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A B S T R A C T   

Supramolecular systems based on chitosan and cellulose nanofibers (CNFs) with a different surface modification 
(TEMPO-oxidation and carboxymethylation) were investigated and utilized for the functional consolidation of 
paper. Prior to the paper consolidation, the interactions between chitosan and CNFs dispersed in aqueous solvent 
were studied. It was detected that the peculiar surface functionalization of nanocellulose is crucial to control the 
chitosan/CNFs electrostatic attractions and, consequently, the entropic/enthalpic contributions and the stoi-
chiometry of the biopolymer adsorption onto the cellulose nanofibers. Dynamic Light Scattering and rheological 
experiments revealed that the presence of biopolymeric chains on the CNFs surface favors the entanglement and 
the aggregation between the nanofibers reinforcing their network. It was observed that chitosan and nano-
cellulose exhibit synergetic effects on the paper consolidation in terms of reinforcing action, surface hydro-
phobization and enhancement of the fire-resistance. In conclusion, this paper demonstrates that the electrostatic 
interactions between chitosan and functionalized nanocellulose drive the formation of hybrid fillers suitable for 
paper consolidation. Chitosan coated CNFs possess an improved capacity to penetrate the paper structure causing 
an enhancement of the mechanical resistance and surface hydrophobization. Moreover, chitosan/CNFs create a 
protective barrier for heat transfer that prevents the paper combustion.   

Introduction 

In recent years, cellulose nanofibers (CNFs) have attracted a growing 
interest because of their biocompatibility combined with their unique 
properties, such as low density, chirality, anisotropic shape, reactive 
surface chemistry and high stiffness (Ai et al., 2022; Salas et al., 2014). 
Literature reports that nanocellulose can be employed for numerous 
biomedical applications including the immobilization of proteins (Bisht 
et al., 2023; Ong et al., 2023; Tamaddon et al., 2020) and nucleic acids 
(Pötzinger et al., 2019), the loading and controlled release of drugs 
(Lisuzzo et al., 2020; Shi et al., 2022) and the fabrication of scaffolds for 
tissue engineering (Lu et al., 2023; Monfared et al., 2021; Zhang et al., 
2020). It is largely demonstrated that CNFs are effective as fire re-
tardants (Charreau et al., 2020; Hu et al., 2021) as well as adsorbent 
materials for removal of both inorganic and organic contaminants 
(Barhoum et al., 2023; Faiz Norrrahim et al., 2021; Paul & Ahankari, 
2023). Cellulose nanofibers are suitable catalytic supports as reported 
for the reduction of nitrophenols in water (Gopiraman et al., 2018). 
Recently, photosynthetic cell factories for biocatalytic ethylene 

production were obtained by the immobilization of cyanobacteria 
within hydrogel films based on CNFs and polyvinyl alcohol (Rissanen 
et al., 2021). As reported in a recent review (Zhao et al., 2020), nano-
cellulose can be employed as reinforcing filler of polysaccharides to 
fabricate nanocomposite materials suitable for food packaging applica-
tions. The combination of nanocellulose with ionic liquids drives to the 
production of hybrid membranes useful for gas-separation applications 
(Janakiram et al., 2020). Within Cultural Heritage, nanocellulose can be 
employed for the protective coating of textile and paper samples 
(Spagnuolo et al., 2022). 

The properties and the potential applications of cellulose nanofibers 
depend on their source as well as the production method (Thakur et al., 
2021). In general, nanocellulose is obtained from plant-raw materials, 
such as wood pulp, wheat straw, cotton, and sugar beet, through me-
chanical defibrillation combined with chemical pre-treatments, which 
aim to enhance the extraction capacity by the surface functionalization 
of the cellulosic materials (Thakur et al., 2021). The effective modifi-
cation of the nanocellulose surface can be achieved by exploiting 
different chemical reactions that involve efficacious -OH groups of 
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cellulose. In this regard, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) 
mediated oxidation, sulfonation, phosphorylation and carbox-
ymethylation represent the main chemical routes to synthesize func-
tionalized cellulose nanofibers (Thakur et al., 2021). As a general 
consideration, the diameter of cellulose nanofibers range between 3 and 
100 nm, while their length is in the order of several micrometers 
depending on the synthesis procedure (Mokhena & John, 2020). 

Chitosan is an emerging biopolymer because of its hydrophobicity as 
well as its antimicrobial capacity (Cavallaro et al., 2021). Regarding the 
biomedical applications, chitosan was used to develop drug carriers for 
cancer therapies (Li et al., 2021) and bone regeneration biomaterials (E. 
A. Naumenko et al., 2016; E. Naumenko & Fakhrullin, 2019; Zheng 
et al., 2019). Chitosan/collagen blends filled with clay nanotubes are 
suitable for hemostatic dressing due to their antimicrobial properties, 
cytotoxicity and high hemocompatibility (Lin et al., 2023). Hydrogel 
networks formed by chitosan, collagen and fucoidan can be employed in 
tissue engineering (Carvalho et al., 2021). Chitosan beads containing 
metal–organic frameworks (Sadjadi et al., 2023) and Pd nanoparticles 
(Farrokhi et al., 2022) are efficient and recyclable catalysts. The 
dispersion of inorganic nanoparticles within the chitosan matrix 
induced the formation of functional bionancomposites useful for food 
packaging applications (Bertolino et al., 2016; Cavallaro et al., 2021). 
Chitosan/halloysite composite films with a sandwich-like morphology 
exhibited a relevant fire- resistance (Bertolino et al., 2018). As reported 
in recent articles (Baglioni & Chelazzi, 2021), chitosan is a suitable 
polymer for numerous applications within the conservation of Cultural 
Heritage. Chitosan was employed for the preparation of hydrogels with 
cleaning capacity towards marble surfaces (Cavallaro et al., 2019). 
Linen textile samples were successfully protected by their consolidation 
through chitosan coated with Ag-SeO2 composites (Abdel-Kareem et al., 
2015). Calcium/chitosan nanoparticles prepared by ionic gelation 
method were used for antimicrobial coating of historical paper docu-
ments (Egil et al., 2022). 

In this work, supramolecular systems based on chitosan and differ-
ently functionalized CNFs were investigated to develop functional fillers 
for paper consolidation. In detail, TEMPO-oxidized CNF (TM-CNF) and 
carboxymethylated CNF (CM-CNF) were considered because of their 
high negative charge (Thakur et al., 2021), which can drive to strong 
interactions with cationic chitosan because of electrostatic attractions. 
Moreover, both TM-CNF and CM-CNF possess well-defined sizes with 
large surface area that can be positive for paper consolidation (Thakur 
et al., 2021). The optimization of the experimental conditions for the 
paper treatment by immersion method was achieved by a preliminary 
study on the interactions between chitosan and cellulose nanofibers. 
Due to the opposite charges of chitosan and nanocelluloses, it is ex-
pected that the electrostatic attractions drive to the spontaneous 
adsorption of the cationic biopolymer onto both TM-CNF and CM-CNFs. 
Accordingly, the different surface functionalization (TEMPO-oxidation 
and carboxymethylation) might affect the thermodynamics and stoi-
chiometry of chitosan/nanocelluloses interactions. In relation to the 
thermodynamic and electrostatic characteristics of chitosan/CNFs in-
teractions, it can be hypothesized that the biopolymer adsorption onto 
chemically modified cellulose nanofibers could induce synergetic effects 
on the paper consolidation in terms of improvement of mechanical 
performances, surface hydrophobization and fire-retardant action. To 
verify this hypothesis, mechanical properties, wettability and 
flame-resistance of paper samples treated by CNFs, chitosan and chito-
san/CNFs composites were determined. 

Materials and methods 

Materials 

Chitosan extracted from shrimp shell (average molecular weight of 
120 kg mol− 1 and deacetylation degree of 75–85 %) is a Sigma product. 
Chemically modified cellulose nanofibers (CNFs) were provided by 

Nippon Paper Industries Co., Ltd., Japan. Specifically, TEMPO-oxidized 
CNF (TM-CNF) and carboxymethylated CNF (CM-CNF) were investi-
gated. Details on the synthesis, chemical structures and TEM images of 
both TM-CNF and CM-CNF are reported in Supplementary Material. 
Based on the technical details provided by Nippon Paper Industries Co. 
(Lazzara et al., 2018), the width of TM-CNF is 3 nm, while that of 
CM-CNF ranges between 3 and 15 nm. 

Paper (thickness 0.15 mm, 73 g m − 2 and water capillary raise >178 
mmh− 1) is from Albet®. 

Characterization of chitosan/CNFs aqueous dispersions 

Isothermal titration calorimetry (ITC) 
The thermodynamics of chitosan/nanocellulose interactions was 

determined by Isothermal Titration Calorimetry (ITC) experiments, 
which were performed using an ultrasensitive Nano-iTC200 calorimeter 
(Micro-Cal). An amount of 40 µL of the chitosan aqueous solution 
(concentration of 1 g L − 1, pH = 4.5) was injected into the thermally 
equilibrated ITC cell (200 µL) containing the water/nanocellulose 
dispersion (concentration of 0.01 g L − 1, pH = 4.5). Each addition step 
was 0.49 µL. Volumes were calibrated by NaCl dilution experiment. The 
cell was thermally equilibrated at 25.000 ± 0.005 ◦C. The calorimeter 
sensitivity is at least 2 nanoW. The raw data were corrected for the in-
strument time constant, and an appropriate baseline was subtracted. As 
reported elsewhere for chitosan/nanoparticles composites (Bertolino 
et al., 2017), ITC data were successfully fitted by means of a 
Langmuir-type adsorption model, which allowed us to estimate the 
thermodynamic parameters and the stoichiometry for the chito-
san/CNFs interactions. Details for the fitting analysis of ITC data are 
presented in Supplementary Material. 

ζ-potential and dynamic light scattering (DLS) 
The role of the electrostatic interactions for the chitosan adsorption 

onto the nanocellulose was investigated by studying the surface charge 
of biopolymer/CNFs aqueous mixtures at variable composition. To this 
purpose, ζ-potential experiments were conducted through a Zetasizer 
Nano-ZS (Malvern Instruments) apparatus. The latter was also used to 
perform dynamic light scattering (DLS) measurements with the aim to 
investigate the effects of the chitosan/nanocellulose interactions on the 
aqueous diffusivity of the nanofibers. 

Both DLS and ζ-potential measurements were performed at constant 
temperature (T = 25 ◦C). As concerns ζ-potential measurements, a 
disposable folded capillary cell was used. Regarding DLS tests, the 
wavelength and the scattering angle were 632.8 nm and 173◦, respec-
tively. The field-time autocorrelation functions were analysed by ILT to 
obtain the distribution of the aqueous diffusion coefficients. 

The experiments were performed on chitosan/nanocellulose mix-
tures in water pH = 4.5. The nanocellulose concentration was kept 
constant at 0.05 wt%, while the concentration of chitosan was system-
atically varied to investigate dispersions with a variable biopolymer/ 
CNFs mass ratio (from 0.05 to 3). For comparison, the measurements 
were performed on aqueous dispersions containing pristine nano-
cellulose (concentration of 0.05 wt%) as well as pristine chitosan 
(concentration of 0.05 wt%). 

Conductivity measurements 
In addition to ζ-potential measurements, the influence of the elec-

trostatic attractions between chitosan and cellulose nanofibers was 
explored by conductivity titrations, which were performed through a 
digital Metrohm 660 conductimeter at a frequency of 2 kHz. An amount 
of 8 mL of the chitosan solution (concentration of 1 g L − 1, pH = 4.5) 
was injected into a cell (25 mL) containing the water/nanocellulose 
dispersion (concentration of 1 g L − 1, pH = 4.5). Each addition step was 
0.2 mL. Conductometric measurements were conducted at 25 ◦C. 
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Rheological investigations 
The effects of the chitosan adsorption on the rheological behavior of 

cellulose nanofibers were explored using a rheometer (Discovery HR-1, 
TA Instruments) equipped with a parallel plate (40 mm diameter and 1 
mm gap size). Rheological experiments were conducted on chitosan/ 
CNFs mixtures with a mass ratio of 0.1, which represents the stoichio-
metric composition to achieve the complete saturation of the cellulose 
nanofibers. Shear-viscosity tests in a flow ramp mode by increasing the 
shear rate from 0.1 to 1000 s − 1 within 60 s were carried out. The ob-
tained flow curves (viscosity vs shear rate) were successfully analyzed 
by using the Cross equation (Cavallaro et al., 2022). In addition, visco-
elastic properties were investigated through frequency sweep tests, 
which were conducted with a constant strain amplitude (1 %) and a 
variable angular frequency (from 0.01 to 10 Hz). On this basis, we 
determined the dependence of the storage (G’) and loss (G’’) moduli on 
the angular frequency. 

Paper consolidation by chitosan/CNFs aqueous dispersions 

Paper samples were consolidated using the immersion protocol 
described elsewhere for polymer/nanoclays aqueous dispersions (Cav-
allaro et al., 2018). Briefly, paper specimens with a rectangular shape 
(40 mm × 8 mm) were immersed in chitosan/CNFs aqueous dispersions 
kept on a basculation plan for 24 h at 25 ◦C. Afterwards, the consoli-
dated paper specimens were dried at 25 ◦C under vacuum. Chitosan, 
CNFs and chitosan/CNFs (mass ratio of 0.1) dispersions were employed 
as consolidant systems. The characteristics of paper and the amounts of 
consolidants entrapped within its structure are reported in Supplemen-
tary Material. 

Characterization of paper samples treated by chitosan/CNFs dispersions 

Mechanical experiments 
The efficiency of the consolidation was evaluated by studying the 

tensile properties of the treated paper samples. Tensile tests were per-
formed by a DMA Q800 apparatus (TA Instruments) under a controlled 
stress ramp (1 MPa min− 1) at 25.0 ± 0.1 ◦C. 

Water contact angle measurements 
The influence of the consolidants on the paper wettability was 

investigated by water contact angle measurements, which were per-
formed by the sessile drop method using OCA 20 (Data Physics In-
struments) equipped with a video measuring system having a high- 
resolution CCD camera. Interestingly, contact angle data are suitable 
to highlight hydrophobization effects on the paper surface. The experi-
ments were performed at 25.0 ± 0.1 ◦C. 

Scanning electron microscopy (SEM) 
The morphology of paper samples treated by chitosan/TM-CNF and 

chitosan/CM-CNF were studied by Scanning Electron Microscopy (SEM) 
using ESEM FEI QUANTA 200F electronic microscope. To avoid 
charging under the electron beam, each paper sample was coated with 
Au in argon by means of an Edwards Sputter Coater S150A. The mea-
surements were conducted in high vacuum mode (<6 × 10− 4 Pa) for 
simultaneous secondary electrons. Tthe energy of the beam was 25 kV 
and the working distance was 10 mm. 

Flame resistance of consolidated paper 
The flame resistance of paper samples (before and after the consol-

idation) was studied by burning experiments, which were carried out on 
sheets (20 and 5 mm in length and width, respectively) placed hori-
zontally and ignited at one end. The paper burning was monitored by 
High-Speed Micro Video Recording system (AOS Technologies - L-VIT 
2500) following the combustion front propagating along the media. 

Results and discussion 

Thermodynamics of chitosan/CNFs interactions 

The thermodynamics of the chitosan adsorption onto both cellulose 
nanofibers (TM-CNF and CM-CNF) was investigated by ITC experiments 
using the stepwise injection procedure. It should be noted that the 
thermal effects of the chitosan/CNFs interactions were estimated by 
subtracting the effects of dilution of both components (biopolymer and 
nanocellulose) from the heats of titration. On this basis, the cumulative 
variation of enthalpy (ΔHic) was determined at variable chitosan/ 
nanocellulose mass ratio (Fig. 2). The obtained trends were successfully 
fitted by the Langmuir adsorption model for both TM-CNF and CM-CNF. 
Mathematical details for the fitting model are presented in Supple-
mentary Material. 

Based on the ITC data analysis, the enthalpy (ΔHads) and the equi-
librium constant (Kads) were calculated for the biopolymer adsorption 
onto the cellulose nanofibers. As shown in Table 1, ΔHads values are 
positive for both cellulose nanofibers highlighting that the adsorption 
processes are endothermic. Moreover, it can be stated that the different 
surface modification of cellulose (TEMPO oxidation and carbox-
ymethylation) slightly affects the affinity of chitosan towards the 
nanofibers according to the similar Kads values of TM-CNFs and CM- 
CNFs (Table 1). 

The complete description of the energetics of the chitosan adsorption 
onto the cellulose nanofibers was achieved by the determination of the 
standard free energy (ΔGads) and the entropy (ΔSads), which were 
calculated according to the classical thermodynamic equations using the 
Kads and ΔHads data obtained by the fitting of ITC curves. As a general 
consideration, ΔGads is negative highlighting that chitosan spontane-
ously interacts with the nanocellulose surface, while the positive ΔSads 
values indicate that de-hydration and release of counterions are the 
dominant entropic factors during the adsorption process (Table 1). This 
finding agrees with the chemical structure of both TM-CNF and CM-CNF, 
which possess Na+ counterions that can be released because of the 
chitosan adsorption. Based on the calculated thermodynamic parame-
ters, it can be concluded that the interactions between cationic chitosan 
and cellulose nanofibers are spontaneous (ΔGads < 0), endothermic 
(ΔHads > 0) and entropy-driven (ΔSads > 0). Accordingly, literature 
reports that the adsorption of ionic molecules onto the nanocellulose 
surface are mostly endothermic and favored by entropic contributions 
due to the release of surface-structured water molecules and counterions 
from the electric double layer caused by the interaction between 
opposite charges (Lombardo & Thielemans, 2019). The influence of the 
electrostatic interactions on the thermodynamics of chitosan/CNFs in-
teractions will be discussed in the following paragraph by considering 
additional data, including ζ-potential results and conductivity titrations. 
It should be noted that the chitosan adsorption onto the CNFs surface 
generates another microscopic mechanism (the reduction of the 
configuration freedom of the biopolymeric chains), which induces a 
decrease of entropy. Based on the ITC results (Table 1), it can be stated 
that the entropic effect of this process is lower with respect to the release 

Table 1 
Interaction parameters for nanocellulose/chitosan obtained from ITC measure-
ments at 25 ◦C.  

Nanocellulose Za (gChit 

gCNF
− 1 ) 

Kint
a(dm3 

mol− 1) 
ΔHads

a 

(kJ 
mol− 1) 

ΔGads
b 

(kJ 
mol− 1) 

ΔSads
c (kJ 

mol− 1 K −
1) 

CM-CNF 0.11 ±
0.03 

(1.11 ±
0.06) •107 

3.22 ±
0.18 

− 40 ± 2 0.146 ±
0.019 

TM-CNF 0.09 ±
0.03 

(9.1 ± 0.8) 
•106 

2.97 ±
0.13 

− 39 ± 3 0.143 ±
0.016  

a from fitting of ITC data 
b calculated as -ln(Kint)/RT 
c calculated as (ΔHads - ΔGads)/T. 
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of Na+ ions and water molecules at the chitosan/nanocellulose interface. 
Similar results were detected for the adsorption of polymer onto laponite 
nanodisks, which possess Na+ ions on their surface (Cavallaro et al., 
2012). Besides the thermodynamic parameters, the fitting of the ITC 
curves (Fig. 1) allowed us to determine the chitosan/nanocellulose 
stoichiometric ratio (Z) at the saturation point. Namely, Z values 
represent the maximum adsorption amounts of chitosan per gram of 
cellulose nanofibers (TM-CNF and CM-CNF). The chitosan/CNFs stoi-
chiometry was slightly larger for CM-CNF compared to that of TM-CNF. 
On this basis, it can be asserted that carboxymethylation induces the 
formation of cellulose nanofibers able to adsorb a larger amount of 
polymer on their surface with respect to nanocellulose functionalized by 
TEMPO oxidation. 

Electrostatic aspects of chitosan/CNFs interactions 

ITC results revealed that the chitosan adsorption onto the nano-
cellulose surfaces depends on the electrostatic characteristics of the 
biopolymer and the nanofibers. Namely, it can be stated that the 

interactions between chitosan and cellulose nanofibers are strongly 
affected by the electrostatic attractions between chitosan and nano-
cellulose, which possess opposite surface charges under the investigated 
acidic conditions (pH = 4.5) of the aqueous medium. A deeper 
description on the relation between chitosan/nanocellulose interactions 
and the corresponding surface charges of both components was achieved 
by measuring the ζ-potential of aqueous mixtures at variable composi-
tion. Fig. 2 shows the dependence of the ζ-potential on the chitosan/ 
nanocellulose mass ratio for both TM-CNF and CM-CNF. 

It should be noted that ζ-potential data at mass ratio equals to 
0 represent the surface charge of pristine cellulose nanofibers. According 
to their surface chemistry, both nanocelluloses are negatively charged as 
demonstrated by their ζ-potential (− 46.6 ± 1.4 mV and − 49.2 ± 1.5 mV 
for TM-CNF and CM-CNF, respectively). Oppositely, pure chitosan pre-
sents a positive charge in agreement with its ζ-potential (+60.1 ± 1.8 
mV). These results confirm that the interactions between chitosan and 
both nanocelluloses are mostly controlled by their electrostatic attrac-
tions as hypothesized by the calculated thermodynamic parameters, 
which revealed that the biopolymer adsorption onto the nanofibers is 
entropy-driven (ΔSads > 0). This consideration is supported by 
comparing the ζ-potential data of pristine cellulose nanofibers, which 
highlighted that content of negative charges on the surface of CM-CNFs 
is higher respect to that on the surface of TM-CNF. Namely, the surface 
density of CH2COO− groups on CM-CNF is larger than that of COO−

groups on TM-CNF in agreement with the technical details provided 
from Nippon Paper Industries Co. (Lazzara et al., 2018) Therefore, the 
amount of Na+ counterions on the surface of CM-CNF is superior 
compared to that on TM-CNF. Consequently, it can be expected that the 
entropic contribution due to the Na+ ions release is higher for the chi-
tosan adsorption onto the carboxymethylated nanocellulose. This hy-
pothesis agrees with ΔSads results obtained by the fitting of ITC curves 
(Table 1). As a general result, the dependence of the ζ-potential on the 
chitosan/nanocellulose mass ratio showed a monotonic increasing trend 
reaching the value of pristine chitosan. In particular, both trends can be 
divided in two regions: 1) ζ-potential < 0 and 2) ζ-potential > 0. In the 
first region, the addition of chitosan generated a decrease of the ζ-po-
tential absolute value that could be attributed to the partial neutrali-
zation of the negative surface charges of the cellulose nanofibers 
because of the biopolymer adsorption. The negative ζ-potential values of 
the first region evidence that nanocellulose surface was not saturated by 
chitosan. It is important to note that the ζ-potential becomes null once 
the saturation point is achieved and, consequently, the adsorbed chito-
san completely neutralizes the negative surface charges of the cellulose 
nanofibers. On the other hand, the second region shows positive ζ-po-
tential values highlighting that the aqueous dispersion contains an 
excess of chitosan respect to the saturation point. Therefore, a fraction of 
the biopolymeric chains (positively charged) are freely dispersed in 

Fig. 1. Cumulative enthalpy variation data obtained by isothermal titration of both cellulose nanofibers (TM-CNF and CM-CNF) with chitosan. Lines correspond to 
the best fits according to the Langmuir adsorption model. 

Fig. 2. Dependence of the ζ-potential on the chitosan/nanocellulose mass ratio 
for both cellulose nanofibers (TM-CNF and CM-CNF). Lines correspond to the 
fitting according to an exponential rise equation. 
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water explaining the positive ζ-potential data. It should be noted that the 
ζ-potential values are close to that of pristine biopolymer for high chi-
tosan/nanocellulose mass ratios (ca. 2 order of magnitude higher than 
the stoichiometry) because the content of unbound chitosan is largely 
predominant. 

Furthermore, the analysis of the ζ-potential data allowed us to esti-
mate the chitosan/nanocellulose stoichiometric ratios, which were 
compared to those determined by ITC measurements. To this purpose, 
the experimental curves of ζ-potential vs chitosan/nanocellulose mass 
ratio were fitted using an exponential rise equation for both TM-CNFs 
and CM-CNFs. Based on the obtained fitting functions, the ratios cor-
responding to the null ζ-potential values were calculated. The saturation 
point of the nanofibers was achieved for chitosan/nanocellulose mass 
ratios equal to 0.10 ± 0.02 and 0.12 ± 0.02 for TM-CNFs and CM-CNFs, 
respectively. These results are in good agreement with those determined 
from the thermodynamic investigations. 

In addition to the ζ-potential measurements, the electrostatic aspects 
of the chitosan/nanocellulose interactions were explored by studying 

the effect of the chitosan adsorption on the conductivity of the cellulose 
nanofibers dispersed in aqueous solvent. Fig. 3 shows the conductivity 
titration curves for both chitosan/TM-CNF and chitosan/CM-CNF. The 
conductivity results of the chitosan/nanocellulose mixtures are pre-
sented as absolute variations compared to those of pristine cellulose 
nanofibers. Both titration curves are characterized by an initial 
decreasing trend that can be attributed to the neutralization of the 
negative charges of the nanocellulose surfaces because of the adsorption 
of the cationic biopolymer. Then, the conductivity reached a minimum 
that reflects the complete saturation of the nanocellulose surfaces. Ac-
cording to the calorimetric and ζ-potential experiments, the saturation 
point was achieved at a larger chitosan/nanocellulose mass ratio for CM- 
CNF (0.14) with respect to that determined for CM-CNF (0.10). The 
further addition of chitosan generated an increase of the conductivity 
because the added biopolymer (positively charged) is not adsorbed on 
nanocellulose remaining freely dispersed in water. 

The combination of the electrostatic and thermodynamic aspects of 
the chitosan/nanocelluloses interactions allowed us to obtain a 
comprehensive description of the adsorption of the cationic biopolymer 
onto chemically modified cellulose nanofibers. Fig. 4 displays a sche-
matic representation of the biopolymer adsorption onto the surfaces of 
CNFs evidencing that the interactions between chitosan and nano-
cellulose are influenced by the peculiar functionalization (TEMPO 
oxidation or carboxymethylation) of the nanofibers. 

Effects of the chitosan adsorption on the aqueous dynamics of cellulose 
nanofibers 

The influence of the chitosan adsorption on the dynamics of cellulose 
nanofibers dispersed in water was investigated. To this purpose, DLS 
experiments were conducted on aqueous dispersions with variable chi-
tosan/nanocellulose ratio. As a general consideration, the obtained 
autocorrelation curves were successfully fitted using a monoexponential 
decay function. Accordingly, the intensity-weighted distributions are 
unimodal for both pristine cellulose nanofibers and chitosan/nano-
cellulose mixtures with different composition (Fig. 5 and Supplementary 
Material). It was observed that the addition of chitosan on both TM-CNF 
and CM-CNF shifts the distributions to smaller diffusion coefficients 
highlighting that the aqueous mobility of the cellulose nanofibers is 
reduced. This effect is enhanced by increasing the chitosan content in 
the dispersion. 

The influence of the chitosan/nanocellulose mass ratio on the 
aqueous dynamics of cellulose nanofibers is presented in Fig. 6, which 

Fig. 3. Conductivity titration curves for chitosan/TM-CNF and chitosan/CM- 
CNF mixtures. The conductivity data are presented as absolute variations 
with respect to the conductivity values of pristine nanocelluloses in water. 

Fig. 4. Schematic representation of the chitosan adsorption onto chemically modified nanocelluloses (TM-CNF and CM-CNF).  
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reports the average values of the diffusion coefficient obtained from the 
mathematical analysis of the intensity-weighted distributions. 

The enhancement of the chitosan amount induced a decrease of the 
diffusion coefficient that can be attributed to the polymer adsorption 
onto CNFs combined with depletion processes. Specifically, the reduc-
tion of the aqueous diffusivity of the nanofibers can be ascribed entirely 
to the biopolymer adsorption for chitosan/nanocellulose ratios equal to 
ca. 0.1, which represent the saturation point as evidenced by the ther-
modynamic and electrostatic investigations. Specifically, the chitosan 

adsorption slows down the dynamics of both TM-CNF and CM-CNF 
because of attractive hydrophobic interactions between the adsorbed 
polymeric chains. In addition to the biopolymer adsorption, depletion 
processes can contribute to the reduction of the CNFs mobility for chi-
tosan/nanocellulose ratio > ca. 0.1 because of the presence of free non- 
adsorbing polymeric chains in the aqueous medium. Namely, free chi-
tosan can favor the aggregation of the cellulose nanofibers causing an 
increase of their aqueous diffusion coefficient. This consideration is 
supported by literature on biopolymer/nanoparticle colloidal systems 
(Durand-Gasselin et al., 2014). 

Influence of chitosan adsorption on the rheological properties of cellulose 
nanofibers 

The influence of the chitosan adsorption on the rheological behavior 
of the cellulose nanofibers was studied by both shear flow and frequency 
sweep experiments. Based on the thermodynamic and electrostatic re-
sults, the rheological measurements were conducted on chitosan/ 
nanocellulose aqueous mixtures with mass ratio of 0.1, which is close to 
the stoichiometric ratio for both TM-CNF and CM-CNF. In particular, the 
concentrations of nanocellulose and chitosan were kept constant at 0.05 
and 0.5 wt%, respectively. For comparison, rheological experiments 
were carried out on 0.5 wt% CNFs aqueous dispersions. The determi-
nation of the rheological properties was useful to evaluate the suitability 
of chitosan/nanocellulose mixtures in water for the paper treatment by 
immersion protocol. 

The flow experiments allowed us to obtain the dependence of the 
viscosity (η) on the shear rate (γ̇) for all the investigated dispersions. As 
displayed in Fig. 7, the η vs γ̇ functions show decreasing trends for both 
CNFs and chitosan/CNFs highlighting the Non-Newtonian behavior of 
all the colloids. Similar observations were detected for aqueous disper-
sions containing TEMPO oxidized nanofibers. The shear-thinning 
behavior was attributed to the destruction of the nanofibers network 
at high shear rate inducing a decrease of the measured viscosity 
(Vadodaria et al., 2018). 

As reported for carboxylated cellulose nanofibers synthesized by 
TEMPO-periodate oxidation (Qu et al., 2021), the flow curves were 
successfully fitted using the Cross model allowing us to estimate the 
zero-shear viscosity (η0), the relaxation time (α) and the shear thinning 
index (m), which is a dimensionless parameter ranging between 
0 (Newtonian fluid) and 1 (plastic fluid). The fitting parameters ob-
tained by the analysis of the flow curves with the Cross equation are 
collected in Supplementary Material. 

As concerns the η0 values, the chitosan addition generated an in-
crease for both TM-CNF and CM-CNF. These results evidence that the 
chitosan adsorption enhanced the entanglement and the aggregation 
between CNFs reinforcing their network with a consequent increment of 
the viscosity. The reinforcing action of the biopolymer on the 

Fig. 5. Intensity-weighted distributions obtained from DLS measurements for 
the aqueous diffusion coefficient of chitosan, pristine cellulose nanofibers (TM- 
CNF and CM-CNF) and chitosan/nanocellulose composites at variable mass 
ratio (0.1 and 3). 

Fig. 6. Aqueous diffusion coefficients of cellulose nanofibers as functions of the chitosan/nanocellulose mass ratio.  
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nanofibers-based network is stronger for CM-CNF, which evidenced a 
η0 enhancement of ca. 2 times due to the interactions between chitosan 
and nanocellulose. We detected that the different surface functionali-
zation (TEMPO oxidation and carboxymethylation) strongly affects the 
relaxation time being that the α value of CM-CNF is 4 order of magnitude 
larger than that of TM-CNF. The chitosan adsorption determined an 
increase of the relaxation time for both nanocelluloses that reflects the 
reduction of the aqueous mobility of the cellulose nanofibers. This 
finding agrees with the DLS data presented in the previous paragraph. As 
a general result, the calculated m values are lower than 1 confirming 
that CNFs and chitosan/CNFs aqueous dispersions behave like non- 
Newtonian pseudoplastic fluids. The results on CNFs aqueous disper-
sions evidenced that the TEMPO-oxidized nanocellulose possesses a 
higher pseudoplasticity compared to the carboxymethylated cellulose 
nanofibers. The chitosan adsorption onto the TM-CNF determined a 
slight m decrease, which is consistent with a reduction of the shear 
thinning behavior of the cellulose nanofibers. Oppositely, the presence 
of chitosan did not alter the pseudoplasticity of carboxymethylated 
nanocellulose as demonstrated by the similar m values of CM-CNF and 
chitosan/CM-CNF dispersions. 

The influence of the chitosan adsorption on the entanglement and 
aggregation between the cellulose nanofibers was explored also by fre-
quency sweep experiments, which allowed us to determine the storage 
(G’) and loss (G’’) moduli of the dispersions under variable angular 

frequency (ω) (Fig. 8). 
As concerns pristine CNFs, it was detected that G’ and G’’ trends 

present a crossing point at angular frequency of 45.78 and 1.114 rad s − 1 

for TM-CNF and CM-CNF, respectively. The crossover between G’’ and 
G’ represents the sol/gel transition as reported for nanocellulose and 
biopolymer colloids (Cavallaro et al., 2022; Wu et al., 2021). Before the 
crossing point, the aqueous dispersions based on pristine nanocelluloses 
exhibited a gel-like behavior being that G’ is larger than G’’. This result 
could indicate that the long-range rearrangements of the nanofibers are 
slow. Oppositely, the CNFs dispersions showed a fluid-like behavior (G’’ 
> G’) after the crossing point evidencing that short-range rearrange-
ments are fast. Interestingly, the addition of chitosan changed the de-
pendences of the rheological moduli on the angular frequency. 
Specifically, it was observed that G’ is higher than G’’ within the whole 
frequency range for both chitosan/TM-CNF and chitosan/CM-CNF 
mixtures. Accordingly, it can be stated that the chitosan/nanocellulose 
aqueous dispersions behave like a gel for all the investigated fre-
quencies. This finding could indicate that the chitosan adsorption favors 
the entanglement and aggregation between the nanofibers, which pro-
duce more robust networks compared to those based on pristine TM-CNF 
and CM-CNF. The enhancement of the network strength could be 
explained by considering the presence of hydrophobic interactions be-
tween the cellulose nanofibers coated by the cationic chitosan. These 
attractions are predominant with respect to the electrostatic interactions 

Fig. 7. Flow curves (shear viscosity as a function of shear rate) for cellulose nanofibers (TM-CNF and CM-CNF) and chitosan/cellulose nanofibers mixtures. The 
concentration of CNFs and chitosan were fixed at 0.5 and 0.05 wt%, respectively. 

Fig. 8. Storage (G’) and loss (G’’) moduli as functions of the angular frequency for cellulose nanofibers (TM-CNF and CM-CNF) and chitosan/cellulose nanofibers 
mixtures. The concentration of CNFs and chitosan were fixed at 0.5 and 0.05 wt%, respectively. 
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inducing the formation of more robust networks. This hypothesis is 
supported by the thermodynamic and electrostatic description of the 
interactions occurring between cellulose nanofibers and chitosan. 

Tensile performances, wettability and flame resistance of paper 
consolidated by chitosan/CNFs mixtures 

The chitosan/nanocellulose aqueous mixtures were tested for the 
paper consolidation by using the immersion protocol presented in the 

Experimental section. Specifically, the concentrations of CNFs and chi-
tosan (0.5 and 0.05 wt%, respectively) were equivalent to those inves-
tigated in the rheological experiments. The morphologies of the paper 
samples treated by chitosan/TM-CNF and chitosan/CM-CNF mixtures 
are shown by SEM images (Fig. 9). 

For comparison, the paper treatment was conducted with aqueous 
dispersions of neat CNFs (concentration of 0.5 wt%) as well as pristine 
chitosan (concentration of 0.05 wt%). It is important to evidence that 
recent works report that both components are effective as consolidants 
of paper (Abdel-Kareem et al., 2015; Spagnuolo et al., 2022). Cellulose 
nanofibers can be employed as reinforcing fillers of the paper structure 
generating an improvement of the mechanical resistance.(Spagnuolo 
et al., 2022) As evidenced by a recent review, the paper consolidation 
efficiency depends on the chemical functionalization of cellulose 
nanofibers (Spagnuolo et al., 2022). On the other hand, chitosan can be 
used as flame retardant (Chen et al., 2020; Fang et al., 2022; Kundu 
et al., 2022) and hydrophobic agent (Martins et al., 2023) enhancing the 
properties and functionalities of the paper samples. According to these 
considerations, the tensile performances, wettability and the flame 
resistance of paper consolidated with chitosan/nanocellulose mixtures 
were determined to explore possible synergetic effects of the biopolymer 
and cellulose nanofibers. The tensile properties of untreated and treated 
paper specimens were studied by Dynamic Mechanical Analysis under a 
controlled stress ramp. The analysis of the stress vs strain curves 
(Fig. 10) allowed to determine the tensile parameters of paper in terms 
of elastic modulus, stress at break and ultimate elongation. The obtained 
data are collected in Table 3. 

It was observed that the addition of chitosan in the consolidating 
dispersions enhances the capacity of cellulose nanofibers to improve the 
stress at breaking point of the paper. In particular, the consolidation 
with pristine TM-CNF and CM-CNF generated improvements by 12 % 
and 18 %, respectively, while the stress at break of paper consolidated 
with chitosan/TM-CNF and chitosan/CM-CNF was enhanced by 20 % 
and 22 %, respectively. These results could indicate that the adsorption 
of chitosan favors the filling ability of the cellulose nanofibers within the 
fibrous structure of the paper. Namely, it can be hypothesized that 
presence of nanocelluloses improved the connection between the fibers 
in the matrix of the paper driving to an enhancement of the mechanical 
resistance. Similar results were detected for paper treated by sulfated 
and neutral cellulose nanocrystals, which favor the interconnection of 
the paper fibers through the establishment of polar interactions (Oper-
amolla et al., 2021). Literature reports that the filling of historical paper 
by cellulose nanocrystals improved the tensile strength by ca. 21%. This 
improvement was enhanced to 27% by using composites based on cel-
lulose nanocrystals and halloysite clay nanotubes as fillers for paper 
consolidation (Elmetwaly et al., 2022). Halloysite clay nanotubes with 
hydroxypropylcellulose were employed as nanofillers of paper structure 

Fig. 9. SEM micrographs of paper samples treated by chitosan/TM-CNF (a) and chitosan/CM-CNF (b) mixtures in water.  

Fig. 10. Stress vs strain curves for paper before and after the treatment by 
chitosan (a), paper treated by CNF-TM and chitosan/TM-CNF dispersions (b) 
and paper treated by CNF-CM and chitosan/CM-CNF dispersions (c). The con-
centration of chitosan was fixed at 0.05 wt%, while that of cellulose nanofibers 
was kept at 0.5 wt%. 
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inducing an increase of the tensile strength by ca. 10 % (Lisuzzo et al., 
2021). 

As a general result, the consolidation with both CNFs dispersions and 
chitosan/CNFs mixtures induced slight increases of the elastic modulus 
and the ultimate elongation compared to the untreated paper. It should 
be noted that the treatment by chitosan dispersion did not alter the stress 
at break of the paper evidencing that the mechanical resistance was not 
improved by the presence of the pristine biopolymer. On the other hand, 
the paper treated with chitosan exhibited the highest rigidity as 
demonstrated by the largest elastic modulus. 

The influence of the consolidating systems on the paper wettability 
was studied by water contact angle experiments. Fig. 11 displays the 
images of the water droplets (with the corresponding contact angle 
values θi) obtained immediately after their deposition on the surface of 
the paper samples. 

It was detected that the untreated paper presents the lowest θi (32◦), 
which is consistent with its hydrophilic nature as reported elsewhere 
(Cavallaro et al., 2016). The consolidation with pristine nanocelluloses 
induced a slight hydrophobization of the paper surface as evidenced by 

the larger θi values (44◦ and 45◦ for TM-CNF and CM-CNF, respectively). 
Further increases of the initial contact angle were achieved by using 
chitosan/CNFs mixtures as consolidating systems highlighting that the 
presence of biopolymer improved the hydrophobization effect on the 
paper surface. It should be noted that the paper treated with pristine 
chitosan presents a contact angle (68◦) similar to those determined after 
the consolidation with chitosan/TM-CNF (63◦) and chitosan/CM-CNF 
(65◦). On this basis, it can be stated that the paper hydrohobization 
generated by chitosan/nanocellulose mixtures can be largely attributed 
to the biopolymer. In addition, the wettability results highlighted that 
chitosan could act as hydrophobic agent of paper despite its interactions 
with CNFs. 

Burning experiments on paper samples consolidated with chitosan, 
CNFs and chitosan/CNFs dispersions were carried out to evaluate the 
influence of the consolidants as flame retardants. To this purpose, the 
kinetic evolution of the combustion front of the paper specimens with a 
rectangular shape was studied. The flame propagation videos are re-
ported in Supplementary Material, while Fig. 12 displays the images of 
the untreated and treated samples at variable times from the starting 

Fig. 11. Images of the water droplets immediately after their deposition on the surface of untreated and treated paper samples. The corresponding contact angle 
values are presented. 

Fig. 12. Images of untreated and treated paper samples during the burning experiments.  
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point of the paper burning. 
It was observed that the treatment by using the pristine consolidants 

(chitosan or CNFs) delays the spread of fire after the paper ignition. The 
analysis of the videos provided the burning rates for paper before and 
after the consolidation with chitosan, TM-CNFs and CM-CNFs (Table 3). 
Similar results were detected by using halloysite nanotubes loaded with 
perfluorooctanoate as fillers of paper (Cavallaro et al., 2016). 

Interestingly, the fire spreading was prevented in the paper samples 
treated with chitosan/TM-CNFs and chitosan/CM-CNFs. Therefore, it 
can be hypothesized that the chitosan coated nanocelluloses create an 
efficient protective layer, which stops the heat and mass transfer in the 
paper combustion. Namely, the chitosan/CNFs hybrids exhibited a 
stronger fire-retardant action compared to that of the pristine compo-
nents. This finding could be related to the improved filling capacity 
within the paper structure of CNFs after the adsorption of chitosan on 
their surfaces. 

Conclusions 

An advanced and sustainable protocol for the paper treatment by 
using aqueous mixtures of chitosan and chemically modified cellulose 
nanofibers (CNFs) was proposed. The optimization of the paper 
consolidation was achieved based on the preliminary investigations of 
the chitosan/nanocellulose supramolecular systems. Among function-
alized nanocelluloses, TEMPO-oxidized (TM-CNF) and carboxymethy-
lated (CM-CNF) cellulose nanofibers were selected. Isothermal Titration 
Calorimetry results evidenced that the chitosan adsorption onto both 
TM-CNF and CM-CNF is endothermic (ΔHads > 0) and spontaneous 
(ΔGads < 0) in agreement with the opposite charges of chitosan and 
nanocelluloses. The peculiar CNFs surface functionalization slightly 
affected the stoichiometry of chitosan/nanocellulose complex. On the 
other hand, it was observed that the entropic contribution of the 
biopolymer adsorption is larger for carboxymethylated cellulose nano-
fibers due to their stronger electrostatic attractions with chitosan, which 
induces the release of Na+ counterions from the CNFs surface. This 
finding agrees with the ζ-potential data highlighting that the surface 
density of CH2COO− groups on CM-CNF is larger than that of COO−

groups on TM-CNF. As evidenced by Dynamic Light Scattering experi-
ments, the chitosan adsorption reduces the aqueous mobility of the 
cellulose nanofibers, while rheological investigations revealed that the 
presence of biopolymeric chains on the CNFs surface favors the entan-
glement and the aggregation between the nanofibers reinforcing their 
network. According to the obtained results, aqueous mixtures of chito-
san (0.05 wt%) and nanocellulose (0.5 wt%) were used for the paper 
consolidation by the immersion method. The selected concentrations 
assured that the surface of the cellulose nanofibers is completely satu-
rated by chitosan. The adsorption of chitosan on the CNFs surface 
revealed an efficient strategy to obtain nanofillers with multiple func-
tionalities towards the treated paper. Specifically, the chitosan adsorp-
tion enhanced the reinforcing action of both nanocelluloses towards 
paper samples as evidenced by the increases of the stress at breaking 
point values. Moreover, it was observed that the paper treatment by 
chitosan/CNFs dispersions generates a relevant surface hydro-
phobization, which does not occur for paper consolidated with pristine 
nanocelluloses. Interestingly, the consolidation by both chitosan/TM- 
CNFs and chitosan/CM-CNFs prevents paper combustion. This effect 
could indicate that the nanofibers coated by chitosan create a protective 
barrier for the heat transfer during the paper burning. In contrast, the 
filling of paper with pure consolidants (chitosan or CNFs) induced in-
creases of the burning rate highlighting their slighter fire-retardant ac-
tion compared to chitosan/CNFs composites. In conclusion, this work 
demonstrates that supramolecular systems based on chitosan and 
chemically modified cellulose nanofibers are perspective fillers for the 
protective consolidation and surface hydrophobization of paper. 

Table 2. 
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Pötzinger, Y., Rahnfeld, L., Kralisch, D., & Fischer, D. (2019). Immobilization of plasmids 
in bacterial nanocellulose as gene activated matrix. Carbohydrate Polymers, 209, 
62–73. https://doi.org/10.1016/j.carbpol.2019.01.009 

Qu, R., Wang, Y., Li, D., & Wang, L. (2021). The study of rheological properties and 
microstructure of carboxylated nanocellulose as influenced by level of carboxylation. 
Food Hydrocolloids, 121, Article 106985. https://doi.org/10.1016/j. 
foodhyd.2021.106985 

Rissanen, V., Vajravel, S., Kosourov, S., Arola, S., Kontturi, E., Allahverdiyeva, Y., et al. 
(2021). Nanocellulose-based mechanically stable immobilization matrix for 
enhanced ethylene production: A framework for photosynthetic solid-state cell 
factories. Green Chemistry, 23(10), 3715–3724. https://doi.org/10.1039/ 
D1GC00502B 

Sadjadi, S., Abedian-Dehaghani, N., Heydari, A., & Heravi, M. M. (2023). Chitosan bead 
containing metal–organic framework encapsulated heteropolyacid as an efficient 
catalyst for cascade condensation reaction. Scientific Reports, 13(1), 2797. https:// 
doi.org/10.1038/s41598-023-29548-2 
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