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ABSTRACT

Paper and paperboards represent about 31% of the global food packaging market. However, they show some limits and critical
issues (migration of Mineral Oil Hydrocarbons-MOH, poor barrier towards gas, water and grease, no sealability). To overcome
these limits, they are often coupled with synthetic polymers, but there is growing interest in the use of natural and biobased
coatings. Given the interest in using sustainable processes and recyclable, biodegradable and/or compostable materials, this
study aims to optimize the application method of a biobased coating made up of water suspension of micro/nano cellulose fibrils
together with some natural functional ingredients. A cellulose-rich biomass was subjected to various high-pressure homogeni-
zation cycles and properly formulated. The coating suspension was characterized for pH, dynamic viscosity, dry matter content,
ratio between micro and nano fibrils; moreover, dynamic light scattering (DLS) measurements, FTIR and TEM observation were
also carried out. The optimization of the paperboard coating process was based on a factorial design with three levels and two
factors for each of the two coating methods selected (bar coating and spray coating). The coated paperboards were evaluated for
coating grammage, grease resistance (Kit test) and heptane vapour transmission rate (HVTR). On the best conditions selected
from both experimental designs water absorption (Cobb Test), water and castor oil contact angle, water vapour transmission rate
(WVTR) and surface morphology (SEM and AFM observations) were tested. The results showed that low grammage (< 10gm=2)
guarantees excellent resistance to grease, achieving the highest Kit test rating, and a significantly reduced HVTR compared to
uncoated and commercial samples. Moreover, the comparison between the results obtained showed that spray coating resulted
in less use of suspension and faster process, leading to the best results in terms of barrier against contaminants and grease
resistance.

1 | Introduction also recyclable, biodegradable, and/or compostable [1]. About
31% of the global food packaging market in recent years is repre-

The competition between paper and plastic packaging to be de- sented by paper and paperboard-based packaging [2, 3].

fined as the most used solution for food packaging is ongoing,

while scientific research is increasingly focused on sustainable Nevertheless, these packaging solutions have limitations and

solutions made up of materials from renewable sources that are critical issues for food items with a long shelf-life. They are
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typically suitable only for packaged dry solid matter, often
show poor barrier properties towards gas, water and grease
and are also susceptible to microbial attack [4]. Additionally,
they may be contaminated by Polyfluoroalkyl substances
(PFAS), resulting from the use of printing inks or chemical
mixtures use for technological purposes [5, 6]. PFAS especially
contaminate recycled paper and paperboard, where their pres-
ence is due to intentional addition, i.e., chemical mixtures for
conferring water and oil repellent properties, or to acciden-
tal transfer during transport, storage and disposal phases be-
fore recycling process [7, 8]. Furtherly, often exhibit problems
with the migration of MOHs (mineral oils hydrocarbons) [9].
For the migration of MOAH (mineral oil aromatic hydrocar-
bon) and MOSH (mineral oil saturated hydrocarbon), the EU
Commission proposed limits into food, respectively, 0.15 and
0.6 mgkg~! of food [10]. Considering the aforementioned lim-
itations, paper, cardboard and paperboard packaging solu-
tions are frequently added of functional additives, provided
with various chemical coatings and are often combined with
synthetic materials and aluminium foil. These treatments aim
not only to reduce or prevent migration but also to improve
and control the technological characteristics and properties of
these packaging materials. Petroleum-based polymers, com-
monly used for this purpose, include almost all the polyolefins
(i.e., LDPE, HDPE and PP), polyethylene terephthalate (PET),
ethylene vinyl alcohol (EVOH), ethylene vinyl acetate (EVA)
and few others. However, the use of synthetic coatings, as the
presence of extraneous components, can reduce the biode-
gradability of paper and board and make the recycling process
more difficult and challenging [11-13].

Consequently, recent research has focused on the development
of biobased coatings from biopolymers such as polysaccharides,
proteins and waxes or from bioplastics such as polylactic acid
(PLA), polycaprolactone (PCL) and polyhydroxy alkanoates
(PHA) to improve the functionality of cellulosic packaging solu-
tions, reduce environmental impact and preserve the easy recy-
cling of paper and paperboard [4, 12, 13].

In recent years, the use of cellulose derivatives and the inter-
est in nanomaterials, such as micro- and nano-fibrils or nano-
fibrillated cellulose (MFC/NFC), for coating applications on
paper and paperboard, has been growing steadily [13-15]. The
first method to produce them from wood pulp was found by
Herrick et al. [16] and Turbak et al. [17]. It involved applying
various cycles of high-pressure homogenization to a dilute sus-
pension of fibers to break the hydrogen bonds and open the cel-
lulose fibers, resulting in micro- and nano-fibrils of cellulose.
Subsequent research demonstrated that pre-treating the sus-
pension with chemical or enzymatic processes facilitates the
achievement of fibrillation [18-21].

High-pressure homogenization is one of the most widely used
mechanical methods for the production of cellulose microfi-
bril and nanofibrils [22-24]. It consists of subjecting cellulose
fibres to a rapid pressure drop with shear forces that promote
a high degree of fibrillation. It has been shown that several ho-
mogenization steps lead to fibrils of increasingly smaller diam-
eters [25]. MFC/NFC can also be produced through grinding
[26], microfluidization [27] and refining [28]. These cellulose
derivatives have been studied for their vapour and gas barrier

properties, their resistance to oils and grease [29, 30] and for
their ability to contrast the absorption of polar and nonpolar
liquids [31, 32] According to recent research [12, 33], a rela-
tively low coating grammage of microfibrils-nanofibrils on
papers, about 10gm~2, can provide adequate water and oxy-
gen barrier properties. This indicates the importance of the
method of application of the coating to achieve the desired
properties.

Generally, the application of suspensions containing micro- and
nano-fibrils of cellulose to paper and paperboard is carried out
through bar coating, roll coating and size press coating [34].
These methods, to be functional, fortunately require low coating
weights, despite involving multiple application steps. However,
coatings are often not continuous or uniform, resulting in in-
adequate barrier properties. Bar coating allows good control
over the coating distribution, but unfortunately, it is limited to
laboratory scale, as it is not considered practical for industrial
use [35].

To obtain more homogeneous coatings, spray coating can be
used. This method is compatible with suspensions of micro- and
nanofibrils of cellulose, with the only drawback being related
to the viscosity and solids content of the suspension, i.e. a low
solids content and low viscosity are required. However, it allows
operation at high speeds and therefore offers greater industrial
scalability [34]. There are many studies in the literature eval-
uating the effect of the application of micro- and nano-fibrils
of cellulose (MFC/NFC) on paper and paperboard packaging,
with different coating processes. Mousavi et al. (2017) and (2018)
used two forms of NFC, refiner NFC (rfNFC) and grinder NFC
(gNFC) with solid contents of approximately 1.5 wt% and 3 wt%,
respectively, with and without carboxymethyl cellulose (CMC),
to develop functional coatings aimed at improving barrier prop-
erties. They observed an improvement in barrier properties as a
function of coat weight and surface coverage [36, 37]. Lavoine
et al. (2014) studied the effect of applying a 2 wt% of MFC, ob-
tained by microfluidization, using both bar coating and size
press process. They observed a 70% reduction in air permeance
and highlighted that improvement in the properties of paper and
paperboard substrates depends on the substrate type and on the
type and quantity of coating used [38]. The general objective
of this study is to assess the effectiveness of a coating based on
micro- and nano-fibrils of cellulose as a biobased, sustainable
alternative to synthetic coatings. Specifically, the work aimed to
optimize the coating method on the paperboard commonly used
to manufacture food packages, understanding the influence of
some process variables. The research compares the conventional
method (bar coating) with a more innovative method (spray
coating) with respect to the migration of mineral oils hydrocar-
bons (MOH) and grease resistance. The improvement of these
key properties could extend the use of cellulose materials to ap-
plications that are currently problematic or prohibitive for pa-
perboards and open new and profitable uses of recycled cellulose
materials. To date, recycled paper and paperboard packaging are
critical for the migration of contaminants from printing inks or
recycling processes [39, 40]. This limits their use for food pack-
aging applications where virgin paper is widely used. Adapting
the use of functional coatings based on MFC/NFC, also to re-
cycled paper and paperboard packaging could broaden the use
without compromising food safety and further recycling.
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2 | Materials and Methods
2.1 | Materials

A commercial paperboard (Control_A), largely used for dry
foods packages, with 0.450 mm of thickness and 280 gm~2 of
grammage, supplied by Commer Carta (Commer Carta srl.
Locate di Triulzi, Milano, Italy), was used as a reference sam-
ple and as a substrate for the coating. A commercial paper-
board for food packaging with a functional barrier provided
by a synthetic but biodegradable polymeric coating (about
15% w/w) intended to protect the food against mineral oils
and other undesired substances, (MM Frohnleiten GmbH,
Austria), named as Control_B, was used as a second reference
sample for the experimental design analyses. The aqueous
suspension of micro- and nano-fibrillated cellulose (MFC/
NFC) was provided by CLS Providentia (CLS Providentia
SRL—Social Enterprise, Saronno, Varese, Italy). For analyt-
ical determinations, n-heptane, toluene and castor oil, with
a purity > 90%, where purchased from Carlo Erba reagents
(Carlo Erba, Milan, Italy).

2.2 | Chemical-Physical Characterization
of Microfibrillated/Nanofibrillated Cellulose
Coating Suspension

To prepare the suspension, the producer used a biomass rich
in cellulose (about 51%), coming from a seed tegument widely
used for food, and natural functional ingredients, a thickening
and film forming agents, to stabilize its structure and maintain
stability (the complete formulation and production process are
protected by trade secret). To obtain extensive fibrillation, the
suspension was subjected to several high-pressure (> 1000 MPa)
homogenization cycles. Before the coating application, in order
to have a general characterization of the suspension, the pH,
dynamic viscosity, dry matter content and the ratio between
micro- and nano-fibrils were measured, and dynamic light scat-
tering (DLS) measurements, FTIR and TEM observations were
also carried out. To perform the general characterization, the
producer provided us with both the stabilized suspension with
the functional ingredients and a suspension of raw biomass
without additives.

221 | pH

The pH was measured under stirring using a CyberScan pH 310
(Thermo Fisher Scientific Inc., Waltham, MA, USA), previ-
ously calibrated with buffer solutions at pH7.0 and 4.0 (Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany). Ten measures
were conducted, and the result is expressed as average value +
standard deviation.

2.2.2 | Dynamic Viscosity

The dynamic viscosity was measured using a compact modular
rotational rheometer, MCR302 (Anton Paar, Graz, Austria). The
analysis employed a plate-plate system, with a Peltier plate of
49.978 mm in diameter. For each sample, the moving profile was

set to ‘Viscoelastic’, and the temperature of the lower plate was
maintained at 25°C. To facilitate sample positioning, the Peltier
plate was initially raised to a gap of 60 mm and then lowered to
an analysis distance of 1 mm. Three separate analyses were per-
formed at different rotation speeds of the Peltier plate (20, 40 and
60rpm), each consisting of 100 measurement points. The results
are expressed as average values + standard deviation of the last
40 points of analysis.

2.2.3 | Dry Matter

The dry matter of the suspensions was determined according to the
AOAC official methods [41]. The analysis was conducted in tripli-
cate, and the result is expressed as average + standard deviation.

2.2.4 | Quantification of Microcellulose /Nanocellulose
Fibrils Ratio

The ratio between microcellulose and nanocellulose fibrils was
determined according to the method used by Schnell et al. 2018
[42], on a sample of the aqueous suspension homogenized with-
out functional ingredients. The suspension, made up of MFC
and NFC at 0.14wt.%, was centrifuged at 2800g at room tem-
perature for 20min. The nanofibrillation yield, expressed in %,
was calculated with the following equation:

(PM|NFC - PMFC)

Nano - fibrillation yield (%) = %100
Pyvinec
where P, is the solid mass of coating suspension and P, .. is

the weight of the micro-fibrillated fraction corresponding to the
centrifuged sediment.

2.2.5 | Particle Size Distribution

The dimensions of microfibrils and nanofibrils in MFC/
NFC suspension were investigated by DLS measurements
(mod. Litesizer500, Anton Paar, Graz, Austria), performed at
25.0°C+0.1°C with a 35-mW laser diode light (1=658nm) and
collecting the scattered light at 15° and 90°. Before the DLS mea-
surements, the sample was diluted to 1:100 w/w with distilled
water and filtered with a 0.2 um filter. The analysis was assessed
in triplicate, and the results are expressed as average values +
standard deviation.

2.2.6 | Cellulose Fibrils Morphology

Transmission electron microscopy (TEM) was used to verify
the shape and size of micro- and nano-cellulose fibrils. The
analysis was carried out using a Talos F200S G2 microscope
(Thermo Scientific, Brno, Czech Republic), running at an
acceleration voltage of 200kV. A drop of MFC/NFC diluted
solutions was pipetted onto a nickel grid (200 mesh). TEM
micrographs were analysed by means of ImageJ] software
(v. 1.53a, National Institutes of Health, Bethesda, Maryland,
MD, USA).
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2.2.7 | Chemical Structure

The chemical structure of the suspension's components and
their possible changes after high-pressure homogenization
were investigated by Fourier-transform infrared-attenuated
total reflection spectroscopy, FTIR. The FTIR spectra of
freeze-dried cellulose suspension were recorded using a
Vertex 70 (Bruker, Germany) spectrometer equipped with an
attenuated total reflection (ATR) Golden Gate diamond. All
spectra were recorded in adsorption mode in a wavenumber
range of 4000-600cm™! with an accumulation of 32 scans at
4cm~L

2.3 | Paperboard Coating Process
and Characterization

2.3.1 | Coating Application Methods

Rectangular sheets of 21 X30cm were cut from the commercial
paperboard reel (Control_A) and covered with the MFC/NFC
coating suspension (~3.6% solids), using two different coating
methods: BC and SC. For BC, an automatic applicator (RK, R
Control Coater, URAI, Assago, Milano, Italy) was used. The
coating machine was equipped with eight different meter bars
(Mayer bars), with different wire diameters capable of deposit-
ing wet films from 6.35 to 101.6um thickness at different and
controlled speeds. Three bars were used, which respectively had
a wet film thickness of 38.1, 63.5 and 101.6 um. For BC the coat-
ing step was always repeated twice to obtain the most uniform
coverage, and between the two steps the paperboards were pre-
dried before applying the second layer. For the SC method, a pro-
totype apparatus was used. A printing-cutting plotter machine
was modified to drive a spray-painting system. A compressed
air spray gun, with a 1.7 mm diameter nozzle was adapted to the
plotter; the advancing speed and the aerosol working pressure
were adjustable and controlled, by the software of the plotter and
by a pressure regulator of compressor respectively. The coating
suspension (~3.6% solids) was diluted with distilled water (2:1)
before spray coating, and only one coating step was carried out.

TABLE1 | Variable experimental design with samples coding.

2.3.2 | Design of Experiment (DOE)

To optimize the paperboard coating process, an LF factorial
design with three levels and two factors was used for each
coating method on Control_A. The two experimental de-
signs included 12 experimental conditions with four centre
point replicates. As independent variables, wet film (38.1-
63.5—101.6 um) and speed of the automatic film applicator
(1.5-3.25—5mmin~!) were chosen for the first factorial de-
sign (BC). For the second factorial design (SC), the two inde-
pendent variables chosen were: Speed (15-30-45mmin~') and
Pressure (1.5-2.5-3.5bar) of the spray coating (Table 1). After
coating application, the samples were dried in an oven at 60°C
for 1h. The samples were kept for 24h at room temperature
before analyses. For each experimental condition, the coating
grammage, grease resistance (kit test) and heptane vapour
transmission rate (HVTR) were measured and compared to
the control samples (Control_A and Control_B). On the best
samples selected from both experimental designs and on un-
coated paperboard, the water absorption (Cobb test), water
and castor oil contact angles, the water vapour transmission
rate (WVTR) were finally measured; in order to assess the
performance improvements and the comparison between the
two coating methods, an assessment of the paperboard surface
by SEM and AFM observations was also carried out.

2.3.3 | Grammage

The grammage of each sample, uncoated and covered through
BC and SC methods according to the DOE, was calculated
after conditioning (105°C for 90 min) by weighing with an an-
alytical balance (accuracy 0.0001g). For all analyses, circu-
lar specimens (about 55cm?) were used and the diameters of
the samples were measured with a digital calliper (Borletti,
Milano, Italy). The coating grammages were calculated as the
difference between the weight of the coated and uncoated pa-
perboard and expressed as gm~2. The analysis was performed
eight times and the results expressed as average value + stan-
dard deviation.

Bar coating factorial design

Spray coating factorial design

Variable Sample code Variable Sample code
Wet film thickness (um) Speed (m min!) Speed (m min~1) Pressure (bar)

101.6 5 B101-5 45 3.5 S45-3.5
101.6 3.25 B101-3.25 45 2.5 S45-2.5
101.6 1.5 B101-1.5 45 1.5 S45-1.5
63.5 5 B63-5 30 3.5 S30-3.5
63.5 3.25 B63-3.25 30 2.5 S30-2.5
63.5 1.5 B63-1.5 30 1.5 S30-1.5
38.1 5 B38-5 15 3.5 S15-3.5
38.1 3.25 B38-3.25 15 2.5 S15-2.5
38.1 1.5 B38-1.5 15 1.5 S15-1.5
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2.3.4 | Grease Resistance

The grease resistance was tested following the Kit 12 test [43].
This test involves the preparation of 12 solutions with varying
proportions of castor oil, heptane, and toluene. The lipophilic
strength of the solution increases from ‘solution 1’ (least lipo-
philic) to ‘solution 12’ (most lipophilic). A drop of each solution
was gently released onto the surface of the sample; after 15s, it
was quickly removed with a clean absorbent cloth, and the test
area was immediately examined. A failure in the test was de-
noted by a darkening spot in the test area due to the diffusion of
the solution. The test was passed when, after the removal of the
drop, no solvent stains were observed. The tested sample was
given the number of the solution that passed the test as the re-
sult. The results obtained have been expressed as average value
+ standard deviations.

2.3.5 | HVTR

The HVTR was measured through the gravimetric method
described by Gaudreault et al. 2013 [44] with modifications.
Circular paperboard disks 8.65cm in diameter, coated and un-
coated, were cut and placed on aluminium cups of the same di-
ameter. Before sealing, a cotton pad soaked in 9mL of heptane
was placed in the cups. To guarantee better sealing, the paper-
boards were closed with a plastic gasket in polytetrafluoroeth-
ylene (PTFE), with two aluminium square flanges screwed to
the four corners with screws and bolts. The hermeticity of the
system was tested by assessing the transmission of heptane va-
pour through uncoated paperboards covered with a 50-um-thick
adhesive aluminium foil. The samples were stored at 30°C
and weighed every 30min. The transmission rate of heptane
through the exposed surface of paperboard was determined by
plotting the weight gain as a function of time for the period of
linear weight increase (R?>0.99) and was calculated as follows:

HviR=4% 1

At A
where % is the slope of the linear regression of the weight
increase of the cups as a function of time (gh~!) and A is the
surface area of the exposed film (5.81 « 1073 m?). The results
have been expressed as average value + standard deviations
(gh™'m™).

2.4 | Characterization of Best Performing Coated
Paperboard

2.4.1 | Water Uptake

The water uptake is a measure of the amount of water absorbed
by the surface of paper and paperboard, in a given time. This
property was evaluated using the Cobb,, test, in accordance
with the official method T441 om-9 [45], where water uptake is
measured after 300s of contact with water. The Cobb value rep-
resents the amount of water absorbed per unit area (gm=2) and
was measured according to the following equation:

Cobbyyy = (W399 — Wy) X 100

where W, is the weight before contact with water, while W, is
the weight after contact with water. All the best samples were
tested two times, and the results have been expressed as average
value + standard deviation.

2.42 | WVTR

The WVTR was determined according to the standard method
ASTM E96 [46] with some modifications. Glass vials with a 10-
mm internal diameter and 55-mm depth were filled with 2g of
anhydrous CaCl, (0% RH). Samples were then sealed on top of
the vials with a PTFE gasket and an Aluminium crimp seal,
which were placed in a desiccator containing BaCl, saturated
solution (90% RH) and stored at 38°C. The WVTR was deter-
mined by plotting the weight gain of the vials as a function of
time for the period of linear (R?>0.94) weight increase (up to
4days) and was calculated as follows:

where %/ is the slope of the linear regression of the weight in-
crease of the cups as a function of time (gday™') and A is the
surface area of the exposed film (7.85 « 10>m?). The results
have been expressed as average value + standard deviations
(gh7'm™2).

2.4.3 | CA Determinations

The surface's hydrophobicity and oleophobicity of the samples
were evaluated by determining the CA values. The analyses
were conducted with an OCA 15EC CA meter and OCA 20 soft-
ware (DataPhysics Instruments, Germany), using the sessile
drop method, at room temperature (21°C+1°C).

Paperboard strips of 1 X 10 cm were positioned on a film holder
and, with a micro-syringe, 7L of water or vegetable oil (castor
oil) was deposited on the paperboard surface. The water and cas-
tor oil CAs were measured immediately after the drop position
(t,) and for the castor oil also after 30 s of depositing.

For the CAs measurements of each sample, 20 replicates were
considered, and the results have been expressed as average val-
ues =+ standard deviation.

2.4.4 | Roughness

The Atomic force microscopy (AFM) was performed on the
reference substrate (Control_A) and on the coated samples to
investigate the surface roughness of the samples after coating
application to indicate the best coating method. The topographic
analysis was performed with the Atomic Force Microscope
AUTOPROBE CP (Veeco, Sunnyvale, CA, USA) at room tem-
perature in noncontact mode on a sample area of 20 X 20 um?2.
The AFM images were obtained using ProScan Data Acquisition
Software, after correction of the background, and show the
changes of sample surface due to coating application. For each
paperboard, four observations were taken in different points,
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and the results of Ave (Average) roughness have been expressed
as average value + standard deviations. The Ave roughness is
given by the average deviation of the data from the average of
the data (ProScan Data Acquisition Software reference manual).

2.4.5 | Surface Structure

Scanning electron microscopy (SEM) was used to investigate
the distribution of MFC/NFC on the surface of paperboard.
To perform SEM observation, paperboard samples were cut
(1x1cm?), coated with a thin layer of gold (Au) and mounted
on a stainless-steel stub with double-sided tape. A field emission
Nova NanoSEM 450 (FEI Company-Bruker, Germany) at 1000x
and 5000x of magnification operating at 10kV in high vacuum
conditions was used to carry out the observations.

2.5 | Data Analysis

Statistical analysis of all the results was conducted using one-
way analysis of variance (ANOVA). Significant differences
among groups (p<0.05) were assessed by Tukey's HSD post
hoc test. The choice of the optimal conditions was carried out
through the creation of response surface and through the use
of a mathematical function, the desirability index (DI). The DI
is used to reach the best value of trade-off to determine the best
response. To obtain this value, individual desirability models are
created for the response of the experimental design by setting
optimization criteria [47]. Specifically, a grammage value in a
range of 1-15 g m~2 was set, a maximum HVTR value of 3.5 g
h™! m~2 with a minimum test kit value of 10. All analyses ex-
plained in this section were carried out using RStudio (version
2022.12.0+ 353; RStudio, Boston, MA). Unless otherwise stated,
the experiments were performed in triplicate, and the results
have been expressed as average value + standard deviation.

3 | Results and Discussion

3.1 | Chemical-Physical Characterization
of Coating Suspension

Table 2 reports the general characterization of the coating sus-
pension with special regards for pH, FTIR spectra, dry matter,
dynamic viscosity, ratio between micro- and nano-cellulose fi-
brils, TEM observations and DLS. As it can be inferred, the pH
of the MFC/NFC suspension is close to neutral and very similar
to the pH value of the dispersion in water of all the ingredients,
assessed before high-pressure homogenization. This is a positive
indication that the physical fragmentation method used did not
significantly change the chemistry of the original cellulose and
any natural functional additives used. This assumption is also
confirmed by the FTIR analysis carried out on the homogenized
and nonhomogenized freeze-dried suspensions (Figure S1). The
FTIR spectrum shows a large band at 3281.2cm™! corresponding
to the —OH stretching vibrations of CH2-OH on cellulose and
bound water, indicating the formation of hydrogen bonds due
to the interaction with water [48]; a small band at 2924.7cm™!
corresponding to C-H stretching vibrations of cellulose [49];
and the peaks at 1408.1, 1148.6 and 1031.4cm™! corresponding

TABLE 2 | General characterization of MFC/NFC coating
suspension.

MFC/NFC coating
Test suspension
pH 6.91 + 0.04

Dynamic viscosity 20 rpm (cP) 1212.90 + 20.34

Dynamic viscosity 40 rpm (cP) 673.28 = 5.05
Dynamic viscosity 60 rpm (cP) 487.62 + 1.53
Dry matter (%) 3.60 £ 0.17

MFC (%) 85.99 + 3.04
NFC (%) 14.01 + 3.04

DLS—hydrodynamic diameter (nm) 153.68 £ 25.26

DLS—polydispersity index (PDI %) 25.83 +1.38

Aspect ratio from TEM observations 104.51 + 16.85

to C-H oscillating vibrations of cellulose, C-O-C asymmetric
stretching and C-O stretching, respectively [50]. Looking care-
fully at the two spectra, we can see that no relevant changes
have occurred in terms of amplitude or position of the peaks due
to the high-pressure homogenization treatment. As shown by
the dry matter value in Table 2, the suspension is very diluted
(3.6% d.m.), and this low concentration of solids is most likely
ideal to obtain the right fibrillation of the cellulose during the
high-pressure homogenization process, limiting the energy cost
of the process which is always rather high [51]. Despite this low
concentration, the dynamic viscosity of the suspension appears
quite high, ranging from approximately 488 to 1213 cP, depend-
ing on the rotation speed of the viscometer. The exponential re-
duction in viscosity, as a function of rotation speed, is indicative
of a viscoelastic behaviour of the suspension, related to the as-
pect ratio of the nanofibrils and their flexibility [52].

The TEM observations (Figures 1) confirm the extensive fibril-
lation of the cellulose fibre bundles and the fragmentation of
the fibres present in the raw biomass, where, as observed by the
optical microscope (Figure S2), the bundles length was around
50 um. High-pressure homogenization allowed a notable reduc-
tion in the length of the fibrils but with a highly variable distri-
bution (range 1.2-11.7 um). TEM observations also confirm that
diameter reduction, rather than full-length shortening, is the
predominant mechanism of cellulose fibrillation; in fact, the di-
ameter measurements are in nanometres scale (range 16-95nm).
This leads to an aspect ratio value just below 100. The higher the
aspect ratio, the higher the viscoelastic behaviour, and this ob-
viously greatly affects the coating process and the homogeneity
of the coating.

Furthermore, the apparent flexibility of the nanofibrils (see
Figure 1) prefigures an extensive possibility of mutual entangle-
ment, which can lead to the formation of a compact MFC/NFC
layer during the cardboard coating process.

The microscopic observations of the fragmented cellulose fibres
revealed a heterogeneous morphology, showing both micro and
nano fibrils. The gravimetric method, used to quantify the ratio
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FIGURE 1 | Transmission electron microscopy, TEM, images of the microfibrils and nanofibrils cellulose suspension at 4300 x magnitude. (a)
Fibrillation of the microscopic cellulose fibre. (b) Entanglement network of microcellulose-nanocellulose fibrils. The insets show the fibre diam-

eter distribution (c) and the fibre length distribution (d) of the cellulose suspension subjected to high-pressure homogenization and consequent
microfibrillation-nanofibrillation.

of micro/nano cellulose fibrils, gave an average value of 86% by DLS measurements and in particular by the polydisper-
micro fibrils (see Table 2), though with a high deviation due to sity index (PDI) higher than 25%. The PDI is a measure of the
the presence of particles of different sizes. This is also confirmed width of particle size distribution. Values below or equal to 10%
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indicate that the sample is monodisperse [53], while a higher
PDI suggests that the morphology and distributions are more
complex as in this case [54].

The fact that the MFC/NFC are not spherical poses some prob-
lems on the sizes estimated by DLS, which analyses the data in
spherical approximation, mathematically treating the particles
as spheres moving with Brownian motion. Differently from
spheres, the hydrodynamic stresses will depend on the orien-
tation of the fibrils, determining an anisotropic motion of the
scatterer [55]. Consequently, fibrils are possibly detected by DLS
as equivalent Brownian spheres with a smaller average size [56].
The presence of a high percentage of nanofibrils, in principle,
should allow a more homogeneous and continuous coverage of
the paperboard surface during the coating process and, conse-
quently, higher performances of the coated paperboards.

3.2 | Paperboard Coating Process
and Characterization

3.2.1 | Coating Grammage

Once the coating has been applied with the two methods
(2.3.1), according to the experimental design (2.3.2), the coat-
ing grammages of all samples of the two-factorial design were
measured, and the results are reported in Table 3. Using the BC
method, the grammages were in the range of 2.36 +£0.82 and
14.75+0.68 gm~%; while using the SC method, the grammages
were in the range of 1.55+0.52 and 8.85+3.05gm™2. Overall,
the minimum grammages are very similar, while the maximum
ones show a significant difference, with the SC method having
spread smaller amount of coating, in rather shorter times. For
both coating methods, of course, the highest coating weights
were achieved with lower coating speeds, higher wet films de-
posited by the bars or higher spray system pressure, but it seems
relevant to note that the SC allows similar grammages at 10
times higher speeds and in a single step, with a more diluted
suspension. Using a more diluted suspension we were certainly
able to obtain a more homogeneous coating, but this implied a
longer drying process because the quantity of water to evaporate
was greater. For the BC conditions, an amount of water in the
range 63-110 g m~2 was evaporated, for the best SC conditions
it was necessary to evaporate a quantity of water in the range
481-678 g m~2. It is also worth noting that the increase in the
total grammage of coated paperboard was very low, below 3%
compared to the grammage of uncoated samples.

3.2.2 | Grease Resistance

The grease resistance was determined for all experimental con-
ditions of the two-factorial design using the Kit test (2.3.4) to
assess the minimum amount of coating providing samples with
sufficient barrier to pass the test and to select the best-performing
coating conditions. Above a Kit number of 8, a cellulosic mate-
rial is generally considered grease-resistant [35, 57] and suitable
for food packaging use. All the experimental samples were com-
pared with both the uncoated base sample (Control_A) and the
sample covered with synthetic polymer (Control_B), both show-
ing scarce resistance to grease (Table 3).

As for bar-coated samples, all of them demonstrated excellent
grease resistance, according to the maximum Kit Test value
(Table 3).

Most of the spray-coated samples also demonstrated excellent
grease barrier, reaching the value of 12. However, three sam-
ples (namely, S45-1.5, S30-1.5 and S151.5) did not reach the
minimum acceptability threshold for use as food packaging
(Table 3). These cartons were sprayed at the lowest pressure
tested (1.5bar), which proved insufficient to ensure uniform
coverage, most likely due to an atomization defect. Atomization,
in the context of whatever SC method, refers to the process of
breaking up the liquid coating into fine droplets to create the
aerosol. The aerosol pressure is a critical factor that influences
the efficiency and effectiveness of the final coating application,
and more viscous suspension may require higher pressure to at-
omize effectively [58, 59].

A similar behaviour was observed in the literature: Aulin
et al. 2010 [60] assessed the time of castor oil penetration and
observed that grease resistance was improved by the addition
of a cellulose suspension on base paper. Hassan et al. 2016 [61]
also noted an improvement in grease resistance after coating
paper sheets with micro- and nano-fibrillated cellulose (MFC
or NFC). Furthermore, Lavoine et al. 2014 [57] and Zhang
etal. 2021 [62] evaluated grease resistance using the Kit value,
and both observed that when paper was coated with MFC
or other cellulose-based suspensions, the grease resistance
was enhanced. Given the excellent grease resistance achieved
with the experimental samples, future developments could
consider the effects of folding on the Kit test value to assess
the performance retention of the coating in practical applica-
tions [63].

3.2.3 | HVTR

To evaluate the resistance to potential MOH migration, the
HVTR was measured for all samples in both experimental de-
signs, as well as for the two control samples. Tiggelman et al.
(2012) [64] proposed heptane vapour as a good simulant for
MOH and suggested HVTR to assess the diffusion perfor-
mance of MOH through packaging materials, since the vapour
pressure at room temperature of the MOH alkanes (composed
of large alkanes, range C24-C16) is far below the vapour pres-
sure of smaller alkanes like heptane and hexane. The grav-
imetric method for HVTR has been widely used since then
[44, 65, 66]. Generally, a value of HVTR below 0.42gh™m~2
is considered a good mineral oil barrier, while if the value
exceeds 20.83gh™'m~2, the barrier is ineffective [44]. The re-
sults for HVTR (Table 3) suggest that the MFC/NFC coating
significantly improved the barrier against heptane and min-
eral oil hydrocarbons, given the 95.3%-99.3% HVTR reduc-
tion compared to the uncoated sample (Control_A). Previous
studies on micro-nanocellulose coatings [67] and on starch-
based coatings [65, 68] demonstrated the effectiveness of such
coatings on the reduction of HVTR and consequently of MOH
transmission. It is worth noting that, except for the results ob-
tained with the lowest wet film (38.1 um), all the bar coating
conditions produced similar results highlighting relatively
low transmission values. Even for spray coating conditions,
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TABLE 3 | Results for grease resistance (Kit test), grammage and mineral oils hydrocarbons diffusion (HVTR) for the samples of factorial designs
compared to the uncoated paperboard (Control_A) and a commercial control paperboard coated with synthetic polymer (Control_B).

Desirability
Sample Kit value Coating grammage g m~2 HVTRgh'm™ index
Control_A 0 0 81.49 £1.742
Control_B 0 4% 471 +£0.58 "
Bar coating factorial design
B101-5 12.00 = 0.00 2 7.43 +0.93°¢ 0.55+0.224 0.543
B101-3.25 12.00 +0.002 10.29 + 1.16 P 0.69 +0.26 4 0.493
B101-1.5 12.00 £+ 0.002 14.75 + 0.68 0.73+0.214 0.430
B63-5 12.00 = 0.00 2 413 +0.68 ¢ 1.01 +0.134 0.660
B63-3.25 12.00 = 0.00 2 4.98 +0.57 d¢ 1.40 +0.614 0.597
*B63-3.25 12.00 + 0.00 2 5.62+0.944 1.05 +0.01 4 0.597
*B63-3.25 12.00 £ 0.002 6.10 +1.09 ¢4 1.64 +0.76 4 0.597
*B63-3.25 12.00 = 0.00 2 5.47 £0.77 % 1.60 + 0.614 0.597
B63-1.5 11.70 £ 0.48 2 9.81 +1.340 1.40 +0.624 0.500
B38-5 12.00 + 0.00 2 2.36+0.82¢ 2.23 +0.02 < 0.806
B38-3.25 11.86 +0.38 2 27240461 2.23 +0.01 < 0.765
B38-1.5 11.90 £ 0.322 5.35 +0.69 % 3.51 £0.62b¢ 0.600
Spray Coating Factorial Design
S45-3.5 12.00 + 0.00 2 585+1.70°¢ 3.87+1.22°¢ 0.643
S45-2.5 12.00 £+ 0.002 1.55 +0.524 3.87+1.61°¢ 0.00
S45-1.5 2.33+0.71°¢ 1.85+0.514 53.93 +8.46° 0.00
S30-3.5 12.00 = 0.00 2 7.57 + 0.942b¢ 1.06 +£0.00°¢ 0.00
S30-2.5 12.00 = 0.00 2 6.25 + 0.555 1.76 + 0.61 ¢ 0.560
*$30-2.5 11.88 +0.352 7.77 % 0.962b¢ 0.99 +0.12°¢ 0.560
*$30-2.5 12.00 +0.002 8.41 +0.50 20 0.95+0.18¢ 0.560
*$30-2.5 12.00 = 0.00 2 5.87+1.87°¢ 1.40 £ 0.61 ¢ 0.560
S30-1.5 2.78 £0.83°¢ 2.73+0.81¢ 56.75 + 4.4° 0.000
S15-3.5 12.00 + 0.002 8.85+3.052 0.77 £0.27 ¢ 0.502
S15-2.5 12.00 +0.002 8.24 + 1.38%b¢ 0.85+0.21¢ 0.564
S15-1.5 713 +0.83° 2.90 + 1.56 4 8.46 +1.05°¢ 0.000

Note: Values of desirability index (range 0-1) to assess best conditions. Table entries with * are replicates in the center point of factorial design. Different letters (**<) on
the same column indicate differences for p <0.05. The value with ** is calculated based on the information in the technical data sheet.

the results were similar, with 10 out of 12 samples showing
values assessed as not significantly different by ANOVA. The
only significantly higher HVTR values correspond to the
lowest aerosol pressure combined with high speed (S45-1.5;
S30-1.5) which do not guarantee sufficient continuity of cov-
erage, as already discussed for grease resistance (par. 3.2.2).
Furthermore, the experimental samples (except the two sam-
ples above mentioned) showed HVTR values lower than the
Control_B (Table 3), specifically treated with synthetic poly-
mer to improve resistance to mineral oils but with a coating
grammage five times heavier.

3.2.4 | Coating Optimization Through
Factorial Designs

To determine within the factorial designs the best combina-
tions of the two independent variables for both coating meth-
ods (BC and SC), the responses for grammage, HVTR and Kit
value, individually and in combination, have been evaluated.
A dual approach was used: response surface analysis and a
mathematical function, aimed at identifying optimal condi-
tions, to minimize the HVTR value while maintaining low
weight and a high Kit value. In the first approach, the response
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surfaces for all three responses were compared as shown in
Figure 2a-c and Figure 2d-f, for bar coating and spray coat-
ing, respectively. The effects of the two independent variables
investigated (speed and wet film for BC; speed and pressure
for SC) are rather clear. They show, for instance, that the high-
est values of aerosol pressure in SC can guarantee high values
of the kit test and quite low value of HVTR at all the coat-
ing speeds tested, even though a large variation in grammage
occurs; while at the lowest pressure values, the effects of the
coating speed are relevant, particularly for HVTR which in-
creases sharply together with the velocity. Similarly, in BC, the
highest wet films guarantee low HVTR and high resistance
to fats both at high and low coating speeds but, at the lowest
wet film values, the effect of the coating speed is opposite to
that of SC. The second approach involves using the desirability
function [47] to assess and optimize multiple variables to find
the best conditions for the chosen parameters. This function
returns a value, the desirability index (DI), ranging from 0 to 1
and all DIs are reported in Table 3. Results with a desirability
index close to 1 are identified as the best conditions.
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For bar coating method, based on an evaluation of response sur-
faces (Figure 2) and the DI (Table 2), two of the 12 experimental
conditions tested were selected, as they optimized the chosen
parameters. The selected samples were B38-5 and B63-5, which
have 0.806 and 0.660 DI, respectively. The sample B38-3.25,
which has the second highest value of this index, was not se-
lected because it has equal parameters to the sample B38-5 with
a lower kit value. Also, two of the 12 experimental conditions
tested were selected for SC method based on a response surfaces
evaluation (Figure 2) and desirability index (Table 3). The se-
lected conditions were S45-3.5 and S15-2.5, which have 0.642
and 0.564 DI, respectively.

The samples selected from both experimental designs as the
best conditions, together with uncoated paperboard as a refer-
ence, were subjected to the evaluation of water absorption test
(Cobb300), water and castor oil CAs and WVTR; all these results
are reported in Table 4. Finally, a surface structural analysis of
the paperboard samples coated with the two methods was car-
ried out by SEM and AFM.
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FIGURE 2 | Surface plot factorial designs. (a) HVTR (gh™'m™2) versus wet film and coating speeds (BC). (b) Grammage (gm~2) versus wet film

and coating speeds (BC). (c) Kit test value versus wet film and coating speeds (BC). (d) HVTR (gh~'m~2) versus aerosol pressure and coating speed

(SC). (e) Grammage (gm™2) versus aerosol pressure and coating speed (SC). (f) Kit test value versus aerosol pressure and coating speed (SC).
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TABLE 4 | Results of water vapor transmission rate (WVTR), Cobb test 300, water and castor oil contact angles and roughness.

Castor oil

Sample Cobb,,, g m~—2 Water CA (°) CastoroilCAt0(°) CAt30s(®) WVTRgm2h! Roughness(nm)

Control_A  80.03+11.90® 103.94+3.792 69.11 + 5.00® 24.57 + 81.52 + 5.172b 191.8 +3.2b
3.73¢

B63-5 69.94 +0.62°  90.06 + 8.82"P 75.42 +3.232 35.36 + 78.47 + 6.89 2b 259.3+3.02
4.08"

B38-5 59.45+0.38°  91.37+4.60" 71.21 + 0.95 2P 35.18 + 84.07 + 3.822 216.0 +13.0°
4.82°

S45-3.5 76.24 +7.25°  94.60 + 6.00°P 75.31 + 4.07% 43.43 + 68.53 +4.17°¢ 116.8 +1.24
4032

S15-2.5 106.23 £ 1.6% 9276 + 4.92° 74.16 + 4.94 2 4478 + 74.65 + 2.31 b¢ 142.4+1.41°¢
4.082

Note: Different letters in the same column indicate significant differences for p <0.05.

3.3 | Characterization of Best Performing Coated
Paperboard

3.3.1 | Water Uptake

Adding MFC-NFC coating does not improve the water absorp-
tion property. On the contrary, the greater the amount of coat-
ing applied, the greater the increase in water absorption values.
The paperboard coated with the spray method (S15-2.5), which
has the highest grammage, also has the highest value of water
absorption. This is likely linked to the high hydrophilicity and
the large specific surface area of the micro and nano cellulosic
fibres. In addition, it is also associated with the nature of the
paper material used, which is very porous and with water ab-
sorbing capacity. Similar results were found by Lavoine et al.
(2014), in their study on MFC, which reported that the addition
of MFC increased the water absorption capacity, according to
the high affinity of the coating towards water [57].

3.3.2 | CAValue

The contact angle (CA) value of the samples is useful and im-
portant for characterizing the material surface, assessing the
effect of coating application and indicating the hydrophilic, hy-
drophobic, oleophilic or oleophobic nature of the paperboard
sample (Figure S3). A lower water CA indicates the hydrophilic
nature of the material, while a value > 90° indicates poor wet-
tability and a hydrophobic nature [69, 70]. Table 4 shows the
values of water CA and castor oil CA at the time of deposition
(t0) and after 30s (£30). As regards the water CA, it is worth em-
phasizing, as a preliminary point, the high value of the water
CA of the uncoated paperboard (Control_A) which makes it ap-
pear to be a hydrophobic surface. The water CA reduction after
the coating, for all the samples selected as the best conditions,
is not surprising for the nature of the coating and the increased
homogeneity of the surface. No statistically significant differ-
ences exist between BC and SC methods, and even though the
application of the suspension of micro-nano cellulose fibrils
resulted in a decrease in the CA values, the materials remain
hydrophobic because the angle is always > 90°.

For castor oil CA, at t0 of deposition, the measured values
are significantly different from the control (Control_A), ex-
cept for the BC sample B38-5 that shows a value more sim-
ilar to the control sample. This effect is likely due to a more
homogeneous distribution of the micro- nano-fibrils sus-
pension obtained with the spray coating coverage and due to
the higher grammage of other experimental sample, which
creates a more stable and less interactive surface against cas-
tor oil.

Instead, CA values of coated samples after 30s from the drop
deposition (CA t30s) are significantly (p<0.05) higher than
those of the control paperboard. This result is fully in line with
the better grease resistance of the coated samples compared to
the control sample. It is worth remembering that passing the Kit
12 test means showing repellency to lipophilic substances for
15s. Furthermore, the samples coated with spray coating show
statistically higher value (p< 0.05) than the samples coated with
bar coating, indicating a better distribution of the suspension on
the surface.

According to the Wenzel model, when the water CA 6 <90°, an
increase in surface roughness enhances the hydrophilic char-
acter of the material, increasing its wettability. Conversely,
for hydrophobic surfaces 6>90° increased roughness fur-
ther accentuates the hydrophobic nature, reducing the wet-
tability [71]. The relationships between AFM analysis and
water CAs measurements demonstrate consistency with the
Wenzel model, indicating that surface roughness amplifies
the material's native wettability. In samples coated using BC
technology, the rougher surface may lead to localized mate-
rial accumulation, introducing heterogeneities that promote
localized wetting while still maintaining minimal hydropho-
bicity (CA > 90°). In contrast, spray-coated samples exhibit a
more homogeneous and uniform distribution of the micro- and
nano-fibril suspension. This smoother morphology results in
reduced localized wetting and a slightly lower CA, still within
the hydrophobic regime (CA > 92°). This suggests that spray-
coated surfaces may have a more stable and controlled inter-
action with water due to the uniformity of the coating, despite
the minor reduction in CA.
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3.3.3 | WVTR

The WVTR results for coated and uncoated paperboards (Table 4)
show a little improvement in water vapour resistance due to
the application of the MFC/NFC coating suspension by the SC
method, probably due to its better coverage homogeneity than the
BC method, whose results are not significantly different (p>0.05)
from the control sample. In the case of the spray-coated samples,
the WVTR decreased by 8.43%-16%. Similar results were pre-
sented by Zhang et al. 2021 [72], in their study on microfibrillated
cellulose. The reduction in WVTR, however, is of little relevance
for these kinds of packaging materials which are mainly addressed
to manufacturing paperboard boxes for dry pasta and not sealed
package boxes; the test was performed only to investigate the con-
tinuity of the coating coverage in the two compared coating tech-
nologies, using a different approach.

3.3.4 | Surface Structure

SEM was used to investigate the surface of the coated samples
and compare it with the Control_A paperboard. Figure 3 shows
the SEM images of uncoated (a) and coated (b-e) paperboard,
selected as best conditions, at 1000 X magnitude with a section
highlighted at 5000 x magnitude. In uncoated paperboard, the
fibres are clearly visible, as are the spaces between the crossed
fibres. These are responsible for the poor resistance to water and
oil. The structure with gaps and crisscrossed fibres is typical
of paper and paperboard material [57, 73, 74]. In the images of
coated paperboard (b-e), the sample surface is entirely covered
by micro and nanofibrillated cellulose, and no more pores were
noticed; similar results were achieved by Lavoine et. al. 2015
[74] in their study on MFC-coated paperboard. Furthermore, in
the images of coated paperboards, it is possible to observe the

FIGURE 3 | SEM image of (a) Control_A (uncoated) sample; (b, c) best conditions of bar coating factorial design B6_v=35, B4_v=5; (d, e) best

conditions of spray coating factorial design V45_p=3.5, V15_p=2.5.

FIGURE 4 | 3D Topography, AFM images of (a) Control_A (uncoated) sample; (b, c¢) best conditions of bar coating factorial design B63-5, B38-5;

(d, ) best conditions of spray coating factorial design S45-3.5, S15-2.5.
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structure of fibrils and some pieces of fibrils, broken or with
reduced dimensions, due to the fibrillation process. The image
also clearly shows that the sprayed samples (d,e) have a more
homogeneous surface due to more continuous coverage, as also
detected by the AFM results.

To investigate the homogeneity and the roughness of the sur-
face, AFM was used. Figure 4 shows the 3D topographies of pa-
perboard samples analysed, while the roughness values in nm
are reported in Table 4.

The surface appearance of Control_A is clearly distinguishable
from all the others, showing a regular presence of small craters
and denoting a roughness level comparable to the bar-coated sam-
ples. This is the consequence of the industrial production of the
control paperboard, obviously very different from the laboratory-
scale production of the bar-coated samples. The bar-coated sam-
ples (4b,c) show a very different irregular surface, deprived of
the small craters and with evident dragging marks which could
lead to an increase in roughness. Their roughness is similar or
even greater than the control paperboard (Table 4). The topogra-
phies of the spray-coated samples (4d,e) appear rather different.
They also show some signs of dragging but are more homoge-
neous and have a lower roughness, statistically different from
all the others. A smooth-to-the-touch surface guarantees even
coverage and is a widely valued characteristic for food packaging
materials. These results seem to highlight a higher suitability of
the SC technology, properly applied, for achieving homogeneous
coatings, because of the small size of droplets deposited on the
surface, able to cover any surface irregularities, and the possibil-
ity of overcoming the viscosity of the suspension.

4 | Conclusions

When properly applied onto a paperboard substrate, the suspen-
sion of MFC/NFC offers a sustainable solution to several criti-
cal issues associated with paperboard packaging for dry or fatty
foods and non-food products, thanks to the nature of both the
coating and the processing methods used.

Although some minor limitations remain regarding interaction
with water, due to the inherently hydrophilic nature of cellulose,
both the application methods studied allow for the improvement
of the characteristics of the basic paperboard, significantly in-
creasing its resistance to grease, without influencing water vapor
penetration, and significantly enhancing the barrier to mineral
oil hydrocarbons. This last property, in particular, paves the way
for a wider use of recycled cellulosic resources, supporting the
objectives of the circular economy. Indeed, recycled cellulose, al-
though widely available and inexpensive, is currently underused
in packaging due to contamination risk and poor performance.
The optimization study has shown that spray coating is the most
suitable method for applying the suspension on the paperboards.
It allows the use of higher process speeds compatible with indus-
trial production.

It allows the use of higher process speeds compatible with indus-
trial production and allowed achieving the best results in terms
of barrier against contaminants and grease resistance.

Given the interesting results and the good lab-scale applicabil-
ity, the research is moving towards industrialization by study-
ing the coating technologies process applied in industries, also
focusing on the study of recycled paper and paperboard in food
packaging applications by improving barrier properties and thus
reducing the risk of contaminant migration, which is currently
a major limitation to the use of recycled cellulose in direct food
contact materials.
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