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Sulfated cellulose nanofibril (S-CNF) films are promising sustainable materials, yet their properties can deteri-
orate under moist-heat exposure, limiting their long-term performance. Here, the aging behavior of S-CNF films
at 80 °C and 65% relative humidity was investigated and the addition of sodium borohydride (NaBH4) as a
chemical stabilization strategy is proposed. Neat S-CNF films underwent rapid acidification and cellulose
depolymerization with aging, with pH decreasing from 3.7 to 1.9 and the degree of polymerization (DP) of
cellulose dropping from 569 to 80 after only two days of aging. Concomitant changes in crystallinity and
morphology were observed, which together culminated in the deterioration of several properties after eight days
of aging, including a tensile strength reduction from 123 to 3 MPa and very high color changes (AE = 39.6).
These poor results were attributed to hydrolysis of sulfate ester groups, which intensified acidification, thus
leading to accelerated cellulose chain scission and chromophore generation reactions. In contrast, NaBHy
addition resulted in films with a buffered pH of ca. 9, which suppressed cellulose depolymerization (DP going
from 801 to 761 after eight days of aging) and preserved the chemical and microstructural integrity of the films
during aging. Consequently, the NaBHy-treated films showed a superior mechanical performance (tensile
strength of 39 MPa) and exhibited minimal color changes (AE = 1.7) after aging. Overall, NaBH4 addition prior
to film formation effectively improves the resistance of S-CNF films against moist-heat aging, extending their
applicability for long-term and high-performance applications.

1. Introduction

Cellulose nanofibrils (CNFs) continue to attract considerable interest
because they combine exceptional intrinsic properties, including high
aspect ratio, high strength and stiffness, tunable surface chemistry,
biocompatibility, biodegradability and renewability. Accordingly, CNFs
are being explored across diverse application areas, such as food pack-
aging, 3D printing, composite materials, water treatment, drug delivery,
electronic devices, among others [1,2]. Structurally, CNFs consist of an
entangled network of nanofibrils comprising both amorphous and
crystalline domains. Depending on the cellulose source and extraction
methods, CNFs typically exhibit diameters between 3 and 50 nm, while
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their lengths can reach several micrometers [3].

CNFs are commonly produced through intensive mechanical pro-
cessing (e.g., high-pressure homogenization, microfluidization,
grinding, etc.), often preceded by enzymatic or chemical pretreatments,
such as 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated
oxidation, phosphorylation, cationization, sulfation, and carbox-
ymethylation to reduce energy consumption during fibrillation [4].
Despite their effectiveness, chemical pretreatments may involve
expensive reactants, long processing times and environmentally haz-
ardous chemicals that are challenging to recycle and reuse, thereby
constraining the industrial scalability of CNF production [5].

In this context, deep eutectic solvents (DESs) have emerged as a
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greener and increasingly prominent alternative for CNF production.
These solvents are typically composed of hydrogen bond donors (HBDs)
and hydrogen bond acceptors (HBAs), forming eutectic mixtures with
melting points lower than those of the individual components and of an
ideal mixture of the components. They can offer several attractive fea-
tures, including relatively low-cost constituents, straightforward syn-
thesis, tunability, low toxicity and vapor pressure, as well as
recyclability and biodegradability [4,6]. DESs may act not only as
swelling agents that facilitate the subsequent mechanical processing for
CNF production, but can also, through appropriate selection of the HBDs
and HBAs, introduce specific chemical functionalities onto the cellulose
structure. A noteworthy example is DES-mediated sulfation, which, after
mechanical treatment, can yield CNFs with high values of charge den-
sity, degree of fibrillation, viscosity and transparency [7,8].

From the sulfated CNF (S-CNF) dispersions, films/nanopapers with
excellent mechanical properties and outstanding optical transparency
can be prepared, making them attractive for several applications [9-11].
Nonetheless, for their effective use in long-term applications, nano-
cellulose films must demonstrate high durability and resistance when
exposed to environmental stressors, such as moisture and heat. To the
best of our knowledge, the stability of S-CNF films against moist-heat
aging has not yet been investigated; however, the limited literature
available indicates that the properties of CNF films containing carboxyl
or phosphate functionalities can be severely compromised when sub-
jected to moist-heat artificial aging [12-14]. For instance, Camargos
et al. [13] reported that TEMPO-oxidized CNF films aged at 80 °C and
75% of relative humidity (RH) for 168 h exhibit notable color changes
(darkening and yellowing), a reduction in degree of polymerization
(from 198 to 107), and a decrease in crystallinity (75 to 66%) compared
to the unaged films. Likewise, highly phosphorylated CNF films (with
2.5 mmol/g of phosphate groups) aged at 80 °C and 65% RH showed
pronounced cellulose depolymerization, tensile strength loss and yel-
lowing: 75% loss of their initial degree of polymerization (DP) and 63%
of their tensile strength, after eight days of aging, while colorimetric
analyses confirmed yellowing, which was also visually evident [12].
Sakiyama et al. [14] further demonstrated, via liquid-state slp NMR,
that moist-heat aging can induce dephosphorylation, resulting in the
release and accumulation of free inorganic phosphate salts within
phosphorylated CNF films. The accumulation of these salts decreases the
pH of the films, thereby accelerating cellulose depolymerization and
ultimately contributing to a reduction in fibril length. Collectively, these
findings highlight the sensitivity of functionalized CNF films to moist-
heat conditions and raise the possibility that S-CNF films may face
identical stability challenges, reinforcing the need for the development
of chemical stabilization strategies.

Given the limited research on the stability against aging of CNF films
and the strong influence that distinct surface functional groups may
exert on degradation, it is essential to extend this investigation to other
CNF types and to search for mitigation measures in the case of proper-
ties' deterioration. In this work, S-CNF films with high sulfation degree
were prepared by solvent casting a CNF suspension produced from the
pretreatment of a bleached cellulosic pulp with a DES composed of
sulfamic acid and urea. The resulting films were then subjected to arti-
ficial aging at 80 °C, 65% RH for up to eight days and their degradation
was tracked by evaluating their mechanical, optical, chemical, and
morphological properties, as well as the degree of cellulose polymeri-
zation, pH, crystallinity, and thermal stability. To enhance the moist-
heat resistance of the S-CNF films, a novel, straightforward and effec-
tive stabilization strategy is proposed based on the incorporation of
sodium borohydride (NaBH,) prior to film formation. Accordingly, we
hypothesize that NaBH,-treated films will demonstrate superior stability
against moist-heat aging compared with the neat S-CNF films.
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2. Materials and methods
2.1. Materials

The S-CNF were produced from a bleached Eucalyptus Globulus kraft
pulp (BEKP), supplied by the Navigator Company, with a composition of
73.0 wt% of cellulose, 18.3 wt% of xylan and 0.8 wt% of soluble lignin
(no detectable amount of klason lignin). Urea (> 98.5%, pearls, from
PanReac AppliChem) and sulfamic acid (> 99.5%, from Chem-Lab NV)
were the reactants used for the sulfation reaction.

Sodium borohydride (NaBH,4, > 98.0%) was purchased from Sigma-
Aldrich and used without further purification.

2.2. S-CNF production and characterization

The S-CNF was obtained from the sulfation reaction between the
BEKP fibers and a DES composed of sulfamic acid and urea, as described
by Sirvio et al. [8]. Prior to the reaction, an aqueous suspension of BEKP
(consistency of 1.5%) was mechanically stirred overnight, then filtered,
washed in ethanol, filtered again and dried in an oven at 60 °C for 24 h.
Then, the DES was prepared by mixing 71.9 g of sulfamic acid and 88.9 g
of urea (1:2 molar ratio) under magnetic stirring at 80 °C until a clear
solution was formed. Subsequently, 20 g of BEKP (dry weight) was
added to the DES, and the reaction was carried out at 150 °C for 30 min,
with continuous manual stirring using a glass rod. After the reaction, the
sulfated pulp was filtered and repeatedly washed with distilled water
until the filtrate had a neutral pH. The mass yield of the sulfation re-
action, calculated as the mass of the obtained sulfated pulp divided by
the theoretical mass expected for a 100% yield, was 72%. The mass of
product for 100% yield was estimated considering the mass of the
starting pulp (on a dry basis) and the degree of substitution achieved.

After the pretreatment step, the sulfated fibers were diluted with
distilled water up to 1 wt% suspension and submitted to two passes in a
high-pressure homogenizer (GEA Niro Soavi PandaPlus2000), with the
first pass at 500 bar and the second pass at 1000 bar.

The produced S-CNF was characterized according to previously
established protocols [9], resulting in a sulfate group content of 2.2 +
0.1 mmol/g and a corresponding degree of substitution of 0.47 + 0.02.
Furthermore, the S-CNF exhibited a degree of polymerization of 823 +
2, a degree of fibrillation of ~100%, an optical transmittance of 97.2 +
0.2% (for 0.1% suspensions at 600 nm), a zeta potential of —99 + 3 mV
and an average nanofibril diameter of 3.5 + 0.4 nm. The nanofibril
diameter of S-CNF was determined from atomic force microscopy (AFM)
images using Gwyddion software. AFM imaging was performed on the
top surface of a S-CNF film (20 g/m?) prepared by solvent casting using a
Bruker Dimension Icon AFM microscope. Two images were acquired at
two different locations using a scan area of 1 x 1 pm?, a resolution of 512
data points per line and a scan rate of 0.5 Hz. The diameters were
measured from the AFM images as the widths of the fibrils. The reported
average nanofibril diameter was determined from a total of 80 width
measurements performed using the Gwyddion software, with 40 mea-
surements for each AFM image. In each image, half of the measurements
(20) were randomly taken from the upper part and the remaining 20
from the lower part, ensuring that the measurements were representa-
tive of the entire AFM image area. The corresponding AFM images of S-
CNF are shown in Fig. 1.

2.3. Preparation of S-CNF films

The S-CNF films were prepared by solvent casting 0.2 wt% aqueous
S-CNF suspensions, previously stirred at 1000 rpm for 10 min using a
high-shear disperser (Dispermat CV3-PLUS-E). The suspensions were
poured into 9 cm-diameter polystyrene Petri dishes and left drying at
room temperature for 7 days in a fume hood. After drying, the films were
detached and stored prior to artificial accelerated aging. All films were
designed to have a basis weight of approximately 20 g/m2.
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Fig. 1. AFM images of S-CNF used to determine the nanofibril diameters.

To enhance the resistance of S-CNF films to artificial moist-heat
aging, an optimized amount of NaBH4 (0.1 g NaBHy4 per g of dry S-
CNF) was added to the 0.2 wt% S-CNF suspension, followed by over-
night stirring at room temperature. Next day, the suspensions were
stirred again in the high-shear disperser and cast into Petri dishes to dry
under the same conditions described above for the neat S-CNF films. The
NaBH,4 dosage was selected based on preliminary optimization experi-
ments, in which the optical and mechanical properties of S-CNF films
prepared with varying amounts of NaBH, were evaluated before and
after 8 days of aging. The chosen dosage (0.1 g NaBH4 per g of dry S-
CNF) corresponded to the amount that minimized variations in these
properties between aged and unaged films.

Hereafter, the NaBH-treated films are designated as S-CNFyapq4 to
differentiate them from the neat S-CNF films.

2.4. Artificial accelerated aging of the S-CNF and S-CNFngpr4 films

The prepared S-CNF and S-CNFygapu4 films were subjected to the
same accelerated moist-heat aging protocol in a Memmert Humidity
chamber (HCP108) at 80 °C and 65% RH, based on ISO 5630-3:1996.
The films were aged for up to 8 days, during which the S-CNF films
were removed from the chamber every two days, while the S-CNFyapn4
films were collected only after four and eight days of exposure. All film
samples were subsequently stored for further characterization.

2.5. Characterization of the unaged and aged S-CNF and S-CNFnqpr4
films

All films were characterized in terms of the DP of cellulose, pH,
crystallinity, mechanical and optical properties, morphology, chemical
structure and thermal stability.

The DP was estimated from intrinsic viscosity (1) measurements in
cupriethylenediamine, based on ISO 5351:2010. The films were first cut
into small square pieces and oven-dried at 50 °C for 24 h. The film
fragments were then mixed with 25 mL of distilled water with glass
spheres under magnetic stirring (at 700 rpm for 30 min). Subsequently,
25 mL of a 0.5 M cupriethylenediamine solution was added and the
mixture was stirred using a mechanical rotary stirrer for 30 min.
Intrinsic viscosity measurements were performed at 25 °C using a
standard capillary viscometer. The corresponding DP values were
calculated using the Mark-Houwink equation (n = k x DP?), with the
following parameters: k = 0.42 and a = 1 (for DP < 950); k = 2.28 and a
= 0.76 (for DP > 950) [15].

Before pH measurements, the films were also cut into small square
pieces and dried in an oven at 50 °C for 24 h. Subsequently, 0.1 g of the
dried film was dispersed in 10 mL of deionized water under magnetic

stirring for 1 h at room temperature. The pH of the resulting dispersion
was measured using a calibrated pH meter (Hanna Instruments pH meter
HI2210).

The crystallinity of the prepared films was evaluated by X-ray
diffraction using a Bruker D8 ADVANCE diffractometer operating in the
Bragg-Brentano geometry with Cu-Ka (A = 1.54 A) source at a current of
40 mA and an accelerating voltage of 40 kV. The data were collected by
the step counting method (step size: 0.01° and counting time: 0.5 s) over
a 20 range of 5-60°. The crystallinity index values were determined
using the empirical Segal method [16].

The mechanical properties (tensile strength, Young's modulus and
elongation at break) were determined according to ISO 1924-2 using a
Thwing-Albert Instrument Co tensile tester. The tensile tests were con-
ducted at 23 + 1 °C and 50 + 2% RH, with a strain rate of 10 mm/min
and an initial distance between grips of 50 mm. Reported values
correspond to the average of four specimens for two replicate films. The
basis weight and thickness of the films were also determined under the
same pre-conditioning conditions before tensile testing. Basis weight
was calculated as the ratio between the film mass and its area, while
thickness was measured using an Adamel Lhomargy MI 20 micrometer
and reported as the average of five measurements taken at different
points of each film.

The optical properties evaluated in the films were transparency, CIE
L*a*b* color coordinates and specular gloss. The transparency was
measured according to the ISO 22891, using a Technidyne Color Touch 2
spectrophotometer; measurements on two replicate films were made
applying the illuminant D65 and a 10° standard observer at the wave-
length of 557 nm. The colorimetric measurements were performed using
the same spectrophotometer, also operating in D65/10° mode. The re-
sults are expressed in the CIE L*a*b* color space, where “L” coordinate
refers to lightness, ranging from black (0) to white (100), “a” indicates
the color shift between green (—) and red (+), and “b” represents the
variation between blue (—) and yellow (+). The color difference (AE)
between the unaged and aged films was then calculated based on the
color coordinates as follows:

AE = \/(AL*)2 + (Ad")? + (4b')?

The specular gloss of the films was evaluated according to the ISO
2813 standard using a Hach Lange REFO 3D Glossmeter, at an angle of
incidence of 60° over an area of 17 mm x 9 mm. Measurements were
taken on two replicate films, each measured in duplicate, and all results
are reported in gloss units (GU) with respect to a polished black glass
standard.

The cross-sectional morphology of the films was analyzed by field
emission scanning electron microscopy (FE-SEM). The SEM micrographs
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(captured at magnification of 4000x and 8000 x) were acquired using a
Thermo Fisher Scientific Apreo scanning electron microscope, with the
in-lens secondary electron detector; an acceleration voltage of 2 kV and
a beam current of 13 pA were applied. Prior to imaging, the films were
submerged in liquid nitrogen and fractured to expose the cross-sections.
No conductive coating was applied to the samples for charge dissipation.

The chemical features of the films were assessed by Fourier trans-
form infrared (FTIR) spectroscopy in the attenuated total reflection
(ATR) mode and X-ray photoelectron spectroscopy (XPS). The FTIR
spectra were recorded using a JASCO FT/IR-4X spectrometer, in the
range of 350-4000 cm ™!, with a resolution of 4 cm ™! and 128 scans. XPS
was performed using a Kratos AXIS Supra spectrometer equipped with a
monochromatic Al Ka X-Ray source operating at 150 W. The wide-scan
survey spectra were acquired using a pass energy of 80 eV, while high-
resolution spectra were recorded with a pass energy of 10 eV. A low
energy electron flood gun was used for charge neutralization, with C1 s
adjusted to 285 eV a posteriori. Data analysis was carried out using
CasaXPS software, version 2.3.25PR1.0.

The thermal analysis of the films was performed using a SDT Q600
thermal analyzer (TA instruments). The film samples were heated from
room temperature up to 1000 °C, at a rate of 10 °C/min, under a ni-
trogen flow of 100 mL/min. From the obtained thermograms and the
corresponding derivative curves, the onset degradation temperature
(Ton), the temperature(s) of maximum degradation rate (Tpay) and the
char residue were determined, as previously described [9].

3. Results and discussion

3.1. Effect of moist-heat aging on the DP, pH and crystallinity of S-CNF
and S-CNFNQBH4 ﬁlms

It is well known that the aging of cellulose materials (e.g., paper) is
typically characterized by a decrease in the cellulose DP, which occurs as
a consequence of cellulose degradation via acid-catalyzed hydrolysis
and/or oxidation [17]. In this context, the degradation of S-CNF and S-
CNFnapn4 films was tracked by measuring their DP (Fig. 2a) and pH
(Fig. 2b) at different aging times.

From the DP values estimated from the intrinsic viscosity measure-
ments, it was found that the cellulose DP of the unaged S-CNF film (DP
= 569) was about 30% lower than that of the starting S-CNF suspension
(DP = 823). Because the film was solvent cast at room temperature,
comparable DP values would be expected; however, this was not
observed. This indicates that cellulose depolymerization occurred dur-
ing casting/drying stage, which is in line with the pronounced
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acidification effect observed after film formation, as the pH value of the
unaged S-CNF film (3.7) was substantially lower than that of the initial
0.2 wt% S-CNF suspension (pH = 6.9). This pH decrease may have been
partially driven by the presence of free acidic sulfate species, such as
HSO4. Such acidification favored acid-catalyzed hydrolytic cleavage of
B-1,4-glycosidic bonds, explaining the lower cellulose DP obtained for
the unaged S-CNF film. In contrast, when NaBH4 was incorporated prior
to film formation, the cellulose DP of the unaged S-CNFygpp4 film
remained close to that of starting S-CNF suspension (801 and 823,
respectively). In this case, the pH of the 0.2 wt% S-CNF suspension after
NaBH4 addition (pH = 9.1) and that of the corresponding S-CNFyapu4
film (pH = 8.9) were very similar, indicating that the pH of the medium
remained alkaline during casting, thereby minimizing -cellulose
depolymerization.

After aging the neat S-CNF films at 80 °C and 65% RH, a sharp
decline in cellulose DP was observed after only two days, decreasing
from 569 to 80, after which the DP values remained approximately
constant throughout the subsequent aging period (Fig. 2a). This trend is
consistent with the measured pH values of the S-CNF films, which also
exhibited a marked decrease from 3.7 in the unaged film to 1.9 after two
days of aging (Fig. 2b), with similar pH values recorded thereafter. The
high acidity of the S-CNF films, combined with the moist-heat aging
conditions, promoted an extensive cleavage of cellulose glycosidic
bonds, ultimately resulting in the drastic DP reduction just after two-
days aging. Cellulose depolymerization of CNF films bearing other
chemical functional groups (e.g., carboxyl and phosphate groups) has
also been reported under comparable aging conditions. For instance,
Camargos et al. [13] reported that a TEMPO CNF film (1.6 mmol/g of
carboxyl groups) exhibited a 46% reduction in DP compared with the
unaged film after seven days of aging at 80 °C and 75% RH. More
recently, Almeida et al. [12] also showed that highly phosphorylated
CNF films with a phosphate content of ca. 2.5 mmol/g undergo pro-
nounced cellulose depolymerization, with a DP reduction of 75% after
eight days of aging at 80 °C and 65% RH. Considering that the S-CNF
films prepared in the present study lost 86% of their initial DP in just two
days of aging and 87% after eight days, these results suggest that sulfate
groups introduced into the cellulose backbone may promote faster and
more severe acid-catalyzed cellulose depolymerization under moist-heat
conditions than comparable contents of carboxyl or phosphate
functionalities.

Given the substantial decrease in cellulose DP observed for the neat
S-CNF films during aging, which can adversely affect key functional
properties, namely mechanical performance, NaBH,4 was incorporated
(0.1 g per g of dry S-CNF) to mitigate cellulose depolymerization. As
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a) Aging time (day) b) Aging time (day)

Fig. 2. DP (a) and pH (b) as function of aging time for the S-CNF and S-CNFy,pu4 films.
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showed in Fig. 2a, this strategy proved highly effective, with the
S-CNFNapu4 films losing only 5% of the initial cellulose DP after eight
days of aging (decreasing from 801 to 761), whereas the neat S-CNF
films exhibited a pronounced loss of 87% over the same period. The
strong stabilizing effect of the addition of NaBH4 on cellulose DP of the
S-CNFNapu4 films can be attributed both to the increase in pH after
NaBH,4 addition and to the buffering effect imparted by the treatment.
Upon incorporation of NaBH, into the 0.2 wt% S-CNF suspension, the
pH of the suspension increased from 6.9 to 9.1, which was also reflected
in the resulting films: the unaged S-CNFygpp4 film exhibited a pH of 8.9,
while the corresponding neat S-CNF film showed a pH of 3.7 (Fig. 2b).
The increase in pH observed in both suspensions and films can be
explained by the self-hydrolysis of NaBH4 in aqueous medium, which
occurs under acidic, neutral and even moderately alkaline conditions.
NaBHy is chemically stable only under strongly alkaline conditions, with
a half-life time of approximately 42 days at pH 13 [18]. Therefore,
because the initial pH of the S-CNF suspension was near neutral, NaBH4
must have undergone very fast hydrolysis immediately after its addition
to the suspension, forming sodium borate products and hydrogen gas,
according to the following global reaction: NaBHyi + 4H200)>
NaB(OH)4(aq) + 4Ho(g) [19]. In fact, considering that the half-life time of
NaBHy4 at pH 7 is ca. 3.7 s (calculated from the empirical formula re-
ported by Retnamma et al. [19]) and assuming that NaBH4 hydrolysis
follows a first-order kinetics [20], 99% conversion of NaBH, into borates
may require only 24.4 s. As the resulting boron species confer alkaline
pH, the pH of the suspensions and corresponding films increased. Be-
sides the higher pH value of the unaged S-CNFy,pn4 film, Fig. 2b also
shows that after four and eight days of aging the pH remained reason-
ably similar to that of the unaged homologue, a behavior not observed
for the S-CNF films. This trend is explained by the formation of the B
(OH)4/B(OH)3 conjugated pair during NaBH4 hydrolysis, which is
known to act as a buffer in the pH range of approximately 8-10 [21]. As
no washing step was performed after NaBH4 incorporation, the boron
by-products formed remained entrapped within the films after drying,
thereby preserving the buffering effect during aging. This buffering ca-
pacity enables the S-CNFy,pn4 films to neutralize acidic species that may
be formed during aging, limiting pH fluctuations. Overall, because the
NaBH, treatment increased and stabilized the film pH around 9, the
hydrolytic degradation of the S-CNFy,pn4 films was largely suppressed,
as evidenced by the very similar DP values obtained for the unaged and
aged films (DP loss of only 5%). It is also well known that NaBH4 can
selectively convert carbonyl groups (e.g., aldehydes and ketones) into
hydroxyl groups, which may also contribute to an improvement in DP
retention and color stability during aging [22]. However, considering
the very high self-hydrolysis rate of NaBH,4 under the conditions of film
preparation used in this study (initial pH of ca. 7), it is unlikely that any
unreacted NaBH4 remained available in the film, after the film prepa-
ration, to act as a reducing agent during the aging of the S-CNFyqapn4
films. Furthermore, neither FTIR analysis nor XPS analysis (shown
below) provided evidence that carbonyl group reduction had occurred.
NaBH4 may have acted as reducing agent only in the early instants after
its addition to the S-CNF suspension (during the film preparation) and
not during the aging of the films where it is no longer present.

Since the films were prepared by solvent casting, the boron content
retained in the final S-CNFy,pu4 films is expected to be equivalent to the
amount of NaBHy initially added to the S-CNF suspension (i.e., 0.1 g
NaBH4/g of dry S-CNF). Accordingly, the maximum content of boron in
the NaBHy-treated films is calculated to be 0.029 g per g of dry S-CNF
(2.9%, w/w). Thus, the presence of ca. 3% of boron in these films may
limit their use in certain regulated applications, such as food packaging,
cosmetics and biomedical materials. However, for other applications,
such as electronic devices or the conservation and restoration of his-
torical objects, the presence of boron-containing species may be less
problematic. Nevertheless, to identify the most suitable applications for
the S-CNFngapu4 films, leaching tests, toxicity studies and exposure as-
sessments should be addressed in the future. A comparative life-cycle
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assessment of both the neat and NaBHg4-treated films would also be
useful to determine whether boron incorporation imposes an additional
environmental burden. Nonetheless, exposure of adult humans to boric
acid and borates has been reported to be reasonably safe when exposure
levels are low [21]. Even in cases of relatively high exposure, such as in
regions where drinking water contains high concentrations of boron
compounds or among workers in mining and industrial environments,
toxicity in humans is reportedly uncommon [23]. However, exposure to
boron species requires particular attention in sensitive populations,
including neonates, young children and pregnant woman [21].

The crystallinity of S-CNF and S-CNFy,pn4 films before and after four
and eight days of aging was also assessed by X-ray diffraction, with the
resulting diffractograms and crystallinity index (CrI) values shown in
Fig. 3.

As shown in Fig. 3a, the unaged neat S-CNF film displayed two
characteristic diffraction peaks at 20 = 14.9° and 22.1° assigned to the
(110 + 110) and (200) lattice planes of cellulose I polymorph [24].
Compared with other CNF films containing carboxyl [13] and phosphate
groups [12], the unaged S-CNF film exhibited a relatively low crystal-
linity index (Crl) of 42.5%, which could contribute to a lower stability
against aging, as lower cellulose crystallinity is often associated with
higher accessibility to water and enhanced susceptibility to degradation
[25].

The two diffraction peaks observed in the unaged S-CNF film were
also detected in the corresponding films aged for four and eight days at
nearly identical Bragg angles, indicating that the native cellulose I
structure was preserved even after artificial moist-heat aging. Never-
theless, the peaks in the aged S-CNF films were more intense than in the
unaged film, resulting in higher Crl values: increase from 42.5%
(unaged) to 61.8% and 65.7% after four and eight days of aging,
respectively. Such increases in crystallinity after moist and heat expo-
sure have been reported for other cellulosic materials, including cellu-
lose paper [26] and bacterial cellulose films [27]. This behavior may be
attributed to preferential degradation of the amorphous regions of cel-
lulose during moist-heat aging, possibly accompanied by the rear-
rangement or reorientation of cellulose chains within these regions,
promoting recrystallization [28,29].

In contrast to the S-CNF films, more similar diffractograms and Crl
values were obtained for the NaBHy-treated films before and after aging
(Fig. 3b). After eight days aging, the CrI of the aged S-CNFypp4 film was
only 4.4% higher (absolute increase) than that of the unaged film,
whereas for the neat S-CNF films a substantially larger increase (23.2%)
was found. Because the S-CNFyqpp4 films experienced minimal cellulose
depolymerization during aging due to the NaBH4 treatment, the
apparent increase in crystallinity, commonly associated with degrada-
tion of the amorphous domains, was far less pronounced than that in the
neat S-CNF films.

3.2. Effect of moist-heat aging on the mechanical properties of the S-CNF
and S-CNFNQBH4 ﬁlms

The mechanical performance of the S-CNF and S-CNFyapu4 films
before and after aging was evaluated in terms of tensile strength (T.S),
Young's modulus (E) and elongation at break (E.B), with the results
shown in Fig. 4.

As expected from the significant cellulose depolymerization and
crystallinity changes observed for the neat S-CNF films with aging, their
mechanical properties also markedly deteriorated. Similarly to the cel-
lulose DP evolution, the most substantial losses occurred within the first
two days of aging. For example, the T.S decreased from 123 MPa in the
unaged film to only 5 MPa. In the subsequent days, the T.S values
remained very low and relatively constant, and this trend was also
observed for the E and E.B. In other words, just two days of aging at 80
°C and 65% RH caused the S-CNF films to lose nearly all mechanical
integrity, with reductions of 96%, 79% and 87% in T.S, E and E.B,
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Fig. 3. X-ray diffractograms and corresponding crystallinity index values for the S-CNF films (a) and S-CNFyapu4 films (b) before aging and after four and eight days
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Fig. 4. Mechanical properties of the S-CNF and S-CNFy,pu4 films as function of aging time.

respectively. The mechanical deterioration of the S-CNF films was
considerably higher than that reported by Almeida et al. [12] for highly
phosphorylated CNF films (2.5 mmol/g of phosphate groups) aged for
the same time under the same conditions of temperature and relative
humidity, the latter showing losses of only 38%, 31% and 16% in the T.
S, E and E.B, respectively. This highlights, once again, the critical role of
surface chemistry in the stability against aging of CNF-based materials.
Besides cellulose depolymerization and crystallinity changes, additional
factors may have contributed to this severe mechanical deterioration of
the films during aging, including weakening of the hydrogen-bonding
network between the nanofibrils and variations in film apparent den-
sity. Indeed, a sharp decrease in apparent density was observed for the
films after aging due to increased film thickness: the unaged S-CNF film
exhibited an apparent density of 1.32 g/cm?, while the eight-days aged
film showed a density value of only 0.75 g/cm®. This reduction likely
further contributed to the lower tensile performance of the aged S-CNF
films, as higher apparent density typically favors the mechanical prop-
erties of CNF films [30].

For the S-CNFyupn4 films, such pronounced deterioration of the
mechanical properties during moist-heat aging was not observed.
Notwithstanding, before aging, Fig. 4 shows that they presented lower T.
S (58 MPa) and E.B (1.2%) compared with the neat S-CNF films (123
MPa and 6.7%, respectively). Because no rinsing step was performed

after NaBH,4 treatment, the borate species retained within the films
likely reduced the number of fibril-fibril interactions and hindered the
physical entanglement of the fibrils, resulting in a lower mechanical
strength of the S-CNFyapns4 film before aging. Despite this initial
decrease, the S-CNFyqpp4 films exhibited considerably higher mechan-
ical stability during aging. While the T.S and E of the neat S-CNF films
decreased dramatically from 123 MPa and 5.2 GPa to only 2 MPa and
0.5 GPa after four-days aging, for the S-CNFyapn4 films only slight and
not statistically significant decreases from 58 MPa and 5.8 GPa to 47
MPa and 5.0 GPa were observed. Even after eight-days aging, the
NaBHjy-treated film lost only ca. 34% of its initial T.S, whereas the neat
S-CNF film lost about 97%.

Because NaBH,4 treatment resulted in films showing minimal varia-
tions in cellulose DP (801-761), crystallinity index (43-47%) and
apparent density (1.4-1.5 g/cm3) during aging, the S-CNFygpn4 films
were able to retain superior mechanical properties compared with the S-
CNF films.

3.3. Effect of moist-heat aging on the optical properties of the S-CNF and
S-CNFNQBH‘; ﬁlms

The optical properties of cellulose-based materials are also typically
compromised during aging due to the formation of chromophores,
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resulting in the characteristic yellowing of those materials [25].
Accordingly, the optical stability of the S-CNF and S-CNFypn4 films was
evaluated by measuring their CIE L*a*b* coordinates, optical trans-
parency and specular gloss (Table 1). Digital photographs of both film
types before and after aging are presented in Fig. 5.

As indicated in Table 1, the CIE L*a*b* coordinates changed signif-
icantly with aging, resulting in pronounced color differences (AE) be-
tween the unaged and aged S-CNF films. The aged S-CNF films
consistently exhibited lower values in L* coordinate (lightness) and
higher values in a* (green to red) and b* (blue to yellow) coordinates
compared with those obtained for the unaged S-CNF film, indicating a
progressive shift toward darker, redder and more yellow tones. These
changes were visually perceptible as darkening and yellowing, giving
the films a brownish appearance, particularly after eight days of aging
(Fig. 5). The AE values progressively increased with aging time, having
been reached considerably high AE values (12.7-39.6) from the fourth
day onward. According to the criteria defined by Mokrzycki and Tatol
[31], whereby a standard observer can notice two distinct colors when
AE > 5, only the S-CNF film aged for two days (AE = 3.5) remained
below this threshold. Similar to what happened with cellulose DP and
mechanical properties, the color differences between the unaged and
aged S-CNF films, particularly after eight days of aging (AE = 39.6),
were considerably higher than those reported by Almeida et al. [12] and
Camargos et al. [13] for phosphorylated CNF and TEMPO CNF films
subjected to moist-heat aging.

In the present work, the addition of an appropriate amount of NaBH4
was explored as a strategy to mitigate yellowing of the films under
moist-heat aging. When NaBH,4 was incorporated, the CIE L*a*b* co-
ordinates of the corresponding aged films (S-CNFygapn4) were very
similar to those of the unaged film. In fact, after eight days of aging, the
L* and a* coordinates remained nearly unchanged, while the b* coor-
dinate increased very slightly from —6.9 to —5.2, but still maintaining
the value in the blue zone. Owing to these small variations in the color
coordinates, the resulting color differences (AE) between the unaged
and aged S-CNFygapu4 films were markedly lower compared to those
obtained for the S-CNF films: AE values did not exceed 1.7 for the S-
CNFnapu4 films, whereas for the S-CNF films after four- and eight-days
aging, AE values of 12.7 and 39.6, respectively, were obtained. Typi-
cally, with AE values below 2.0, color differences between two samples
are not perceptible by a standard observer [31], which is in agreement
with the digital photographs of the S-CNFygapp4 films shown in Fig. 5.

Overall, the NaBH4 treatment imparted great color stability to the S-
CNFnapn4 films which was not observed for the neat S-CNF films, sug-
gesting that NaBH4 was able to limit the formation of chromophore
structures, such as carbonyl-containing functionalities and alkenes.
Although NaBHy4 is known to be a reducing agent able to selectively
convert carbonyl groups into hydroxyl groups [32], it is unlikely that
this occurs in the present case due to its fast self-hydrolysis under the pH
conditions of film preparation, as described above. The color stabiliza-
tion of the films (with aging) could be related to the buffering effect of
the formed borates/boric acid, limiting not only the acid-catalyzed
cleavage (hydrolysis) of cellulosic glycosidic bonds but also acid-
catalyzed dehydration processes (e.g., pinacol rearrangement on the
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C2,C3 diol of cellulose or alkene formation at C5-C6 position), respon-
sible for chromophore generation. Note that cellulose hydrolysis itself
also introduces carbonyl groups through the formation of new reducing
ends containing aldehyde groups at the C1 position, thus acting as a
precursor reaction for chromophores.

Owing to the high fraction of nanosized fibrils (degree of fibrillation
of ca. 100%) and their very small dimensions, all films (unaged and
aged) exhibited very high transparency values, ranging from 93.4% to
94.8%. Interestingly, the presence of residual borate species in the S-
CNFngpu4 films, resulting from the NaBHy4 treatment, did not negatively
affect film transparency, as evidenced by the same transparency values
obtained for the unaged S-CNF and S-CNFnapn4 films (94.7%). After
aging at 80 °C and 65% RH, the transparency showed no variation for
the S-CNFypn4 films, whereas for the neat S-CNF films only a very small
decrease (<1%) could be noted compared to the unaged film. These
results are in line with those reported by Almeida et al. [12] for phos-
phorylated CNF films, indicating that the optical transparency of CNF
films is not significantly compromised by moist-heat aging, regardless of
their surface chemistry.

Similarly to transparency, the gloss values obtained for the unaged S-
CNF (50.5 GU) and S-CNFy,pn4 (50.4 GU) films were nearly identical,
further indicating that residual borate species did not compromise this
property. Gloss is strongly dependent on surface roughness, with higher
values typically associated with smoother surfaces [33]. Accordingly,
the progressive decrease in gloss values with aging time (Table 1),
suggests that the surface topography of both film types was altered
during aging, with their surfaces becoming rougher and wrinkled. After
eight days, the gloss of the S-CNF and S-CNFy,pn4 films decreased from
50.5 to 22.0 GU and from 50.4 to 17.3 GU, respectively, indicating that
NaBH, treatment could not mitigate the gloss loss during aging.

3.4. Effect of moist-heat aging on the morphological properties of the S-
CNF and S'CNFNQBH4 ﬁlms

The cross-sectional morphology of the S-CNF and S-CNFy,pn4 films
before and after eight days of aging was examined by SEM, and the
resulting micrographs are presented in Fig. 6.

The SEM images shown in Fig. 6 further highlight the differences
between the neat S-CNF films and the NaBHy-treated films (S-
CNFnapu4)- Before aging, the neat S-CNF film exhibited a well-organized
and oriented layered structure with some visible gaps between layers. In
contrast, although the S-CNFy,py4 film also displayed a multilayered
structure, the layers seem to be less oriented and aligned than those
observed in the cross-section of the neat S-CNF film. Furthermore, no
evident interlayer gaps were detected in the unaged S-CNFy,pn4 film.

SEM micrographs also revealed that the cross-section of the neat S-
CNF films underwent significant structural changes during aging,
whereas no significant modifications were observed for the S-CNFnapn4
films. Specifically, the aging process led to the collapse of the multilayer
structure observed in the unaged S-CNF film, with the individual layers
apparently coalescing into a single compact layer. On the other hand,
the similar cross-sections exhibited by the unaged and aged S-CNFyapn4
films suggest that NaBH,4 treatment also helped to protect the films

Table 1

CIE L*a*b* coordinates, color difference (AE), optical transparency and specular gloss of the S-CNF and S-CNFy,pn4 films as function of aging time.
L* a* b* AE Transparency (%) Gloss (GU)
Day 0 S-CNF 93.3 £ 0.2 1.8+0.1 —6.9 £ 0.2 - 94.7 £ 0.7 50.5 + 4.6
S-CNFnapH4 93.3 £0.1 1.7 £ 0.0 —6.9 +£ 0.0 - 94.7 £ 0.5 50.4 + 4.7
Day 2 S-CNF 92.0 £ 0.7 1.8 £ 0.0 -3.7+0.1 3.5 94.8 £ 0.3 50.1 +£ 2.6
Day 4 S-CNF 87.2 £ 0.0 2.3+0.0 42 +0.1 12.7 93.4+1.0 41.7 £ 3.2
S-CNFnapH4 93.1 £0.1 1.6 +£ 0.0 —5.6 £ 0.2 1.3 94.6 + 0.4 26.5+ 6.3
Day 6 S-CNF 79.6 +£ 0.8 4.2+ 0.3 157+ 1.4 26.7 94.2 +£0.3 29.4+7.6
Day 8 S-CNF 71.3 £ 0.5 7.2+ 0.2 25.6 +£ 0.5 39.6 93.6 +£ 0.0 22.0 £ 6.3
S-CNFnNaBn4 93.2 £ 0.2 1.6 £ 0.0 -5.2+0.1 1.7 94.7 £ 0.4 17.3+ 4.1
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Fig. 5. Digital photographs of the S-CNF and S-CNFy,pn4 films before aging and after four and eight days of aging.
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Fig. 6. FE-SEM images (captured at magnification of 4000x and 8000x) of the cross-section of the unaged and aged S-CNF and S-CNFygpn4 films.

against morphological changes during aging. This structural preserva-
tion likely contributed to the smaller variations observed in the me-
chanical properties between the unaged and aged NaBH4-treated films
compared with the untreated S-CNF films.

3.5. Effect of moist-heat aging on the chemical structure of the S-CNF and
S-CNFNaBH4 ﬁlms

The chemical structure of the S-CNF and S-CNFy,pn4 films before and
after eight days of aging was evaluated using FTIR (Fig. 7) and XPS
(Fig. 8).

The incorporation of sulfate functional groups into the cellulose
backbone was confirmed by FTIR spectroscopy through the presence of

characteristic peaks in the unaged films at 1221-1209 ¢cm™! and
808-805 cm ™! corresponding to the asymmetric 0=S=0 and symmetric
C-O-S stretching vibrations, respectively (Fig. 7). An additional ab-
sorption peak at 1430 cm ™! was also observed in the spectrum of the
unaged S-CNF film, which is attributed to the deformation vibration of
NHJ due to the presence of ammonium salt of sulfate ester [7,8,11].
However, upon NaBH,4 addition, this peak (at 1430 cm ) was no longer
observed. Given that NaBH4 incorporation increased the pH of the 0.2
wt% S-CNF suspension to 9.1 (as discussed above) and considering that
alkaline conditions favor deprotonation of NHj with concomitant
ammonia volatilization, the absence of this peak in the S-CNFy,pn4 film
is likely attributable to NHZ loss under relatively high pH conditions
[34]. This assumption was indeed confirmed by XPS analysis as will be
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Fig. 7. FTIR spectra of the S-CNF and S-CNFy,pp4 films before aging and after
eight days of aging.

shown below.

After eight days of moist-heat aging, two significant changes were
detected comparing the FTIR spectra of the unaged and aged S-CNF
films. The high-intensity O=S=0 peak present in the unaged film
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decreased to a shoulder of much smaller intensity in the aged film, while
the C-O-S absorption peak was not observed in the aged film and,
instead, a new broad peak was now visible at considerably higher
wavenumber (shifting from 805 to 877 cm™1). These spectral changes,
particularly those related with the C-O-S vibration, are an indication
that significant desulfation occurred during aging, i.e., hydrolysis of
sulfate ester groups covalently bound to the cellulose backbone and
subsequent formation of free sulfate species. A similar degradation
pathway has been reported for phosphorylated CNF films subjected to
moist-heat aging, where hydrolysis of phosphate groups attached to
cellulose was also observed [14]. The release and accumulation of free
sulfate species (namely HSO4) within the S-CNF films further acidified
the films during aging, thereby intensifying the cellulose degradation via
acid-catalyzed hydrolysis. In contrast, such significant modifications
were not observed in the NaBHj-treated films, for which the FTIR
spectra of the unaged and aged S-CNFy,pu4 films were similar, as clearly
shown in Fig. 7; the only relevant difference was a small decrease in the
relative intensity of the C-O-S peak after aging (808 cm ™! peak versus
most intense peak at 985 cm ™). Even if partial hydrolysis of the sulfate
groups occurred in the S-CNFyapp4 films, the accumulation of free sul-
fate species did not lead to pH reduction (as shown in Fig. 2b) due to the
buffering effect of the B(OH)2/B(OH)3 conjugated pair formed during
NaBH4 hydrolysis. In sum, NaBH,4 treatment mitigated aging-induced
chemical modifications, resulting in much greater chemical stability of
the S-CNFyqpp4 films compared with the untreated films.

Additionally, the surface chemistry of the unaged and aged films was
evaluated by XPS, with the most relevant results summarized in Table 2.
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Fig. 8. High-resolution XP spectra with peak fitting in the region of carbon binding energies for the S-CNF and S-CNFy,pn4 films before aging and after eight days

of aging.
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The high-resolution XP spectra with peak-fitting in the region of carbon
binding energies are also shown in Fig. 8.

The presence of C (50-55 atm%), O (37-43 atm%), S (1.8-3.1 atm%)
and N (0.8-3.4 atm%) was confirmed in the survey spectra of all films
based on the observation of the C1s, O 1s,S 2p and N 1 s signals.
Additionally, the Na 2 s peak (about 4%) was identified in the NaBHjy-
treated films. About 1% of boron (B 1 s peak) was also observed in the XP
spectrum of the unaged S-CNFy,pn4 film; however, this signal was not
detectable at the surface of the corresponding aged film, probably due to
migration of the borate species from the outermost surface to the bulk
during aging. It is interesting to note that the N content (and the N/C
ratio) decreased from the neat CNF films to NaBHy-treated films (N/C
ratio changing from 0.06 to 0.07 to 0.01-0.02), indicating loss of this
element at the surface of the films, regardless of aging. This could be
probably related to ammonia volatilization when the medium is buff-
ered at pH ca. 9, supporting the results of FTIR spectroscopy for the S-
CNFnapng4 films (NHZ conversion to volatile NHs). From the calculated
S/C ratios (Table 2), it is also possible to observe that before aging both
film types (with and without added NaBH,) presented the same S/C ratio
of 0.06. Nevertheless, after eight days of aging, the S/C ratio of the neat
S-CNF film was reduced to half the value, whereas that of the S-
CNFnapu4 film remained unchanged. Together with the FTIR results, this
confirms that the incorporation of NaBH4 prior to film formation miti-
gated chemical changes associated with sulfate groups during aging. On
the other hand, the O/C ratio decreased with aging for both S-CNF and S-
CNFnapn4 films, from 0.86 to 0.71 and from 0.81 to 0.67, respectively,
indicating a reduction in the relative oxygen content at the surface of the
aged films.

As shown in Fig. 8, all films showed four main components after
peak-fitting of the high-resolution C 1 s spectra: aliphatic carbon (C1: C-
H, C-C, C=QC); carbon in C-O bonds (C2), which was the dominant
contribution; carbon associated with the O—-C—O or C=0 bonds (C3); and
carbon in O-C=0 bonds (C4), as the less prominent contribution.
Among these components, C1 exhibited the most significant variation
with aging, increasing in both S-CNF and S-CNFyapp4 films. Inversely,
the C2 and C3 components decreased in both film types after aging.
Regarding the C4 component, assigned to O-C=0 bonds, a slight in-
crease from about 2 to 3% was observed for the aging of the neat S-CNF
film, indicating the formation of oxidized carbon species during moist-
heat aging. A similar trend was reported by Zhang et al. [36] for ther-
mally aged cellulose nanocrystal films (containing sulfate groups).

The decrease with aging of atomic oxygen content relative to atomic
carbon content and the increase of the C1 component relative to C2
component can be related to the prevalence of acid-catalyzed dehy-
dration reactions over acid-catalyzed cellulose hydrolysis. For the neat
S-CNF films, these reactions can occur simultaneously during aging due
to the acidic conditions of the medium. While hydrolysis of the cellulose
chains increases oxygen content (introduction of OH groups), dehy-
dration reactions (e.g., alkenes and ketones formation with HyO
removal) decrease oxygen content and C2 component and increase C1

Table 2

XPS atomic ratios (0/C, S/C and N/C) and results of the peak fitting of C 1 s
signal for the S-CNF and S-CNFy,pn4 films before aging and after eight days of
aging.

Atomic ratios C 1 s components (%)*
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component. The final oxygen and carbon contents and the relative
proportion of Cls components will be affected by the overall balance of
these reactions.

3.6. Effect of moist-heat aging on the thermal properties of the S-CNF and
S-CNFNaBH4 ﬁlms

The thermal behavior of the S-CNF and S-CNFyapn4 films before and
after eight days of aging was evaluated by thermogravimetric analysis.
The results are expressed in Table 3, and the resulting thermograms and
the corresponding derivative curves are shown in Fig. 9.

Asshown in Table 3 and Fig. 9, NaBH,4 treatment significantly altered
the thermal degradation profile of the S-CNF films, affecting the onset
degradation temperature (T,y,), temperature(s) of maximum degrada-
tion rate (Tpax) and char residue amount. Prior to aging, the NaBHy-
treated film exhibited better thermal stability, as evidenced by the
higher T, and Tpyax values compared with those of the untreated film. In
detail, the unaged S-CNFy,pn4 film displayed a T, of 253 °C and a Tax
of 256 °C (single degradation peak between 150 and 300 °C), while the
unaged S-CNF film showed a lower T,y (194 °C) and two degradation
peaks at lower temperatures (Tpax of 198 and 249 °C). The char residue
at 1000 °C obtained for the S-CNFy,pp4 film was also slightly higher than
that of the neat S-CNF film. The presence of sulfate functional groups in
cellulose materials is known to reduce T, and Tmax [37]. This phe-
nomenon is attributed to the formation of sulfuric acid during heat
degradation of the films, which catalyzes dehydration reactions [38].
Therefore, residual borate species present in the S-CNFy,pn4 film may
have partially mitigated this acid-catalyzed degradation pathway,
resulting in higher T, and Tyax values compared with the neat S-CNF
film. Furthermore, the higher cellulose DP of the unaged S-CNFyapu4
film (801 versus 569) likely also contributed to its enhanced thermal
stability, as longer cellulose chains generally require higher energy for
thermal degradation.

After eight days of aging, the S-CNFyy,pn4 film continued to exhibit
higher thermal stability. In fact, the aged S-CNFyapn4 film displayed T,
and Tpax values close to those of the unaged film, showing that the
thermal stability was not changed under the aging conditions used. On
the other hand, owing to the pronounced depolymerization experienced
by the S-CNF films during aging, the T,, of the aged film decreased
compared with the unaged homologue. Overall, the NaBH,4 treatment
introduced borate species that provided higher thermal stability to the S-
CNFnapu4 films before and after aging compared with the corresponding
untreated S-CNF films.

In summary, the improved stability against aging of the S-CNFyapn4
films compared to that of the neat S-CNF films, was primarily attributed
to the combined alkalizing and buffering effects of the boron-containing
species formed through NaBH4 hydrolysis. It should be noted that
alkalinization alone, for instance, by adjusting the pH to ca. 9 with
NaOH, did not provide the same level of chemical stabilization as that
obtained by NaBH4 addition: the resulting film exhibited a tensile
strength of 31 MPa, a Young's modulus of 4.2 GPa and a color difference
(AE) of 6.4 after eight days of aging, corresponding to visually

Table 3
Thermogravimetric data of the S-CNF and S-CNFy,pu4 films before aging and
after eight days of aging.

Film 0o/C S/C N/C C1 Cc2 Cc3 C4 Film Ton (°C)* Trmax (°C) Char residue (%)**
Day 0 — S-CNF 0.86 0.06 0.07 25.9 57.6 14.5 2.0 Day 0 — S-CNF 194 198/249 28.8
Day 8 — S-CNF 0.71 0.03 0.06 36.6 48.6 121 2.8 Day 8 — S-CNF 183 210/245 32.8
Day 0 — S-CNFnapn4 0.81 0.06 0.02 22.1 60.3 16.0 1.7 Day 0 — S-CNFyagH4 253 256 31.4
Day 8 — S-CNFnapH4 0.67 0.06 0.01 32.8 52.0 14.0 1.2 Day 8 — S-CNFyagH4 251 253 23.7

" C1 s components are normalized to 100%. C1 is attributed to carbon linked
only to hydrogen or to carbon (-C-H; —-C-C, C=C), C2 corresponds to carbon
linked to a single oxygen (—-C-0), C3 is assigned to O-C-O or —-C=0 bonds, and
C4 is due to O-C=0 bonds [35].
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" The T,, was determined graphically from the thermograms of each film as
the intersection point of two tangents drawn near the first degradation step.

™ The char residue was calculated as the ratio between the final mass at 1000
°C and the mass at 150 °C (dry basis).
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Fig. 9. Thermograms (a) and derivative curves (b) of the S-CNF and S-CNFy,ppn4 films before aging and after eight days of aging.

perceptible yellowing. These are worse results than those obtained with
the NaBH,4 treatment, showing the advantage of the new approach
proposed in this work.

4. Conclusions

This work demonstrates that sulfated CNF films are extremely
vulnerable to moist-heat aging. After only two days at 80 °C and 65%
RH, there was a sharp reduction in the cellulose DP, evidencing exten-
sive acid-catalyzed hydrolysis of the cellulose chains. Additionally,
pronounced modifications in pH, crystallinity, morphology, and thermal
stability of the films occurred with aging, which culminated in severe
mechanical deterioration of the films along with significant color
changes. The hydrolysis of sulfate ester bonds, leading to the formation
of acidic sulfate species, likely contributed to film acidification and
accelerated cellulose depolymerization and degradation during aging.

In contrast, the incorporation of NaBH, prior to film preparation
effectively mitigated the detrimental effects of moist-heat aging. The
NaBH, treatment increased, and more importantly, buffered the pH of
the S-CNFyapu4 films at around 9 during aging, thereby suppressing
cellulose depolymerization, attenuating sulfate ester hydrolysis, and
preserving crystallinity and morphology. Consequently, the NaBHs-
treated films submitted to the same conditions of moist-heat exposure
presented significantly improved mechanical properties and color sta-
bility: e.g., after eight-days aging, tensile strength of approximately 40
MPa and Young's modulus of 6 GPa for the aged S-CNFy,pn4 film (versus
3 MPa and 0.6 GPa, respectively, for the aged S-CNF film); minimal color
changes (AE = 1.7) for the aged S-CNFyypp4 film (versus AE = 39.6 for
the aged S-CNF film). Furthermore, the thermal stability was also
improved for the NaBH4-treated films before and after aging.

The stabilization effect imparted by the NaBH4 treatment can be
attributed mostly to the buffering effect of borates/boric acid formed
during the self-hydrolysis of NaBH4. This acid/base pair can neutralize
acidic species formed during film aging (like HySO4 and HSO%), limiting
the acid-catalyzed reactions related to cleavage of cellulosic glycosidic
bonds and chromophore generation.

Overall, these findings clearly indicate that the addition of an
appropriate amount of NaBH4 is an effective chemical stabilization
strategy for enhancing the resistance of highly sulfated CNF films to
moist-heat aging, expanding their potential for long-term applications
by preserving key functional properties under hygrothermal stress.
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