, is a 
characteristic feature of nanocellulose and GO suspen-
sions with high solids content (Šebenik et  al. 2019; 
Malnarič et  al. 2023). This behaviour is attributed 
to the break-up of entangled TOCNF fibril network 
structures and alignment of the fibrils, as well as the 
alignment of GO particles and, at high GO concentra-
tions, the breakage of GO nematic domains under the 
influence of the flow. At low GO fractions (0.50 and 
below), the flow curves of blends closely resembled 
that of TOCNF. However, with higher GO fractions 
(above 0.50), the influence of GO on the flow behav-
iour became more pronounced. Moreover, the η0 values 
for blends with GO fraction of 0.75 and 0.85 surpassed 
the η0 value of the simple GO suspension (Fig.  1f). 
Similar was observed for the τy values, quantitatively 
determined using Herschel-Bulkley model, which 
increased with increasing GO fraction. The higher 
the GO fraction, the larger the shear stress required to 
deform the blend structure to the point where it flows.
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The mechanical spectra depicted in Fig.  1b illus-
trate the dependence of storage (G’) and loss (G’’) 
moduli on angular frequency. The G’ values signifi-
cantly exceeded the G’’ values and exhibited a slight 
frequency dependence across the angular frequency 
range from 0.1 to 100 rad  s−1, confirming the elastic 
character of the blends. It has been showed elsewhere 
(Šebenik et al. 2019; Malnarič et al. 2023) that both 

2.00 w/v% TOCNF and 2.00 w/v% GO suspensions 
exhibit a typical viscoelastic behaviour characteristic 
of a suspension in an arrested state.

As the GO fraction increased, both G’ and G’’ 
values also increased. Particularly at lower frequen-
cies, a shift towards higher values of the loss modulus 
was observed. The blend with a GO fraction of 0.85 
exhibited the highest moduli values, higher than GO 

Fig. 1  a Flow curves of TOCNF/GO blends with different GO 
fractions. The solid lines represent Cross model fit. b Mechani-
cal spectra of TOCNF/GO blends with different GO fractions. 
The dashed lines represent GM model fit of G’ (filled symbols) 
and G’’ (empty symbols) experimental data. c Loss factor 
(tanδ) curves for TOCNF/GO blends with different GO frac-
tions. d Ge dependency on GO fraction. e The relaxation time 

spectra for TOCNF/GO blends. f Storage modulus G’ (filled 
squares) and loss modulus G’’ (empty squares) measured at 
1 Hz vs GO fraction on the left axis. Zero-shear viscosity η0 
(circles) obtained by Cross model vs GO fraction on the right 
axis. The lines are drawn for easier reading of the results. The 
error bars show the standard deviation from the average of 
three measurements
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suspension. The same blend exhibited the highest vis-
cosity values, which were higher than those of GO 
suspension (Fig. 1a).

The mechanical spectra were effectively described 
using the GM model, as shown in Fig.  1b, with the 
incorporation of five distinct relaxation times outlined 
in Eqs. (3) and (4). The equilibrium modulus (Ge), as 
illustrated in Fig.  1d, displayed a nearly linear pro-
gression corresponding to the increasing GO weight 
ratio (wGO). The associated relaxation spectra show 
the significance of the frequency-dependent compo-
nent of the moduli (Eqs. (3) and (4)). As depicted in 
Fig. 1e, the significance of the second Maxwell ele-
ment markedly declined for blends with higher GO 
weight ratio (higher than 0.50). This suggests a nota-
bly reduced contribution of deformations associated 
with the relaxation time of around 0.01 s. In contrast, 
the highest gi values corresponding to higher λi values 
were determined for GO and GO-rich blends.

The loss factor (tanδ) values (Fig. 1c) decreased with 
increasing GO fraction in the higher frequency range, 
confirming an increasing elastic character. Conversely, 
at lower frequencies, the tanδ values of blends decreased 
with increasing GO fraction but remained higher than 
those of GO and TOCNF suspensions, indicating a 
larger proportion of larger and non-reversible deforma-
tions. These findings further underscore the complex and 
nuanced interplay of elastic and viscous properties in the 
blends influenced by varying GO fractions.

In Fig. 1f, a summarized representation of the blend-
ing effect on viscoelastic and flow properties is pro-
vided. The figure illustrates moduli values at a selected 
frequency (1 Hz) and η0 values for blends with differ-
ent GO weight ratios. The lines in the figure connect 
the values of GO and TOCNF suspensions. Positive 
deviations of G’ (indicative of elastic character) and G’’ 
(indicative of viscous character) values of blends from 
the respective lines indicate a synergistic effect of GO 
and TOCNF, especially at higher GO fractions. Con-
versely, η0 values deviate positively and negatively from 
the line at higher and lower GO fractions, respectively. 
These deviations reflect the complex rheological behav-
iour influenced by the composition of the blends.

Effect of  CaCl2 concentration on rheological 
properties of blends

Having analysed the rheological behaviour of 
TOCNF/GO blends, we introduced calcium ions at 

various concentrations. This addition was imple-
mented to develop a crosslinked hydrogel with 
improved elastic properties and to further enhance the 
structural features of TOCNF/GO blends.

In Fig. 2, the rheological measurements demonstrate 
the impact of blending TOCNF and GO suspensions at 
a  CaCl2 concentration of 0.17 w/v%. Upon the addition 
of  CaCl2, the shear-thinning behaviour was maintained 
(Fig.  2a). In comparison to blends without  CaCl2, η0 
values (Fig.  3a) and τy values exhibited a significant 
increase, particularly in GO-poor blends, where the 
values increased by more than two decades. Figure 3a 
consistently depicts similar patterns across all  CaCl2 
concentrations, with a higher viscosity increase corre-
sponding to higher  CaCl2 concentrations. Additionally, 
Fig. 3a reveals positive deviations from the lines (not 
shown in Fig.  3a) connecting the values of TOCNF 
and GO suspensions. These deviations suggest interac-
tions between GO, TOCNF, and calcium ions enhanc-
ing the hydrogels’ resistance to shear deformation.

The mechanical spectra of TOCNF/GO blends at 
a  CaCl2 concentration of 0.17 w/v% (Fig.  2b) show 
similar effect as the flow curves. The impact of cal-
cium ion addition was more pronounced in GO-poor 
blends. The G’ values significantly exceeded the 
G’’ values. However, with increasing TOCNF frac-
tion, the G’’ values notably increased and showed a 
reduced frequency dependence.

The G’ and G’’ values, measured at 1  Hz, are 
depicted in Fig. 3b as a function of GO fraction. The 
moduli values increased up to a GO fraction of 0.5; 
beyond this point, they decreased with an increasing 
GO fraction. Positive deviations from the lines con-
necting the values of TOCNF and GO suspensions (not 
displayed in the figure) were observed. In comparison 
to blends without  CaCl2, a significant increase in mod-
uli values was noted. This increase was more promi-
nent for blends with higher  CaCl2 concentrations.

The increasing elastic behaviour of the blends 
resulting from the addition of calcium ions is evident 
in the values of viscoelastic parameters (Ge and gi) 
calculated by the GM model, as depicted in Figs. 3d, 
e, and f. The Ge increased by more than two decades 
for GO-poor suspensions and by one (in case of 1.00% 
 CaCl2) or less than one decade for GO-rich suspen-
sions. The relaxation spectra of the blends (Fig. 3e), 
exhibiting a box-type distribution characteristic of a 
gel system, shifted to higher gi values with increasing 
 Ca2+ concentration. Similar shifts were observed in 
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the relaxation spectra of both TOCNF and GO alone. 
The influence of the TOCNF/GO ratio on the relaxa-
tion spectra at fixed  Ca2+ concentration is depicted in 
Fig. 3f, where spectra of GO-poor blends are shifted 
to higher gi values than the TOCNF spectrum.

Moreover, the lower tanδ values in Fig.  2c, com-
pared to those in Fig. 1c, indicate an enhanced elastic 
character of TOCNF and blends upon the addition of 
 Ca2+ to the system. On the other hand, the tanδ values 
of the GO suspension were not affected by the  Ca2+ 
addition. Figure 3c demonstrates that at 1 Hz, the elas-
tic character increased with both increasing GO frac-
tion and  CaCl2 concentration. Conversely, at lower fre-
quencies (0.1 Hz), the elastic character decreased with 
a higher GO fraction. It appears that at lower frequen-
cies, the oscillation period was long enough to allow 
larger, irreversible deformations, particularly in GO-
rich blends. The minimum in the tanδ curves (Fig. 2c), 
indicating the largest portion of reversible deforma-
tions, shifted to lower frequencies with an increasing 
amount of TOCNF.

Analysis of synergistic effects

The results presented in the previous chapter indi-
cate that both the graphene oxide fraction and the 

addition of calcium ions have a significant impact 
on the structural organization of the TOCNF/
GO blends, thereby influencing their rheological 
properties.

To better highlight the synergistic effects, a reference 
model was adopted, specifically the logarithmic mix-
ing rule. The model equations (Eqs. (5)–(8)) predict the 
behaviour of a blend without interactions between the 
components affecting a rheological property (Grunberg 
and Nissan 1949; McAllister 1960):

Relative excess functions, representing the relative 
deviations from the predictions of the logarithmic mix-
ing rule, were calculated using Eqs. (9)–(12), where 
the suffixes ex and mix denote the measured value and 
the value predicted by the logarithmic mixing rule, 
respectively.

(5)log�0,mix = wGOlog�0,GO + (1 − wGO)log�0,TOCNF

(6)log�0,mix = wGOlog�0,GO + (1 − wGO)log�0,TOCNF

(7)logG
�

mix
= wGOlogG

�

GO
+ (1 − wGO)logG

�

TOCNF

(8)logG
��

mix
= wGOlogG

��

GO
+ (1 − wGO)logG

��

TOCNF

Fig. 2  Comparison of rheological behaviour of TOCNF/GO 
blends at a  CaCl2 concentration of 0.17 w/v%. a Flow curves 
of TOCNF/GO blends with different GO fractions. b Mechani-
cal spectra of TOCNF/GO blends with different GO fractions. 

The dashed lines represent GM model fit of G’ (filled symbols) 
and G’’ (empty symbols) experimental data. c Loss factor 
(tanδ) curves for TOCNF/GO blends with different GO frac-
tions
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(9)Δlog�0 =
log�0,ex − log�0,mix

log�0,mix

(10)Δlog�0 =
log�0,ex − log�0,mix

log�0,mix

(11)ΔlogG� =
logG

�

ex
− logG

�

mix

logG
�

mix

(12)ΔlogG
��

=
logG

��

ex
− logG

��

mix

logG
��

mix

Fig. 3  a Zero-shear viscosity (η0) obtained by Cross model vs 
GO fraction with and without the addition of calcium ions. b Stor-
age modulus G’ (filled symbols) and loss modulus G’’ (empty 
symbols) measured at 1 Hz vs GO fraction with and without the 
addition of calcium ions. c Loss factor (tanδ) curves measured at 
1 Hz (filled symbols) and 0.1 Hz (empty symbols) vs GO frac-

tion. d Ge dependency on GO fraction with and without the addi-
tion of calcium ions. The relaxation time spectra gi-λi for e 0.50 
GO fraction with the addition of calcium ions and f TOCNF/GO 
blends at a  CaCl2 concentration of 0.17 w/v%. The lines are drawn 
for easier reading of the results. The error bars show the standard 
deviation from the average of three measurements
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The calculated values of relative excess functions for 
moduli (at 1 and 0.1 Hz), zero-shear viscosity and yield 
stress, as a function of GO fraction, are shown in Fig. 4.

The observed deviations, i.e., the values of rela-
tive excess functions, from the ideal logarithmic mix-
ing rule predictions can be explained by an altered 
suspension structure induced by blending. The 
blend structure is dictated by secondary interactions 

between GO and TOCNF, as well as interactions 
among them. According to the literature (Nechypor-
chuk et al. 2016; Curvello et al. 2019; Šebenik et al. 
2019), the 2.00 w/v% TOCNF suspension can be 
described as a highly entangled and physically inter-
connected network with water-trapping properties. 
The suspension exhibits relatively high elastic proper-
ties, often referred to as a hydrogel, due to secondary 

Fig. 4  Relative excess functions for a viscoelastic moduli at 
1 Hz, b viscoelastic moduli at 0.1 Hz, c zero-shear viscosity, 
and d yield stress of TOCNF/GO blends vs GO fraction with 
and without the addition of calcium ions. In all panels, squares 
represent the measurement of blends without the addition of 
calcium ions, up-pointing triangles with a  CaCl2 concentra-

tion of 0.17 w/v%, circles with a  CaCl2 concentration of 0.43 
w/v%, and down-pointing triangles with a  CaCl2 concentration 
of 1.00 w/v%. e The cumulative effect of blending and  Ca2+ 
addition on relative excess function of G’ at 0.1 and 1.0  Hz. 
The lines are drawn for easier data reading
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interactions between fibrils, such as hydrogen bonds, 
van der Waals forces, and electrostatic interactions. 
Similar interactions, in addition to π-π interactions, 
contribute to the elastic properties of GO suspensions. 
In GO suspensions, electrostatic repulsion competes 
with attractive interactions originating from the unox-
idized graphitic domains (Li et al. 2008; Vallés et al. 
2014; Wang et al. 2016). Furthermore, earlier studies 
(Shu et al. 2016; Malnarič et al. 2023) have demon-
strated that a 2.00 w/v% suspension of GO particles, 
with lateral dimensions ranging from 300 to 800 nm, 
exhibits a lyotropic LC phase due to rotational restric-
tions of the particles.

For TOCNF/GO blends without  CaCl2 (represented 
by the black square symbols in Figs.  4a–c), the fol-
lowing observations were made: at higher GO frac-
tions (> 0.50), the distribution of TOCNF in the GO 
matrix significantly contributed to both viscous and 
elastic behaviour ( G′′

ex
> G

′′

mix
 and G′

ex
> G

′

mix
 ) of the 

blends. The viscous component of the modulus was 
more influenced than the elastic component. Further-
more, the zero-shear viscosity and yield stress values 
deviated positively from the mixing rule prediction 
( 𝜂0,ex > 𝜂0,mix ) when the GO fraction exceeded 0.50. 
The enhanced properties of GO-rich blends, surpassing 
the predictions of the mixing rule, can be attributed to 
a combination of steric effects and attractive second-
ary interactions between the two materials, including 
hydrogen bonding, van der Waals interactions, and 
hinderance of the electrostatic repulsion between GO 
rims (Shim et al. 2017). In our interpretation, the pres-
ence of nanocellulose might induce the formation of 
larger GO domains and/or restrict the rotations of GO 

particles/domains, favouring nematic ordering (Narayan 
et al. 2016; Shim et al. 2017). This led to a substantial 
increase in all rheological parameters. As already men-
tioned in section above, the G’, G’’, η0 and τ0 values 
were even higher than those observed for the simple 
GO suspension. At this point, it might be speculated 
that the significantly reduced relevance of the second 
Maxwell element (as shown in Fig. 1e), associated with 
a relaxation time of around 0.01 s, for blends with a GO 
weight ratio of 0.5 and higher, might be attributed to 
restricted rotational deformation of GO particles. The 
relaxation time of approximately 0.01 s roughly corre-
sponds to the calculated rotational relaxation time for 
a disk-like particle with a radius of around 150 nm in 
a diluted aqueous suspension, as determined using the 
Stokes–Einstein equation (Einstein 1956; Debye 1929).

The observed optical birefringence in Fig. 5 con-
firms the existence of GO nematic and TOCNF 
crystalline and amorphous (Isogai and Zhou 2019; 
Khanjani et  al. 2019) domains in all blends. With 
increasing GO fraction, an enhanced organization 
into a nematic phase was observed (Fig. 5e–h). A full 
wave retardation plate (Fig.  6) was used to confirm 
the alignment along the flow direction due to surface 
tension and the effect of TOCNF domains on GO ori-
entation. The arrows in Fig. 6g indicate the GO parti-
cle orientation induced by TOCNF, which was espe-
cially observed above 0.65 GO fraction.

At low GO fraction (up to 0.5 GO fraction), the GO 
distribution in the TOCNF hydrogel contributed signifi-
cantly to the viscous behaviour ( G′′

ex
> G′′

mix
 ), while the 

elastic behaviour followed the mixing rule prediction 
( G�

ex
≈ G�

mix
 ). However, the zero-shear viscosity and 

Fig. 5  Optical microscopy images obtained between crossed polarizers of different blends inside a capillary with a 0.0, b 0.25, c 
0.35, d 0.50, e 0.65, f 0.75, g 0.85, and h 1.00 GO fraction. The scale bar represents 10 μm
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yield stress values showed negative deviations from the 
mixing rule prediction ( 𝜂0,ex < 𝜂0,mix ) up to 0.50 GO 
fraction. Similar was observed in Fig.  1f, suggesting 
considerably weaker secondary interactions than pre-
dicted by the mixing rule. Also, at lower frequencies (as 
already shown in Fig. 1c), the loss factor values of blends 
increased with the increasing TOCNF fraction and sur-
passed those of both GO and TOCNF suspensions, 
which indicated the occurrence of larger non-reversible 
deformations, requiring more time, such as substantial 
non-reversible fibril rearrangements. Indeed, this can 
be attributed to the disruption of the TOCNF hydrogel 
network structure in the presence of GO. GO might 
act as steric hindrance due to its random distribution of 
nematic domains within the TOCNF matrix (Fig. 6b–d). 
The hindrance could prevent, to some extent, nanocellu-
lose fibrils from forming entanglements and engaging in 
physical interactions such as hydrogen bonding and van 
der Waals interactions among fibrils.

As shown previously, upon  CaCl2 addition, the G’, 
G’’, η0 and τ0 values of TOCNF and GO suspensions 
increased. The observed increase of values for TOCNF 
suspension was considerably higher than that of the 
GO suspension. In a simple TOCNF suspension, cal-
cium ions ionically crosslink the negatively charged 
carboxyl functional groups on cellulose D-glucose 
units, creating a network that strengthens the hydrogel 
(Kopač et  al. 2020, 2021). Consequently, the impor-
tance of hydrogen bonding contribution to the hydro-
gel’s elasticity is diminished (Kopač et al. 2022a).

On the other hand, in a simple GO suspension, the 
addition of salts screens the electrostatic repulsion 

between the negatively charged functional groups 
(Konkena and Vasudevan 2014), increasing the range 
of van der Waals forces and leading to agglomera-
tion (Wang et al. 2016), i.e., GO platelets stacking. It 
has been reported, that the addition of calcium ions 
results in the formation of a GO–Ca2+–GO complex 
(Bayati and Fidalgo de Cortalezzi 2019) and that cati-
ons can induce a nematic to columnar LC transition 
(Konkena and Vasudevan 2014).

When  Ca2+ was added to TOCNF/GO blends, 
the positive effect of blending was observed for 
all blends, at all  Ca2+concentrations (Fig.  4). With 
increasing GO fraction, the relative excess function 
values first increased in GO-poor blends and then 
decreased in GO-rich blends. The relative excess 
function of the G’’ was more affected than that of 
the G’ for all blends, both with maximum deviation 
at 0.5 GO fraction, at 1.0 and 0.1  Hz, as shown in 
Fig. 4a and b, respectively. Apparently, the maximum 
of Δlogη0 shifted toward higher GO fractions with 
increasing  Ca2+ concentration (Fig. 4c), while Δlogτ0 
shifted toward lower GO fractions (Fig. 4d).

In blends containing a lower amount of GO, the 
primary interaction governing the structural arrange-
ment of the blend is anticipated to be the  Ca2+ bridg-
ing between the carboxyl groups of TOCNF. How-
ever, the positive synergistic effect between GO and 
TOCNF, confirmed by increasing positive ΔlogG’, 
ΔlogG’’, Δlogη0 and Δlogτ0 values with the increasing 
GO fraction, can be explained by the divalent cations 
bridging TOCNF and GO carboxylate groups. There-
fore, the presence of  Ca2+ appeared to overcome the 

Fig. 6  Optical microscopy images using a full wave retardation plate of different blends inside a capillary with a 0.0, b 0.25, c 0.35, 
d 0.50, e 0.65, f 0.75, g 0.85, and h 1.00 GO fraction. The scale bar represents 10 μm
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GO steric hindrance effect observed in blends with-
out  Ca2+. Higher ΔlogG’’ than ΔlogG’ values, at fre-
quencies of 1.0 and 0.1 Hz, suggest that more energy 
than predicted by the mixing rule was required not 
only for reversible, elastic deformations but especially 
for viscous, irreversible deformations. At 1  Hz, the 
elastic contribution increased with the increasing GO 
fraction (Figs.  2c and 3c), as for the blends without 
 Ca2+ (Fig. 1c). Conversely, after  Ca2+ addition, at the 
frequency of 0.1  Hz, the loss factor values were low 
(< 0.1) and unaffected by the GO fraction. This indi-
cated that  Ca2+ crosslinks significantly restricted larger 
non-reversible deformations, such as the disentangle-
ments of TOCNF fibrils, and resulting rearrangements 
(including alignments and rotations) of GO particles. 
It is worth noting that at low frequencies, the loss fac-
tor values of blends without  Ca2+ were even higher 
than those of simple compounds (Fig. 1c). The above-
mentioned deformations (disentanglements of TOCNF 
fibrils between crosslinks and resulting GO rearrange-
ments) might as well reflect as reduced viscosity at 
around 50  s−1 for GO-poor blends (Fig. 2a).

Interestingly, all relative excess function values 
(Δlogη0, Δlogτ0, ΔlogG’, and ΔlogG’’) at 1.00 w/v% 
 CaCl2 concentration were the lowest, which might be 
explained by a higher TOCNF crosslinking degree. 
This resulted in a diminished proportion of unre-
acted carboxyl groups available for bridging with 
GO. In simpler terms, as the concentration of  CaCl2 
increased, the predictions of the mixing rule were 
more closely approached.

On the other hand, the introduction of  Ca2+ ions 
in GO-rich blends, where GO rotation was already 
limited due to the presence of TOCNF, led to a fur-
ther reduction in the rotation of GO particles, which 
was reflected in an additional increase in all rheologi-
cal parameters (G’, G’’, η0 and τ0). The addition of 
 Ca2+ ions not only screened the repulsive electro-
static interactions between GO rims but also estab-
lished  Ca2+ bridges, connecting GO particles with 
each other and with TOCNF. The significance of 
GO–Ca2+–TOCNF interactions became more pro-
nounced with the increasing TOCNF fraction, leading 
to higher values of relative excess functions.

At higher  Ca2+ concentrations, the measured val-
ues of G’, G’’, η0 and τ0 increased due to the interac-
tions described earlier. However, the impact of  Ca2+ 
concentration on the relative excess functions was 
almost negligible at very high GO fractions (0.85 and 

above). The deviations from the predictions of the 
mixing rule were positive but relatively small. How-
ever, as mentioned above, the maximum Δlogη0 value 
shifted toward higher GO fractions with increasing 
 CaCl2 concentration, indicating the importance of 
GO–Ca2+–TOCNF interactions.

What is intriguing is the behaviour of the loss fac-
tor at 0.1 Hz: the values of the loss factor increased (as 
shown in Fig. 3c), indicating a larger portion of larger 
and irreversible deformations, with the increase in GO 
fraction, reaching the highest value for the simple GO 
suspension. It’s noteworthy that the opposite trend was 
observed in GO-rich blends without  CaCl2 (as depicted 
in Fig. 1c). In our view, this behaviour could be attrib-
uted to the GO complexation, leading to agglomera-
tion and/or a transition from nematic to columnar LC 
phase. It is worth noting that it has been shown else-
where (Jalili et al. 2014; Malnarič et al. 2023) that GO 
agglomeration leads to enhanced nematic phase forma-
tion. The shear-induced disruption and/or formation of 
agglomerated particles is an irreversible process (Esfa-
hani et al. 2016; Del Giudice and Shen 2017; Gyarmati 
et al. 2022; Malnarič et al. 2023). However, the values 
of the loss factor decreased with increasing  Ca2+ con-
centration and TOCNF fraction (Fig. 3c).

In Fig.  4e the cumulative effect of blending on 
the relative excess function of the elastic moduli 
is presented. The largest deviations from the mix-
ing rule predictions were observed for GO-poor 
blends. These deviations imply that the interactions 
TOCNF–Ca2+–TOCNF play a crucial role in influ-
encing the elastic properties of the hydrogel.

Conclusions

A comprehensive investigation of the rheological prop-
erties of a hybrid system containing TOCNF, GO, and 
calcium ions was carried out. The results of the inves-
tigation correlate the rheological behaviour with the 
hydrogel network characteristics. For blends without 
the addition of  Ca2+, the values of moduli and zero-
shear viscosity increased with increasing the GO frac-
tion. Correspondingly, the loss factor values decreased, 
confirming the increasing elastic character of the blends 
after incorporation of GO particles into a weak hydro-
gel of cellulose nanofibrils. At low GO fractions, nega-
tive deviations of zero-shear viscosity and yield stress 
from the logarithmic mixing rule prediction were 
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ascribed to the disruption of the TOCNF hydrogel net-
work structure in the presence of GO. The enhanced 
properties observed in GO-rich blends, surpassing the 
predictions of the mixing rule, and reaching a maxi-
mum at 0.85 GO fraction, were ascribed to the forma-
tion of larger GO domains and/or the restriction of their 
rotations, favouring nematic ordering, as confirmed 
by optical polarized microscopy. The addition of  Ca2+ 
resulted in an improved elastic behaviour of the blends, 
as indicated by the values of viscoelastic parameters. 
Particularly, Ge increased by more than two decades 
for GO-poor blends and the relaxation spectra of the 
blends, exhibiting a box-type distribution characteristic 
of a gel system, shifted to higher gi values with increas-
ing  Ca2+ concentration. Positive deviations from the 
linear mixing rule for zero-shear viscosity, yield stress 
and viscoelastic moduli were observed for all blends, 
at all  Ca2+ concentrations. The positive effect of blend-
ing was explained by the divalent cations bridging 
TOCNF and GO carboxylate groups. The importance 
of GO–Ca2+–TOCNF interactions became more pro-
nounced with the increasing TOCNF fraction.

A wide range of complex rheological properties in 
this research provides valuable insights and contrib-
utes to a comprehensive understanding of the effects of 
blending on TOCNF and GO rearrangements. The find-
ings offer essential knowledge for advanced applications 
such as hydrogels for controlled drug release, where the 
desired hybrid network structures may be controlled by 
varying the TOCNF/GO weight ratio and calcium ion 
concentration. Moreover, the ability to exploit the advan-
tages of both components expands the potential applica-
tions of the hybrid TOCNF/GO hydrogel systems.
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