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A B S T R A C T

The application by spray coating of low amounts (2–4 g/m2) of cellulose nanofibers (CNF) onto three different 
paper substrates, a recycled one (RC, 130 g/m2) and two food contact samples (FC45, 45 g/m2 and FC100, 100 g/ 
m2), allowed to investigate the impact of CNF typology and mechanical pre-treatment on the barrier performance 
against grease and air permeation. Two CNF additives were produced and characterized (TEM, XRD, FT-IR), 
differing for the production process: TEMPO-mediated oxidation (TOCNF) and enzymatic hydrolysis (ECNF). 
The crucial role of homogenization cycles to achieve nanoscale dimensions was correlated to the barrier 
response. TOCNF-based coatings performed better than ECNF ones, reaching a complete grease barrier (kit 12) 
both for RC and FC100, even at the lower consistencies. The addition of glycerol as plasticizer in formulations 
allowed to obtain a similar result for FC45, but just in the case of TOCNF-based coatings. A significant decrease of 
water permeability was also observed when applying TOCNF coating to RC (Cobb60 value from 138 g/m2 to 40.3 
g/m2) and a complete air barrier was measured at the higher consistency of both CNF as detected by Gurley test. 
SEM analysis of coated samples disclosed the effect of coatings on porous substrates.

1. Introduction

Packaging plays a key role in our society. It has the dual goal of 
attracting customers (Gómez et al., 2015) and protecting the goods that 
are stored in it. This last feature is of fundamental importance when 
considering food, either to avoid food waste or food contamination 
(Azeredo et al., 2017), but also for cosmetics or other products to be 
preserved. Currently, the packaging industry predominantly relies on 
petroleum-derived materials, which, despite being recyclable or pro
duced from recycled sources, pose significant end-of-life challenges due 
to their resistance to biodegradation (Ji et al., 2022). For this reason, 
there is an increasing demand for sustainable bio-based raw materials 
for packaging production. Cellulose, with its several features including 
renewability, non-toxicity, biodegradability, possibility to be extracted 
from waste sources and high reactivity, is one of the most investigated 
substrates for this purpose (Aziz et al., 2022; Pennells et al., 2020; 
Thomas et al., 2018). However, paper-based packaging does not have 
the barrier properties usually required by the packaging industry, due to 

the high porosity of the substrate. In fact, when not treated, it presents 
high permeability to water, air and grease (Nair et al., 2014). For this 
reason, more and more studies in literature report new multilayer so
lutions, exploiting bio-based materials for food packaging (Hult et al., 
2010; Mazega et al., 2022; Tyagi et al., 2019), and various coating 
formulations were developed to be applied on paper substrates for 
barrier enhancement. Nevertheless, in most cases a high material 
loading is required, with consequently higher additive consumption and 
overall costs.

Besides being a valuable solution as packaging material, cellulose is 
also an useful source for producing additives for packaging coating it
self. In fact, cellulose presents a hierarchical structure, moving from 
cellulose fibers to cellulose nanofibers (CNF), the latter defined in the 
nano-dimension due to their diameter, commonly ranging between 3 
and 100 nm (Dufresne, 2013; Habibi et al., 2010). In order to cleave this 
structure, cellulose sources should undergo different pre-treatments. 
Following a possible chemical approach, TEMPO-oxidized cellulose 
nanofibers can be obtained by regioselective oxidation of cellulose 
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hydroxy groups in C6 position to the corresponding carboxylic ones 
(Isogai et al., 2011), by means of NaClO and mediated by the (2,2,6,6- 
tetramethylpiperidin-1-yl)oxyl) radical (TEMPO). The introduction of 
negative charges, due to the presence of -COO− groups, favors the sep
aration of the nanofibers composing the bundle, thanks to electrostatic 
repulsions.

An alternative approach consists into an enzymatic pre-treatment, 
usually by means of cellulases, to break the glycosidic bonds of the 
cellulose backbone, leading to the final formation of nanofibers without 
any further functional group (ECNF) (Pääkko et al., 2007). Both the 
chemical and the enzymatic approaches favor the nanosizing step, 
which in any case requires further intensive mechanical treatment, 
usually applied by high-pressure homogenization, with pressures in the 
range of 600–800 bar, ultrasonication or by means of super mass- 
colloider systems (Gallo Stampino et al., 2021; Malucelli et al., 2019).

Coating systems reporting the use of cellulose-based derivatives are 
largely described in literature (Basak et al., 2024). Several methods can 
be applied to produce CNF-based films, including dip coating (Lisuzzo 
et al., 2023), spin coating, casting, vacuum filtration, bar coating, size 
press coating and spray coating (Nadeem et al., 2022). More specifically, 
Table 1 shows significant examples on the use of micro- and 

nanocellulose which improve paper’s resistance to grease, air, and water 
permeation.

Paper greaseproof capacity is commonly determined following 
TAPPI T559 kit test (TAPPI T 559 cm-02, 2002), according to which 
twelve solutions at increasing lipophilicity are used as simulants, with a 
scale number indicating the greaseproof ability of the surface. The 
higher is the kit number, up to 12, the better is the barrier performance 
against grease. Air permeance can be measured thanks the BS ISO 5636- 
5 (BSI Standards Publication, 2013), using a Gurley apparatus. The test 
consists in measuring the flux of air passing through the paper substrate, 
lower the time of the measurement, higher the air permeability. If the 
value exceeds 1800 s (0.08 μm Pa− 1 s− 1), the sample is considered air 
resistant, and the measurement can be stopped. Water uptake is 
measured following the standard TAPPI T441 (TAPPI 441 om-09, 2013). 
This test measures the amount of water taken up by the paper substrate 
after a determined contact time. The outcome of the measurement is 
expressed as Cobb value, indicating the grams of water absorbed per 
square meter of sample.

In most of the cases reported in Table 1, high amounts of additives 
had to be loaded to reach acceptable performances (Jiang et al., 2022; 
Mirmehdi et al., 2018; Passos de Oliveira, Santos, et al., 2022; Shen 
et al., 2021). Regarding grease resistance, Lavoine et al. (2014) reported 
a coated paper obtained by two different techniques, namely bar coating 
and size press. The best grease resistance was obtained when applying a 
coating weight of 14 g/m2 and resulted in a kit value of 5. For the same 
sample, the air resistance reported was 0.256 ± 0.155 μm Pa− 1 s− 1. The 
sample with lowest amount of loaded coating, 3 g/m2, shew no grease 
resistance activity and 4.856 ± 1.717 μm Pa− 1 s− 1. Beneventi et al. 
(2014) investigated air resistance of low basis weight paper coated with 
CMF by spray coating. The best performance was obtained with a 
loading above 6 g/m2, with value around 0.135 μm Pa− 1 s− 1. When the 
CMF loading was reduced to values lower than 5 g/m2, air resistance 
decreased to ca. 193 μm Pa− 1 s− 1.

Kirubanandan (2022) reported the investigation of air permeance on 
paper samples previously spray coated with CNF. The loading weight 
ranged from 2.9 to 30 g/m2. However, at lower loading rates (up to 5 g/ 
m2), the values always exceeded 0.5 μm Pa− 1 s− 1.

Mazhari Mousavi et al. (2018) presented the coating by CNF alone 
and in combination with CMC. A 200 g/m2 base paper was chosen as 
substrate and bar coating was the application technique. Kit values be
tween 0 and 6 were obtained with coating loadings between 2 and 8 g/ 
m2. In the same work, air permeance was evaluated and it resulted in 
values ranging from 0.096 to 2.255 μm Pa− 1 s− 1 when CNF were used 
alone as coating agents.

Herein it is reported the production of ten nanocellulose-based for
mulations, differing for nanofiber typology (TOCNF versus ECNF), con
sistency (mass to volume ratio of nanofibers), and number of 
homogenization cycles for mechanical treatment, and their application 
on three different food contact and recycled paper substrates by double 
spray coating, to evaluate the barrier performances against grease, air 
and water absorption, at loading amounts always lower than 4 g/m2.

The added value of our research lays in the simple use of modified 
nanocellulose on cellulose support, minimizing the additive loadings, 
and producing a mono-material exploitable for packaging and easy to be 
handled after disposal. Moreover, a synergistic formulation is developed 
to overcome mechanical issues directly related to cellulose layer brit
tleness observed for food contact paper at lower grammages. To the best 
of our knowledge, the development of TOCNF-based coatings for paper 
with high performances in both air and oil resistance at very low loading 
quantities was never reported.

2. Experimental section

2.1. Materials and equipment

Short-fiber eucalyptus-derived paper was provided by Mare SpA 

Table 1 
Examples of coating systems for barrier properties enhancement.

Reference Paper type 
and weight

Coating material Application 
method

Coating 
weight

Afra et al. 
(2016)

Hand sheets 
(80 g/m2)

CNF Bar coating 2–5 g/m2

Beneventi et al. 
(2014)

Paper hand 
sheets (10, 
12, 35 g/m2)

CMFa Spray 
coating

3–40 g/ 
m2

de Oliveira, 
Mirmehdi, 
et al. (2022)

Sack kraft 
papers, 60 g/ 
m2

CNF + nanoclay Spray 
coating

10–60 g/ 
m2

Jiang et al. 
(2022)

Cellulose 
paper

PLA/SiO2/ 
stearic acid/ 
cinnamaldehyde

Bar coating 15–23 g/ 
m2

Kirubanandan 
(2022)

n.d. CNF Spray 
coating

3–30 g/ 
m2

Lavoine et al. 
(2014)

Calendered 
paper (41 g/ 
m2)

CMF Bar coating 2–14 g/ 
m2

Lavoine et al. 
(2014)

Calendered 
paper (41 g/ 
m2)

CMF Size press 
coating

3–4 g/m2

Mazhari 
Mousavi 
et al. (2018)

Wood free 
bleached base 
paper (200 g/ 
m2)

CMC/CNF Bar coating 2–8 g/m2

Mazhari 
Mousavi 
et al. (2018)

Bleached 
wood-free 
paperboard 
(200 g/m2)

rCNF (refined), 
gCNF (ground)

Cylindrical 
Laboratory 
Coater

6–13 g/ 
m2

Mirmehdi et al. 
(2018)

Commercial 
printing & 
writing paper 
(75 g/m2)

CNF + nanoclay Spray 
coating

10–43 g/ 
m2

Shen et al. 
(2021)

Bleached 
eucalyptus 
kraft pulp 
paper 
Surface- 
unsized (84 
g/m2) and 
surface-sized 
(81 g/m2)

PVA/AKD/ 
nanoclay

Bar coating 6.5–12.5 
g/m2

Tyagi et al. 
(2019)

White board 
(250 g/m2) 
Linerboard 
(120 g/m2) 
White kraft 
(35 g/m2)

CNF; CNC; MMT; 
Protein

Bar coating 5 g/m2

a CMF: cellulose microfibers.
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(cellulose content: 78 %, fiber mean length 680 μm, crystallinity index: 
88 %). TEMPO and KBr were purchased from Sigma-Aldrich. NaClO 
(12.5 % w/w), NaOH and HCl (32 % w/w) were purchased from Carlo 
Erba. Cellulase FiberCare U was provided by Novozymes. Recycled 
paper (RC, Mare S.p.A) with an approximate grammage of 130 g/m2 and 
food contact calendered paper (FC, Mosaico SpA) produced from 
bleached kraft pulp (45 g/m2 and 100 g/m2) were used as substrates for 
the application of coating agents. Deionized water (H2Od) was produced 
with a Millipore Elix Deionizer with Progard S2 ion exchange resins. 
Other instruments used in the procedures include a Fisherbrand Model 
505 Sonifier equipped with a 13 mm probe tip, a Hanna Instruments 
HI522–02 pH-meter and conductometer. Other equipment used in these 
procedures included a laboratory blender (Brömme BRP-212.2), high- 
pressure homogenizer (Ariete OBL10 Puma, GEA Niro Soavi SpA), a 
refiner (N413, Baumüller Nürnberg GmbH) and a laboratory oven (Argo 
Lab TCF50).

2.2. Production of TEMPO-oxidized cellulose nanofibers suspensions

TEMPO-oxidized cellulose (TOC) was produced following a previ
ously reported procedure (Isogai et al., 2011; Pierre et al., 2017). 100.0 g 
of short-fiber cellulose were suspended in 2.85 L of H2Od and minced 
with a blender to obtain a pulp. Simultaneously, 2.15 g of TEMPO and 
15.4 g of KBr were dissolved in 2.85 L of H2Od and maintained under 
stirring at room temperature. Once obtained a homogenous aqueous 
dispersion of cellulose, this latter was added to the mixture of TEMPO 
and KBr and the pH was checked with a pH-meter. Subsequently, 146 mL 
of 12.5 % w/w aqueous solution of NaClO were added dropwise to the 
suspension under mechanical stirring. The pH was kept higher than 10.5 
by adding 4 M NaOH aqueous solution. Once the pH reached a stable 
value between 10.5 and 11, the reaction was left under mechanical 
stirring overnight, after which the suspension was acidified with 32 % 
w/w HCl, reaching a pH value in the range of 2–3 and promoting the 
aggregation of the TOC fibers. The dispersion was then vacuum-filtered 
on a Büchner funnel, washed with H2Od until neutrality, and the ob
tained TOC was left to dry at room temperature. Oxidation degree of 
TOC, expressed in mmol of carboxyl groups (COOH) per grams of dry 
TOC, was estimated through conductometric titration, following a pre
viously reported procedure (Besbes et al., 2011). Briefly, a known 
amount (50–100 mg) of dry TOC was suspended in 15 mL of 0.01 M HCl 
and left under magnetic stirring for 30 min. The suspension was then 
diluted with 50 mL of H2Od to reach the minimum volume threshold for 
the conductometer probe and the conductometric titration was per
formed with 0.01 M NaOH aqueous solution. The oxidation degree (OD) 
was determined using Eq. (1): 

OD =
(V1 − V0) × MNaOH

mTOC
(1) 

where V1 is the volume of NaOH needed to reach the equivalence point 
for carboxylic groups (mL), V0 is the volume of NaOH needed to reach 
the equivalence point for the excess of HCl (mL), MNaOH is the molar 
concentration of NaOH (mol/L) and mTOC is the mass of dry TOC.

Nanosizing of TOC to obtain TOCNF was performed according to a 
previously described procedure (Riva et al., 2024) with some modifi
cations. TOC fibers (0.45, 0.6 and 1 wt%) were suspended in a mixture of 
H2Od and an amount of NaOH 0.1 M solution equimolar with respect to 
the estimated mmol of carboxyl groups. The dispersions were sonicated 
with a tip ultrasonicator for 20 min, at a temperature of 0 ◦C with the aid 
of an ice bath. The obtained suspensions underwent a high-pressure 
homogenization treatment at 800 bar, and after 3 and 4 passes 
through the high-pressure homogenizer, TOCNF were collected and then 
treated with 4 M NaOH aqueous solution up to a pH value of 11.00.

2.3. Production of enzymatic cellulose nanofibers suspensions

Enzymatic pre-treatment of cellulose was performed following a 
previously reported procedure (Gallo Stampino et al., 2021). A 2 wt% 
aqueous suspension of cellulose underwent enzymatic hydrolysis with 
Cellulase FiberCare U, at enzyme concentration of 0.1 mg/g, main
taining the temperature at 50 ◦C for 1 h under constant stirring. Then, 
the suspension was vacuum-filtered on a Büchner funnel and the ob
tained enzymatic cellulose (EC) was dried at room temperature for 48 h. 
To prepare enzymatic cellulose nanofibers (ECNF) suspensions, EC was 
dispersed in H2Od at consistency of 0.45 and 0.6 wt% and sonicated with 
a tip ultrasonicator for 5 min in an ice bath, at a temperature of 0 ◦C. 
Then, the suspensions underwent refining process for 10 min. After this 
time, treated suspensions were homogenized, and after 3 and 4 ho
mogenization cycles, ECNF sample suspensions were collected and 
treated with 4 M NaOH aqueous solution up to a pH value of 11.00.

2.4. Evaluation of barrier properties

Oil and grease resistance of uncoated and coated sheets was evalu
ated through the kit tests, performed according to the TAPPI-T559 
standard (TAPPI T 559 cm-02, 2002). Briefly, twelve different mix
tures of castor oil, toluene and n-heptane were prepared and numbered 
from 1 to 12. Kit 1 exhibits the lowest lipophilicity, whereas kit 12 
displays the highest lipophilicity. One drop of the oil mixture was placed 
on the surface of the paper sample and, after 15 s, the oil was wiped off 
with a tissue. The test area was visually inspected for any darkening. The 
appearance of a darkened spot indicated test failure, prompting repeti
tion with a less lipophilic kit mixture. The highest-numbered solution 
that did not alter the surface appearance was recorded as the passing kit 
number.

Air permeance of treated and untreated samples was evaluated 
following the Gurley method, in accordance with the ISO 5636-5 (British 
Standards, 2013), using a Gurley apparatus to determine the time 
required for 100 mL of air to pass through a cross-sectional area of 6.45 
cm2 under a pressure gradient of 1.22 kPa. Samples air permeance (P), 
expressed in μm Pa− 1 s− 1, was calculated following Eq. (2): 

P =
135,3

t
(2) 

where t is the average time (s), for the passage of 100 mL of air (Tarrés 
et al., 2022; Tayeb et al., 2020; Tyagi et al., 2019).

Water resistance was evaluated performing the Cobb60 test, accord
ing to the TAPPI-T441 standard procedure (TAPPI 441 om-09, 2013), 
using a Cobb meter. A paper sample (surface area of 1/64 m2) was 
weighed before the test, placed into the testing apparatus, and 100 mL of 
water were poured on the paper sheet. After 45 s the water was removed, 
and the sample was dried between two blotting papers with a roller. 
Water absorption was evaluated by the increase in weight of the sample 
and expressed in grams per square meters (g/m2), according to Eq. 3: 

Weight of water
[ g
m2

]
= (Final weight [g] − Initial weight [g] )×100

[
1

m2

]

(3) 

2.5. Spray coating procedure

The experimental spray coating system consisted of a handheld 
gravity fed spray gun with a 1.5 mm nozzle. Separate experiments were 
performed to apply TOCNF and ECNF suspensions, placed in a reservoir 
directly connected to the gun, with air at 4 bar used as carrier gas. 
During the spray coating process, conducted in a fume hood, paper 
sheets were fastened to a plastic support with pins and the spray nozzle 
was positioned approximately 10 cm from the paper sheets. Each paper 
sample was double coated with the selected suspensions. After each 
spray cycle, coated sheets were dried for 10 min at 70 ◦C in oven. Once 
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dried, the paper samples were weighed to determine the coating 
loading.

2.6. Characterization techniques

Attenuated total reflection Fourier transform infrared spectroscopy 
(ATR-FTIR) was conducted using an iS50 ATR-FTIR spectrophotometer 
from Thermo Fischer Scientific. ATR-FTIR spectra of EC and TOC were 
recorded within the 500–4000 cm− 1 wavenumber range, setting 64 
scans and a resolution of 1 cm− 1 for each analyzed sample.

Powder X-ray diffraction (P-XRD) experiments of EC and TOC were 
conducted with a Bruker D2-Phaser diffractometer equipped with Cu 
radiation (λ = 1.54184 Å) using Bragg Brentano geometry. The experi
ments were performed at room temperature. Cellulose crystallinity 
index (CI%) was obtained by Segal method (Segal et al., 1959), which 
allows to compare CI% values of different samples according to Eq. (4): 

CI% =
I002 − IAM

I002
×100 (4) 

where I002 is the crystalline peak intensity value and IAM is the amor
phous valley intensity.

CNF suspensions viscosity expressed in centipoise (cP) was measured 
using a Brookfield DV-II viscometer. Each measure was performed in 
triplicate at room temperature.

Scanning electron microscopy (SEM) was conducted using a 
variable-pressure instrument (SEM Cambridge Stereoscan 360) set at 
100/120 Pa, with a variable-pressure secondary electron (VPSE) de
tector. The operating voltage was 20 kV and the electron beam current 
intensity was 150 pA, with a focal distance of 8 mm. Untreated and 
spray-coated paper sheets were analyzed after metallization in high 
vacuum mode.

Transmission Electron Microscopy (TEM) analysis was conducted by 
depositing droplets of dilute CNF suspensions onto glow-discharged 
carbon-coated TEM grids. After a few minutes, the excess liquid was 
blotted with filter paper and, prior to drying, the preparation was 
negatively stained with 2 wt% of uranyl acetate. The excess stain was 
blotted, and the specimen was allowed to dry. Images were recorded 
with a JEOL JEM-2100-Plus microscope operating at 200 kV equipped 
with a Gatan Rio 16 digital camera. The mean CNF value was assessed 
with ImageJ software, with a minimum of 100 measurements.

3. Results and discussion

3.1. Characterization of starting material

Short fiber eucalyptus-derived cellulose, composed by 78 % of cel
lulose and 20 % of hemicellulose, was used as starting material. Pristine 
cellulose presented a mean fiber length of 685 ± 3.75 μm and an average 

width of 16.2 ± 0.115 μm. Its CI%, obtained from XRD analysis (Fig. S1, 
in Supporting Information), resulted to be 88 %. Fig. 1 shows the SEM 
images of virgin cellulose, before undergoing any treatments.

3.2. TOCNF and ECNF production

For a proper investigation of the effect of CNF processing in the final 
performance of the coating for enhanced barrier properties, different 
dispersions of both TOCNF and ECNF were prepared and tested 
(Table 2).

To produce TOCNF, the first step consisted in the TEMPO-mediated 
oxidation of cellulose, a well-known chemistry-assisted pre-treatment 
which leads to the regioselective oxidation of C6 primary hydroxy 
groups of the glucopyranosic units of cellulose to corresponding car
boxylic acids (Fig. 2 (a)).

This chemical modification presents the advantage of reducing en
ergy consumption during the following mechanical processes by taking 
advantage of the electrostatic repulsion between the negative charges of 
the deprotonated carboxylic groups in alkaline environment. The OD 
(mmolCOOH/gTOC) can be tailored varying the amount of NaClO, the 
primary oxidant.

In this work, TEMPO-mediated oxidation was performed to obtain a 
theoretical OD of 0.5 mmolCOOH/gTOC. TOC was characterized by ATR- 
FTIR, recording the spectra of both untreated and chemically pre-treated 
cellulose (Fig. S2). In the TOC spectrum, the appearance of a peak at 
1726 cm− 1, associated to the C––O stretch of the carboxyl group, 
confirmed the effectiveness of the TEMPO-mediated oxidation. The 
carboxylic groups content, determined via conductometric titration, and 
it resulted in 0.71 mmolCOOH/gTOC. After TEMPO-oxidation, ultra
sonication to enhance fibers’ dispersion and high-pressure homogeni
zation were performed to obtain nanosized fibers.

TOCNF sizes were analyzed acquiring TEM images (Fig. 3 (a-b), 
Fig. S3 (a-b)). For TOCNF suspensions obtained after 3 cycles of ho
mogenization, the nanofiber width range was between 5 and 70 nm, 
with an average width (μ) of 13.1 nm and σ equal to 12.0. This rate 
significantly sharpened when adding one homogenization cycle, 
providing widths in the range 3–13 nm, with μ of 5.78 nm and σ of 1.59. 
A statistical width distribution analysis was performed on the fibers 
measured and it is reported in Fig. S3 (a-b).

The operative parameters for the preparation of TOCNF dispersions 
T1-T6 at different TOCNF consistencies are detailed in Table 2 (entries 
1–6). The pH of each formulation was adjusted to 11 to guarantee 
colloidal suspensions stability.

A change in the rheological behavior was observed after each me
chanical treatment. In particular, the viscosity increased as the consis
tency and number of homogenization cycles increased. These 
observations are in line with existing literature, which confirms the 
strong influence of several parameters on the rheological properties of 

Fig. 1. SEM images of pristine cellulose. (a) 350 x, (b) 5.00 K x.
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TOCNF suspensions. These parameters include consistency, pre- 
treatment type, and nanofibrillation degree (aspect ratio) 
(Nechyporchuk et al., 2016; Rana & Thakur, 2023). Liao et al. (2020)
reported an increase of viscosity at higher TOCNF suspensions dry 
content. The higher viscosity observed when increasing from 3 to 4 
homogenization cycles is due to the enhanced nanofibrillation, which 
leads to the formation of a strong network between the fibers, as a 
consequence of the increased surface area (Besbes et al., 2011). 
Furthermore, the sole ultrasonication treatment of suspensions resulted 
in lower viscosities compared to the homogenized suspensions. Also in 
this case, this behavior could be attributed to the enhanced aspect ratio 
and surface area of homogenized TOCNF with respect to their ultra
sonicated counterparts. However, to the best of our knowledge, no 
studies in the literature have systematically compared the effects of 
progressive mechanical treatments (i.e. ultrasonication followed by high 
pressure homogenization) on the rheological properties of the same 
suspension.

For the production of ECNF suspensions, the first step of enzymatic 

hydrolysis of cellulose was conducted with Cellulase FiberCare U. The 
reaction was performed according to the stability conditions of the 
enzyme (see Section 2.3), in order to preserve and maximize its activity. 
Enzymatic pre-treatment of pristine cellulose resulted in the cleavage of 
glycosidic bonds and, differently from TEMPO-oxidation pre-treatment, 
it did not introduce any chemical modification on cellulose backbone 
(Fig. 2 (b)). During the hydrolysis, endoglucanase randomly targeted the 
amorphous regions of cellulose, reducing the length of the chains and 
thus producing oligosaccharides (de Amorim dos Santos et al., 2023; 
Las-Casas & Arantes, 2023).

Once again, the purpose of the pre-treatment step was the reduction 
of energy consumption during the nanosizing process (Berto et al., 
2023). CI% of the hydrolyzed cellulose was determined via P-XRD 
analysis, obtaining a value of 78 %. FT-IR spectrum of enzymatic cel
lulose was also recorded (Fig. S2 in SI) and it showed the standard FT-IR 
profile of cellulose and the absence of the peak at 1726 cm− 1, associated 
to the C––O stretch of the carboxyl groups, highlighting the difference 
between enzymatic and TEMPO-oxidation pre-treatments.

Table 2 
Operative conditions for TOCNF and ECNF coating formulations: pH 11; homogenization pressure 800 bar. Viscosity analyses were performed at 22 ± 2 ◦C.

Entry Sample Consistency (wt%) Viscosity after ultrasonication (cP) Homogenization cycles (n◦) Viscosity after homogenization (cP)

1 T1a 0.45 % 3.6 ± 0.1 3 11.3 ± 0.1
2 T2a 0.45 % 4 14.5 ± 0.2
3 T3a 0.6 % 4.1 ± 0.1 3 45.9 ± 0.1
4 T4a 0.6 % 4 74.0 ± 0.3
5 T5a 1 % 4.8 ± 0.1 3 361.2 ± 0.2
6 T6a 1 % 4 926.7 ± 1.5
7 E1b 0.45 % 49.7 ± 1.5 3 3.5 ± 0.1
8 E2b 0.45 % 4 27.4 ± 0.3
9 E3b 0.6 % 62.7 ± 1.5 3 17.2 ± 0.2
10 E4b 0.6 % 4 17.3 ± 0.1

a Oxidation degree 0.71 mmolCOOH/gTOC; ultrasonication pretreatment 20 min 0 ◦C.
b Ultrasonication pretreatment 5 min 0 ◦C, refining treatment time 10 min.

Fig. 2. TOCNF (a) and ECNF (b) products.
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Nanosizing of enzymatically pre-treated eucalyptus-derived cellu
lose was performed according to the previously described procedure. 
Fig. 3 (c-d) shows the morphology of ECNF after 3 and 4 homogenization 
cycles. The average dimension was obtained by means of ImageJ soft
ware, on a count of at least 100. It is evident that the measure distri
bution is large, in the range 20–250 nm. Thus, the additional 
homogenization cycle was necessary to decrease the measure distribu
tion. The second sample presented a narrower size distribution, in the 
range of 5–50 nm, with a μ value of 10.2 nm and σ value of 6.92. A 
statistical width distribution analysis was performed on the fibers 
measured and it is reported in Fig. S3 (c-d) in Supporting Information.

Table 2 (entries 7–10) reports the prepared formulations E1-E4 at 
different ECNF consistency and the viscosities measured before and after 
homogenization treatments. Unlike what was done for TOCNF, with 
ECNF it was not possible to process the 1 wt% formulation due to the 
high viscosity of the dispersion, which did not allow the deposition of a 
homogeneous coating.

As observed for TOCNF, viscosity increased with higher ECNF con
sistencies and more homogenization cycles, confirming an increment 
compared to only ultrasonicated dispersions. Wang et al. (2022) re
ported an increase in the viscosity of ECNF suspension as the dry content 
increased, due to the formation of a stronger network between the 
nanofibers. Unexpectedly, ECNF samples viscosities have an evident 
decrease after the third homogenization cycle, with respect to the cor
responding ultrasonicated suspensions. However, as expected, the 
additional homogenization cycle resulted in an increased viscosity, 
under the same conditions.

Finally, a comparison of the viscosities of ultrasonicated TOCNF and 
ECNF suspensions showed lower viscosities for the former. This 

behavior can be attributed to the presence of negatively charged 
carboxylate groups on the surface of TOCNF, which promotes the elec
trostatic repulsion between the nanofibers; as a result, the dispersion of 
the nanofibers is enhanced, leading to reduced aggregation and conse
quently lower viscosity. On the other hand, van der Waals and H- 
bonding interactions are involved in the ECNF case, resulting in more 
flocculated dispersions, due to the absence of electrostatic repulsive 
forces between the nanofibers (Nechyporchuk et al., 2016).

3.3. Paper coatings

The study was conducted on three different paper substrates, two FC 
with different grammages and one RC, to compare the coating efficiency 
across varying papers grammages and production process. Even if the 
use of RC in food packaging is not permitted in Italy, it is allowed in 
other countries such as United States of America, if in compliance with 
determined criteria reported in the Title 21 of the Code of Federal 
Regulations (Food and Drug Administration, 2021). For this reason, it 
was included for our investigation. Moreover, as previously stated, the 
barrier properties herein investigated and pursued could find applica
tion in a wider range of packaging sectors, for which RC is the preferred 
choice.

As expected, onto consideration of the different grammages, the 
three samples presented different thickness, with RC and FC100 exhib
iting the higher values (0.1658 ± 0.0041 mm and 0.1216 ± 0.0048 mm, 
respectively) with respect to FC45 (0.0534 ± 0.0023 mm).

A preliminary morphological study on the three substrates was 
performed, to determine the porosity and surface roughness.

As revealed by SEM analysis (Fig. S4 in the SI), RC looked more 

Fig. 3. TEM images of (a) TOCNF samples after 3 cycles of homogenization; (b) TOCNF after 4 cycles of homogenization; (c) ECNF samples after 3 cycles of ho
mogenization; (d) ECNF samples after 4 cycles of homogenization.
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uneven, showing fibers with different lengths. On the other hand, both 
FC samples exhibited a more homogeneous surface. The same analysis 
also highlighted a lower porosity for RC respect to the other two FC 
substrates, probably due to the presence of shorter fibers in the pulp, but 
mostly to the thermal treatment undergone by FC samples. A similar 
observation was also reported by Schuman et al. (2004) on calendered 
paper. They noticed that, by calendering the paper at different operative 
conditions, substrate porosity increased with the system temperature. 
These differences in porosity were also confirmed by Gurley tests, which 
will be discussed in Section 3.6.

As our aim was maximizing the barrier effect while minimizing the 
amount of additive loaded, the spray coating technique was selected to 
guarantee high versatility and control on the dosage combined with an 
easy handling of viscous aqueous formulations. However, based on the 
poor barrier properties measured after the spraying of a first layer, a 
double spray deposition was processed for each sample, in order to 
guarantee more homogeneous coatings. In any case the average coating 
weight never exceeded 4 g/m2. As previously mentioned, typical coating 
loadings generally range between 10 and 20 g/m2 (see Section 1).

3.4. Oil and grease resistance

Oil and grease resistance was tested for TOCNF and ECNF suspen
sions sprayed onto FC45, FC100 and RC sheets. The greaseproof prop
erties of coated paper were assessed using the kit test, and the results are 
reported in Fig. 4.

As expected, uncoated FC45, FC100 and RC paper exhibited poor oil 
resistance, resulting in the complete permeation of the kit 1 solution. 
This is likely due to the highly porous paper-based samples, as shown in 
the SEM images of uncoated paper (Fig. 5 (a), (d) and (g)), allowing the 
passage of the testing drop through the sheet. In contrast, the application 
of CNF-based coating agents resulted in enhanced barrier properties 
against oil in most cases.

Considering RC, the application of TOCNF suspensions (T1-T6) 
resulted in full oil resistance (kit 12), with no dependence on nanofiber 
consistency and homogenization cycles. On the other hand, RC paper 
coated with ECNF suspensions showed poor oil resistance at the lower 
consistency, rising from kit 6 to kit 9 by increasing the number of ho
mogenization cycles from 3 (E1) to 4 (E2), while a kit 12 was reached by 
increasing the ECNF consistency to 0.6 wt% (E3 and E4), independently 
on the number of homogenization cycles. Moving on to FC100, with a 
grammage similar to RC, a kit 12 response with TOCNF was obtained 
once again at the lower nanofiber consistency, but only when acting 4 
cycles of homogenization, while 3 cycles were sufficient just when 
operating with the 1 wt% TOCNF aqueous dispersion (T5). Also in this 
case, for ECNF coatings higher consistencies were needed to reach full 
oil resistance, with the highest kit value of 12 obtained only with 0.6 wt 
% ECNF and 4 cycles of homogenization.

3.5. Coating formulations with glycerol

By better investigating the morphology of FC45-coated sheets, 
coating fractures were clearly visible, due to the lower thickness of the 
sample. Clearly this criticality affected the kit test, limiting the barrier 
properties of the coating. To overcome this issue, the introduction of a 
plasticizer was taken into consideration.

As widely reported in literature, the introduction of glycerol as 
plasticizing agent is exploited to provide films elasticity and decrease 
brittleness (Miranda et al., 2015; Paudel et al., 2023; Van Nguyen & Lee, 
2021). For this reason, it was considered the introduction of variable 
amounts of glycerol in original formulations, expecting that it could help 
in breaking the hydrogen bonds between cellulose nanofibers consis
tencies (Herrera et al., 2017). By increasing coating flexibility, an 
improvement in surface layer mechanical properties was obtained. The 
new formulations were tested on paper substrates with lower grease
proof performance, namely FC45 and FC100. In particular, three 
different cellulose-to-glycerol weight ratios were tested for each coating 
agent formulation (1:0.33, 1:0.5 and 1:1). Fig. 6 compares kit test results 
between the two different FC paper matrices, coated with TOCNF 
formulations.

The enhancement of grease barrier for FC45 with new TOCNF/ 
glycerol-based coatings was evident (Fig. 6 (a)). The introduction of 
glycerol improved greaseproof properties of the paper substrate, 
reaching kit 12 with just a 0.6 wt% nanofiber dispersion and 1:0.33 
cellulose-to-glycerol ratio. Interestingly, a further increase of glycerol 
content up to a 1:1 ratio led to a reduction in the final oil resistance 
performance, while at lower cellulose-to-glycerol ratios (1:0.33 and 
1:0.5) greaseproof capacity was comparable to or greater than their 
corresponding counterparts without glycerol. The effect of glycerol is 
known and reported in literature (Arifin et al., 2022; Fernández-Santos 
et al., 2021; Wittaya, 2013). After hydrophilic plasticizers addition, 
moisture and water content of the coating layer increases. As a result, 
the strong hydrogen bond network is weakened. This results in increased 
molecules mobility, leading to lower oil resistance performances. 
Contrarily, at lower cellulose to glycerol ratios, a potential synergistic 
effect occurs between the improved mechanical properties of the surface 
layer and the hydrogen bond network between glycerol and TOCNF. 
Moreover, as previously mentioned, the coating layer brittleness led to 
the formation of fractures. This phenomenon is augmented in low 
weight paper samples, like FC45, which crumpled during the drying 
step. Indeed, glycerol presence increased TOCNF layer plasticity and 
decreased fractures formation.

While the beneficial effect for FC45 was clear, the same could not be 
asserted for FC100. As reported in Fig. 6 (b), glycerol had a negligible 
impact on the enhancement of greaseproof ability, and in some cases, 
the presence of glycerol even diminished the noteworthy properties 
given by TOCNF formulations. For higher glycerol contents, the hy
drophilic nature of the plasticizer did impact similarly to FC45. On the 

Fig. 4. Kit test for RC, FC45 and FC100 and after coating with TOCNF (left) and ECFNs (right) suspensions.
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other hand, lower glycerol contents were not crucial to improve the 
barrier properties. Due to the higher weight and thickness of FC100, the 
crumpling effect during drying was negligible, resulting in smoother 
surfaces free from fractures. The absence of fractures is confirmed by 
SEM images (Fig. 7). After coating with formulations T6 1:0.5 cellulose- 
to-glycerol ratio, FC45 (Fig. 7 (a) and (b)) shows a rougher surface with 
respect to FC100. For both samples, the complete pore filling effect of 
the coating is visible. Additionally, the coated FC100 samples (Fig. 7 (c) 
and (d)) exhibit a flatter surface compared to FC45 ones.

The presence of glycerol in ECNF formulations did not impact on the 
final greaseproof ability, neither on FC45 paper nor on FC100 (Fig. S5 in 
the SI).

3.6. Air resistance

Fig. 8 shows the comparison of Gurley test outcomes to determine air 
resistance for all the three paper substrates (FC45, FC100 and RC) 

coated with TOCNF (Fig. 8 (a) and (b)) and ECNF (Fig. 8 (c) and (d)) 
formulations.

Considering RC, uncoated paper sheets showed a high air perme
ability (5.08 μm Pa− 1 s− 1) which significantly decreased after the 
coating process with both TOCNF and ECNF formulations, reaching full 
air resistance (< 0.08 μm Pa− 1 s− 1) even at lower consistencies and 
homogenization cycles. This is likely due to the efficiency of these 
coating formulations in filling the pores of the paper matrix. These 
values are consistent with kit test results obtained from TOCNF and 
ECNF coatings, confirming that reduction of the paper porosity results in 
enhanced greaseproof performances. As expected, FC45 uncoated paper 
showed a higher air permeance (9.34 μm Pa− 1 s− 1) compared to RC. As 
shown in Fig. 8 (a) and (b), the air permeability of FC45 decreased after 
the coating process alongside the suspension consistency, achieving full 
air resistance at 1 wt% consistency. On the other hand, the nano
fibrillation degree did not affect air resistance under the same consis
tency conditions. In contrast, in the case of ECNF formulation applied on 

Fig. 5. SEM images on paper substrates: uncoated (a), (d) and (g) refer to untreated paper samples for FC45, FC100 and RC, respectively. (b), (e) and (h) images show 
treated samples for the same three paper samples with moderate greaseproof barrier (T4, T1 and E1, respectively). (c), (f) and (i) images show treated samples for the 
same three paper samples with high greaseproof barrier (T6, T6 and E4, respectively).

Fig. 6. Kit test comparison of FC45 (a) and FC100 (b) after coating with TOCNF and TOCNF/glycerol suspensions.
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FC45, a strong influence of both consistency and homogenization cycles 
was observed, with the best performance obtained by increasing both 
these two parameters. Finally, for FC100, in spite of the initial higher 
Gurley test value of 15.94 μm Pa− 1 s− 1 with respect to FC45, the air 
resistance was significantly improved after the coating process with both 
TOCNF and ECNF formulations, even at low consistencies (i.e. 

formulation T2 and E2, respectively). Once again, this difference should 
be ascribed to the higher grammage, and consequent thickness, for 
FC100.

Fig. 7. SEM images of FC45 and FC100 coated paper with formulations with glycerol (T6, 1:0.5 cellulose-to-glycerol ratio, kit 12). (a) FC45, 250 x; (b) FC45, 1.00 K 
x; (c) FC100, 250 x; (d) FC100, 1.50 K x.

Fig. 8. Gurley test results for (a) TOCNF suspensions, (b) TOCNF suspensions (zoomed view), (c) ECNF suspensions, (d) ECNF suspensions (zoomed view).
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3.7. Wettability and water absorptiveness

While pursuing grease and air resistance, it was decided to verify 
whether the introduction of the hydrophilic coating would affect the 
water absorptiveness of the substrates. Wettability, defined as the ability 
of a material to resist liquid water absorption, plays a critical role in 
determining the barrier properties of paper substrates. This parameter is 
typically quantified through gravimetric measurements of water uptake 
over time.

Cobb60 is a largely exploited test to evaluate the water uptake on 
paper samples (Izzati Mohd Zawawi et al., 2013; Khosravani et al., 2016; 
Kopacic et al., 2018; Rhim & Lee, 2009).

Fig. 9 (a) shows results obtained with TOCNF coatings. As expected, 
untreated RC presented a complete permeability to water, with a Cobb60 
value of 138 g/m2. Surprisingly, TOCNF coatings determined a pro
gressive and significant improvement in water resistance for this sub
strate, reaching the best performance with sample T6, with a Cobb60 
value of 40.3 g/m2 (Fig. 9 (a) red bars), very close to the limit of 30 g/ 
m2, which allows to define paper resistant to water.

Regarding FC calendered paper, it showed good water resistance 
activity even before the coating application, with values around 26 g/m2 

for FC45 and 20 g/m2 for FC100. It is well known that the hornification 
effect in dried cellulose leads to a significant decrease in fiber wettability 
after the drying process (Fernandes Diniz et al., 2004). Thus, the 
calendering treatment enhances this phenomenon by promoting a 
stronger H-bonding network between paper fibers. This fact, in 
conjunction with the increased surface smoothness, imparts water- 
repellent characteristics to the paper. On the other hand, the addition 
of the wet coating could partially destabilize the H-bonding network and 
introduce a roughening effect. Nevertheless, when operating with 
TOCNF formulations obtained by just 3 homogenization cycles, an even 
light improvement in water resistance was observed, with values always 
below the threshold value of 30 g/m2, independently on the TOCNF 
consistency.

On the contrary, ECNF coatings on RC (Fig. 9 (b)) did not show any 
beneficial improvement for water barrier, while for both FC45 and 
FC100 they all had a worsening effect. It appears evident from all these 
data that cellulose H-bonding interaction of substate cellulose with 
TOCNF is much stronger and stable than that occurring with ECNF.

In particular, this effect is more evident for ECNF coatings (Fig. 9
(b)), which have weaker H-bonds toward the paper fibers, and tend to 
bond preferentially water, increasing the water uptake.

4. Conclusions and outlooks

This study successfully reported the development of novel coating 
formulations based on cellulose nanofibers, aiming at the enhancement 
of paper barrier properties against grease and air.

Two different pre-treatments were tested for the cellulose nanosiz
ing, namely TEMPO-mediated oxidation and enzymatic hydrolysis. 
Comparison studies were conducted onto three different paper sub
strates, a recycled paper at high grammage (130 g/m2) and two food 
contact calendered papers with two different grammages (45 g/m2 and 
100 g/m2). Both the consistency of nanofibers in water dispersion and 
the number of homogenization cycles were varied in order to investigate 
the potential influence of these two parameters on the final 
performance.

For all formulations prepared, a double spray coating was necessary 
to guarantee acceptable barrier properties. However, final CNF-additive 
loading never exceeded 4 g/m2, a significant low value if compared with 
data reported in literature to achieve high grace resistance (kit 12).

TOCNF-based coatings guaranteed in any case better barrier per
formances at lower loading amounts, suggesting a stronger networking 
and interaction with the cellulosic substrate with respect to ECNF, which 
always required higher additive amounts and a higher number of ho
mogenization cycles, and in any case did not often reach the same per
formances achieved by TOCNF loading. This trend was particularly 
evident for RC, which presented a significant increase in grease, air and 
water barrier with TOCNF-based coatings. A similar behavior was 
observed with FC100, while for FC45, characterized by a lower gram
mage and consequent significantly lower thickness, a modification in the 
final formulation was necessary by addition of low amounts of glycerol 
as plasticizer. With its capability to modify mechanical properties of the 
dry coating layer, the addition of glycerol to TOCNF formulations 
allowed to avoid fractures formation during the drying step. A complete 
oil resistance was obtained with TOCNF at lower cellulose-to-glycerol 
weight ratio conditions (1:0.33 and 1:0.5), while no effect was 
observed for their ECNF counterparts, no matter the glycerol content.

Additionally, paper porosity was evaluated to assess the efficient 
pore clogging after the treatments. As expected, for all paper samples, 
the trend highlighted a correlation between consistency and air resis
tance. In particular, high consistencies resulted in low air permeances, 
reaching in most cases the upper limit of Gurley test.

Lastly, it was verified by Cobb60 test how TOCNF-based coatings 
could also significantly and progressively reduce water uptake on RC, by 
increasing the dispersion consistency. A slight effect was also observed 
for FC45 and FC100, when operating at lower additive concentrations, 

Fig. 9. Cobb60 results after (a) TOCNF coating and (b) ECNF coating. The paper 
is considered resistant to water when the Cobb60 value is lower than 30 g/m2.
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even if, in the case of calendered paper, a high water resistance was 
already present for uncoated samples.

All these results confirm the role of chemical and mechanical pro
cessing of cellulose nanofibers to guarantee high barrier performances 
even by operating at very low loading amounts, conforming TOCNF as 
best performing solutions for this purpose.
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