pubs.acs.org/Biomac

High-Optical-Performance Composite Films of Deep Eutectic
Solvent Pretreated-Cellulose Nanofibrils and Fibrous Clay Minerals

Ricardo O. Almeida, Eduardo Ferraz, Ana Ramos, Verner Hakonsen, Maria L. Puertas,

I: I Read Online

and José A. F. Gamelas™

Cite This: Biomacromolecules 2025, 26, 6430-6443

ACCESS |

[l Metrics & More ’

Article Recommendations

Q Supporting Information

ABSTRACT: Cellulose nanofibrils (CNFs) produced via deep
eutectic solvent (DES) pretreatment were used, for the first time, to
prepare composite films/nanopapers with fibrous clays (sepiolite
and palygorskite). Highly transparent films containing up to 50%
clay were successfully obtained, avoiding energy-intensive homog-
enization processes and clay chemical modifications, with absolute
transparency losses relative to the transparency of the neat CNF
film of ~15% for 50% sepiolite. Higher transparency losses were
found for TEMPO-oxidized CNF and cationic CNF composite
films prepared for comparison purposes. Moreover, films with wet
micronized sepiolite exhibited higher transparency than those with
dry micronized sepiolite or with palygorskite. The combination of
very thin, highly functionalized, and dispersible nanofibrils of DES
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Film properties:

 Excellent transparency (up to ca. 75%).
v Strong and stif:

- Tensile strength up to ca. 89 MPa

- Young's modulus up to ca. 5.7 GPa
 Good thermal stabilty, with a char residue

Up to 53%.

+ Significant reduction of the film cost

CNF with sepiolite fibers enabled the production of films with a very dense and compact structure, contributing to their high optical
performance. The straightforward preparation method and the incorporation of clay minerals allow the reduction of the film

production costs.

Bl INTRODUCTION

Studies centered on hybrids or composites of cellulose
nanofibrils (CNFs) with fiber clay minerals (sepiolite and
palygorskite) are nowadays on the research agenda due to the
inherent sustainable factors (bio-based and renewable sources)
and promising industrial production associated with these
materials. In the early studies in the past decade, planar clay
minerals have been preferentially explored.' > However, more
recently, fibrous minerals, particularly sepiolite, have also
gained attention for the production of composite materials
with CNFs due to their high density of silanol groups on the
surface and fibrous morphology, which together could favor
their interaction with cellulose fibers.” The incorporation of
fibrous clays into CNF matrices can impart barrier properties
to the composite materials (e.g., oxygen barrier) and increased
thermal stability and allow a reduction of the production costs
of the final material.”~” Several studies have already reported
the production of films/nanopapers”®'°~'* and foams/
aerogels'”'* based on sepiolite and CNFs.

High transparency is claimed to be one of the most
important and distinctive properties of CNF films, enabling
their use in several advanced applications. For instance, highly
transparent CNF films can be used in electronic devices (e.g.,
transparent conductive films,"> organic light-emitting di-
odes'®), energy conversion and storage devices (e.g, solar
cells'”), packaging materials,"® and restoration of old paper
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documents.'” Typically, the production of transparent CNF
films requires the introduction of charged groups into the
surface of cellulose fibers, followed by mechanical homoge-
nization, to obtain individualized CNFs able to form dense
films. The shorter the fibrils are and the denser the film is, the
less light is scattered and the more transparent is the film. This
is the case, for instance, with TEMPO-oxidized CNF,*
phosphorylated CNF,"" and CNF pretreated with functionaliz-
ing deep eutectic solvent (DES).”' For instance, in 2009
Fukuzumi et al.”’ reported the preparation of transparent films
using TEMPO-oxidized CNFs with 1.5 mmol/g carboxyl
content produced from softwood and hardwood cellulose
sources. The transmittance (at 600 nm) was about 90% for the
film prepared from softwood cellulose and about 78% for the
film prepared from hardwood cellulose. A similar level of
transparency (total transmittance near 90%) was reported in
2024 by Almeida et al.** for a film prepared from a CNF
produced by pretreating bleached Eucalyptus kraft pulp with a

DES composed of sulfamic acid and urea.
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Figure 1. FE-SEM micrographs of the clay mineral samples at 20000X magnification. The scale bars correspond to 200 nm.

Although the incorporation of minerals into CNF matrices
can improve some properties of CNF films and reduce film
preparation costs, it also reduces transparency due to light
scattering and absorption phenomena caused by the presence
of the mineral particles. To limit this reduction in the film’s
transparency, efforts have been undertaken to optimize the
mineral dispersion as well as the mineral-CNF composite
dispersion before the film formation. Employing high-power
homogenization tools such as ultrasonication, high-pressure
homogenization, or Ultra-Turrax, and using chemically
modified clays, it was possible to mitigate this phenomenon,
at least for a low clay content, thus keeping transparency of the
CNF-based films reasonably high (>70% in transmittance at
600 nm for 20—25% clay) (e.g,, Aulin et al,,” Wu et al,”* Ming
et al,” and Liu et al.”*). To achieve this, highly exfoliated
particles are usually required when using planar clays. As few
examples, the transmittance at SSO0 nm (the wavelength
corresponding to the maximum sensitivity of the human eye
to visible light) was around 85% for a film of carboxymethy-
lated CNF and reduced to ca. 70% after 20% clay (chemically
exfoliated vermiculite) incorporation.” In another study,
composite films of amino-clay and TEMPO-oxidized CNF
showed remarkably high values of transparency, even at high
clay contents in the composite, reaching ca. 85% transmittance
at 550 nm for 50% clay content (ca. 95% for neat CNF).**
However, in this study the authors used a synthetic amino-clay
to prepare their composite films and ultrasonication for the
clay dispersion, which may explain the observed high
transparency values achieved. Recently, Martin-Sampedro et
al.” reported hybrid films of CNF and sepiolite with clay
content up to 20%, where the total transmittance and haze
were measured. It was found that the composite films exhibited
significant haze, particularly those with higher amounts of
sepiolite. The total transmittance (at 550 nm) of the
composites with 20% clay was in the range of 73—80%
depending on the CNF type (lignocellulose nanofibrils,
cellulose nanofibrils, and TEMPO-oxidized cellulose nano-
fibrils were used).

In the present work, composite films with high transparency
of CNF and clay minerals were prepared, avoiding energy-
intensive and difficult to upscale dispersion methods and/or
the use of chemically modified clays. To achieve this, two
fibrous clay minerals (sepiolite and palygorskite) and a highly
fibrillated CNF produced using a DES pretreatment were used
to prepare the composite films/nanopapers. For comparison
purposes, composite films were also prepared by using
TEMPO-oxidized and cationic CNFs. The prepared films
were fully characterized for their structural, optical, mechanical,
morphological, and thermal properties. Additionally, an
assessment of their preparation costs was also conducted. To
our knowledge, this work presents the first studies reported so
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far on composite materials of DES-pretreated nanocelluloses
with clay minerals in which remarkable transparency values
were obtained, even at high mineral load.

B MATERIALS AND METHODS

Clay Minerals. Two sepiolite samples, denoted as SEP A and SEP
B, with origin on the deposit of Vallecas-Vicalvaro (Madrid, Spain)
and a palygorskite sample, denoted as PAL, collected on the deposit
of M’bour, region of Thies (Senegal), were supplied by Tolsa, SA
(Madrid, Spain). SEP A was processed by dry micronization in a jet
mill to break the fiber bundles down into micrometer-sized particles.
SEP B was wet-micronized to obtain an extensive deagglomeration of
the fiber bundles without affecting their aspect ratio. PAL was treated
using a roller mill to achieve micrometer-sized particles. Sepiolite and
palygorskite were selected for this study due to their morphological
similarity to CNFs (thickness of 10—40 nm and length of 1—10 ym)
and their high density of surface silanol groups, enabling good
compatibility with CNFs.*®° Additionally, two sepiolite samples
differing in the preprocessing applied by the supplier to the raw
material collected on the deposit were used. These samples were
expected to show different ability for the production of composite
films with CNFs due to differences in their dispersibility in water
(with SEP B being easier to disperse).”® Field-emission scanning
electron microscopy (FE-SEM) images of the three clay mineral
samples are presented in Figure 1. The mineralogical, chemical, and
physical characterization of these mineral samples can be found
elsewhere.”* This detailed characterization involved X-ray diffrac-
tion, X-ray fluorescence, thermal analysis by simultaneous thermog-
ravimetry and differential scanning calorimetry, Fourier transform
infrared—attenuated total reflection spectroscopy, laser diffraction
particle size analysis, and zeta potential measurements in a wide range
of pH.

CNF Samples. A highly sulfated CNF was produced, along with a
TEMPO-oxidized CNF with high carboxyl content and a cationized
CNF for comparison purposes. To produce these different types of
CNFs, a bleached Eucalyptus globulus kraft pulp (BEKP) with a
consistency of 34.5% was used as the starting material. The BEKP was
kindly supplied by The Navigator Company and was composed of
73.0 wt % cellulose, 18.3 wt % xylan, and 0.8 wt % soluble lignin (with
an undetectable amount of klason lignin).

For the preparation of the sulfated CNF (hereafter denoted as DES
CNF), the BEKP was first washed with ethanol, filtered, and dried in
an oven at 60 °C for at least 24 h. Subsequently, 10 g of the dried
BEKP was treated with a DES mixture of sulfamic acid and urea (1:2
molar ratio), which was previously prepared by magnetic stirring at 80
°C for about 45 min (until a clear solution was obtained). When the
dried BEKP was added to the DES (with a concentration of 6.9 wt
%), the reaction temperature was increased to 150 °C and maintained
for 30 min.”” The pretreated fibers were filtered and washed several
times with distilled water until the pH of the filtrate was near neutral.

For the TEMPO-oxidized CNF (denoted as TEMPO CNEF), a
procedure was used that consisted of pretreatment of the BEKP with
sodium hypochlorite under alkaline conditions using 2,2,6,6-
tetramethylgigeridin-1-oxy1 (TEMPO) and sodium bromide as
mediators.”>*” BEKP (30 g on a dry basis) was treated with 0.48 g
of TEMPO, 3 g of NaBr, and 165 mL of NaClO (~13 mmol of
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Figure 2. Schematic representation of the surface functional groups in each CNF type.

Table 1. Properties of the Produced CNFs

consistency degree of fibrillation degree of
CNF (%) (%) polymerization
DES 0.72 £+ 0.01 ~100 739 + 1
TEMPO 0.99 + 0.03 88.1 + 2.5 3556
Cat 0.71 + 0.02 31.1 £ 0.1 1213 + 12

substituent group content Zeta potential AFM average diameter

(mmol/g) (mV) (nm)
227 + 0.04 —67 £ 2 3.5+04
1.27 + 0.0 =58 + 4 52+03
0.41 + 0.01 +40 + 3 8.7 £ 0.5

DES CNF

“*FEMPO CNF

-

s |

Figure 3. AFM images of DES CNF, TEMPO CNF, and Cat CNF.

NaClO/g of dry pulp). For the cationic CNF (denoted as Cat CNF),
the BEKP was suspended in water (5% consistency) with added
NaOH (NaOH/anhydroglucose molar ratio of 2). The suspension
was left to stir for 20 min at 20 °C. Then (3-chloro-2-
hydroxypropyl)trimethylammonium chloride (CHPTAC) at a
CHPTAC/anhydroglucose molar ratio of 0.5 was added, and the
cationization was allowed to proceed for 4 h at 70 °C. Following
TEMPO and cationic pretreatments, the pretreated fibers were
filtered and washed several times with distilled water until the
conductivity of the filtrate was nearly constant.

After the washing step, the pretreated fibers were diluted in water
(ca. 1% consistency) and passed twice through a high-pressure
homogenizer (GEA Niro Soavi PandaPlus 2000), with the first pass at
500 bar and the second pass at 1000 bar.

A schematic representation of the functional groups introduced
into the cellulose structure by the aforementioned chemical
pretreatments is shown in Figure 2.

The resulting DES CNF, TEMPO CNF, and Cat CNF were
characterized for their consistency, degree of fibrillation, degree of
polymerization of cellulose (cupriethylenediamine method), zeta
potential, sulfate group content, carboxyl content, cationic group
content, and morphology using previously established protocols (see
Supporting Information).””*® The chemicals used for the reactions
were supplied by Sigma-Aldrich (Merck), except for sodium
hypochlorite (14% active chlorine), which was purchased from
VWR Chemicals. Additionally, sulfamic acid (>99.5%) and urea
(>98.5%, pearls) were both obtained from PanReac AppliChem.
Before the TEMPO oxidation and cationization pretreatments, the
cellulose fibers were first refined at 4000 rev. in a laboratory PFI
beater to make the fibrils more accessible. The properties of the
obtained CNFs are summarized in Table 1, and the atomic force
microscopy (AFM) images are shown in Figure 3. The AFM images
were obtained as described previously.**
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Preparation of the CNF-Clay Composite Films. Initially,
aqueous suspensions of the mineral samples at 1% were prepared by
stirring them in a Dispermat CV3-PLUS-E high-speed disperser at
5000 rpm for 1S5 min.

CNF—mineral composite films (nanopapers) with different
compositions were prepared by filtration followed by hot pressing.'
Films were designed to have a basis weight of ca. 40 g/m? and 10, 20,
or 50% mineral content (100% X mineral mass/[mineral mass + CNF
mass] ). Briefly, each formulation, consisting of a mixture of CNF with
mineral sample (SEP A, SEP B, or PAL) was diluted and allowed to
disperse for 10 min at 1000 rpm in the Dispermat. The resulting
suspension was filtered in a filtration unit from Kimble Ultra-Ware
Filtration Systems using PVDF membrane filters (pore size of 0.45
pum and diameter of 90 mm, from Sigma-Aldrich) for the DES CNF-
based films and cellulose acetate membrane filters (pore size of 0.45
um and diameter of 90 mm, from Filtratech) for the TEMPO CNF-
and Cat CNEF-based films. The PVDF membrane filters were used
because it was not possible to detach the DES CNF-based films from
cellulose acetate membrane filters. After filtration, the wet cakes
retained over the membranes were dried using a Lorentzen & Wettre
257 rapid dryer for laboratory sheets for 10 min at 110 °C, and the
resulting films were detached from the membranes. For the DES CNF
film series, several drying cycles were performed: the first cycle was
performed at 95 °C for 15 min, followed by four cycles at 100 °C for
10 min. In this case, several drying cycles were required since the DES
CNF was highly substituted and hydrophilic, making the formed films
more challenging to dry compared to the TEMPO and Cat CNF
analogues. CNF films without mineral (neat CNF) were also prepared
as references.

Characterization of the CNF—Clay Composite Films. The
prepared films were characterized in terms of structural, optical,
mechanical, and morphological properties as well as for their thermal
behavior (thermogravimetry).
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Table 2. Thickness and Apparent Density of the Different Prepared Films of CNFs with Sepiolite and Palygorskite

thickness (yum)®

apparent density (g/cm®)

film DES films TEMPO films Cat films DES films TEMPO films Cat films
DES TEMPO Cat 240 + 1.1 30.7 + 2.5 48.8 + 4.3 1.62 + 0.03 123 + 0.11 0.84 + 0.07
+10% SEP A +10% SEP A +10% SEP A 28.0 + 0.8 31.8 + 2.0 44.0 + 5.0 1.41 + 0.03 1.20 + 0.05 0.87 + 0.04
+20% SEP A +20% SEP A +20% SEP A 294 + 0.5 313 + 1.6 445 + 3.2 1.36 + 001 1.24 + 0.05 0.87 + 0.02
+50% SEP A +50% SEP A +50% SEP A 312 £ 04 348 + 1.2 434 + 74 1.30 + 0.00 1.11 + 0.03 0.90 + 0.08
+10% SEP B +10% SEP B +10% SEP B 26.0 + 0.8 31.6 + 1.6 422 + 6.8 1.49 + 0.08 1.14 + 0.07 0.94 + 0.01
+20% SEP B +20% SEP B +20% SEP B 26.6 + 0.8 29.6 + 0.5 43.6 + 3.6 1.45 + 0.0S 1.22 + 0.08 0.93 + 0.02
+50% SEP B +50% SEP B +50% SEP B 29.0 + 1.6 32.0 £ 0.6 44.8 + 3.1 1.36 + 0.02 1.15 + 0.01 0.90 + 0.06
+10% PAL +10% PAL +10% PAL 36.6 + 1.2 520 + 1.7 57.5 £ S.1 1.04 + 0.00 0.74 + 0.01 0.69 + 0.04
+20% PAL +20% PAL +20% PAL 46.8 + 2.1 57.0 + 1.8 60.6 + 3.3 0.80 + 0.06 0.67 + 0.00 0.66 + 0.01
+50% PAL +50% PAL +50% PAL 532 + 14 61.6 + 1.7 70.1 + 4.1 0.71 + 0.00 0.62 + 0.02 0.56 + 0.06
“Measurements were made at 23 °C and 50% RH.
100 100 100
DES «TEMPO eCat DES «TEMPO eCat DES «TEMPO eCat
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Figure 4. Transparency (total transmittance at 557 nm) of the obtained CNF—clay composite films.

The basis weight of each prepared film was determined by dividing
the mass of the dried film by its respective area. The thickness was
measured using a Adamel Lhomargy MI 20 micrometer, as the
average of five points for each film. Two replicates were averaged.

The tensile properties were determined according to the ISO 1924-
1 (1992) standard at 23 + 1 °C and 50 =+ 2% RH using a Thwing-
Albert EJA series tensile strength tester. A tensile rate of S mm/min
and an initial gap between grips of 5 cm were used. Tensile strength,
elongation at break, and Young’s modulus were evaluated as the
average of four specimens for two replicate films.

The optical properties (transparency and opacity) were accessed
using a Technidyne Color Touch 2 spectrophotometer by applying
the D65 illuminant (daylight) and 10° observer at a wavelength of
557 nm.

The total transmittance (transparency) of the films was evaluated
according to the ISO 22891 (2013) standard, where transparency is
defined as follows:

1/2
transparency = |(Ry, — Ro)(M - Ro] X 100%
Rew)

where Ry (or R,) is the reflectance value for the sample backed by a
white body, R, is the reflectance value for the sample backed by a
blackbody, and Ry is the reflectance value of the white body used as
backing (90.2%). The average value of two replicate films was taken in
all cases.

The opacity of the films was determined according to the ISO 2471
(2008) standard using the following formula:

R
opacity = R—O X 100%

(S
In addition, the UV—vis reflectance spectra were recorded in

duplicate on a Jasco V-650 spectrophotometer equipped with an ISV-
722 integrating sphere, using barium sulfate as the background.
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Spectra were obtained in the range of 700 to 250 nm at a scanning
speed of 200 nm/min and a bandwidth of § nm.

The cross-sectional morphology of the films was evaluated by SEM.
The SEM images were captured on a Thermo Fisher Scientific SEM
Apreo using an acceleration voltage of 2 kV, a beam current of 13 pA,
and a secondary electron detector. The as-prepared films were cut and
subjected to cross-sectional imaging without applying any conductive
coatings.

Thermal analysis was performed using a TA Instruments SDT
Q600 thermal analyzer. The samples were heated under a nitrogen
flow (100 mL/min) from room temperature up to 1000 °C at a rate
of 10 °C/min. The char residue was estimated on a dry basis of
material, that is, by dividing the final weight at 1000 °C by the weight
obtained after the loss (at 150 °C) of moisture and adsorbed water.

B RESULTS AND DISCUSSION

Structural Properties of the Composite Films/Nano-
papers. Films with an average basis weight of 39 g/m?* (+1 g/
m?®) were prepared by filtration followed by hot pressing
(Table S1). The thickness of the prepared films ranged from
24 to 70 um (Table 2), with the films based on DES CNF
showing lower thickness values than those based on TEMPO
CNF and Cat CNF, averaging 33, 39, and 50 pm, respectively.
The lower thickness values observed for the DES CNF-based
films resulted from the very high degree of fibrillation and the
smallest dimensions of the nanofibrils in this type of CNF, as
shown in Table 1 and Figure 3. Additionally, for each type of
CNF, the films of CNF with PAL exhibited higher thickness
values than those with sepiolite: the thickness of sepiolite-
based films was in the range of 26—31 um for DES CNF, 30—
35 ym for TEMPO CNF, and 42—45 um for Cat CNF,
whereas the corresponding films with PAL showed thicknesses
of 37—53 um for DES CNF, 52—62 ym for TEMPO CNF, and
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Figure S. Digital photos of the series of the most transparent CNF—clay composite films.

58—70 pm for Cat CNF. It should be noted that the basis
weight was kept similar for all the prepared films; therefore, the
lower thickness values of the DES CNF films compared to the
TEMPO CNF and Cat CNF films reflect their denser and
more compact structure. This result was corroborated by the
determination of the apparent density of the films, which for
the sepiolite composites ranged from 1.3 to 1.5 g/cm? for DES
CNF-based films and 1.1 to 1.2 g/cm® for TEMPO CNF-based
films and was only 0.9 g/cm® for Cat CNF films (Table 2).
Moreover, the use of sepiolite samples also resulted in denser
structures compared with the use of PAL (0.6—1.0 g/cm?).
The lower apparent density values obtained for the PAL-
containing films can possibly be attributed to the heteroge-
neous composition and morphology of the PAL sample,”
which did not favor good compatibility with the three CNF
es.

Optical Properties. The transparency of the films was
evaluated, and the results for all films are presented in Figure 4.
The digital photographs of the series of the most transparent
films are shown in Figure 5. The transparency of the films with
solely CNF (DES, TEMPO, and Cat) was high, particularly
that of the films of DES CNF and TEMPO CNF, which
exhibited nearly the same transparency value (88.3%). The
larger transparency achieved with the films of DES CNF and
TEMPO CNF resulted from the higher fibrillation (related to
the high contents in sulfate and carboxyl groups, respectively)
and the presence of shorter fibers (associated with the lower
degree of polymerization) in DES and TEMPO CNFs
compared to Cat CNF. The presence of cellulose nanofibers
with lower size than the wavelength of visible light (400—700
nm) allows for the high transmission of the visible radiation
through the film. As expected, the incorporation of minerals in
the CNF-based films promotes a decrease in transparency: the
presence of opaque and colored mineral particles reduces the
light transmission due to scattering and absorption, thus
providing lower values of film transparency (total trans-
mittance). However, the loss in transparency was found to be
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dependent on several factors, as follows. The main factor was
found to be the clay content of the composite film. As the clay
content is increased, the transparency decreases (Figure 4). In
general, the loss in transparency was not high for a clay content
of 10%, with maximum absolute losses of ca. 10%. For 20%
clay content, transparency could drop up to 20% in absolute
loss in comparison to the CNF-only film. For 50% clay
content, the final transparency values were generally low, and
losses in transparency higher than 30% were found. However,
for the films of DES CNF with 50% clay content, the
transparency losses (versus transparency of neat CNF) were
significantly lower. In this sense, the type of CNF also had a
significant influence in the transparency of the composite films.
The composite films with DES CNF consistently exhibited
lower transparency decays compared to the analogous
TEMPO CNF and Cat CNF films, regardless of the type
and content of the three clay mineral samples used. In fact, for
lower clay contents (10 and 20%), the transparency losses were
in the following increasing order: DES CNEF-based films <
TEMPO CNEF-based films < Cat CNF-based films. For 50%
SEP B, a similar trend was observed, but with 50% SEP A and
PAL, the order shifted slightly to DES CNF-based films < Cat
CNF-based films < TEMPO CNF-based films. The third factor
limiting the film transparency was the mineral sample used in
the composite film’s preparation. Interesting results were
obtained on this matter. For films prepared with the more
fibrillated CNF (DES CNF), the incorporation of either SEP A
or SEP B caused only minor decrements in transparency
(transparencies of 88.3% for the DES CNF-only film, 86.9%
for 10% SEP B, 85.8% for 10% SEP A, 85.7% for 20% SEP B,
83.4% for 20% SEP A, 73.2% for 50% SEP B, and 72.2% for
50% SEP A), which were less pronounced than those observed
with PAL (Figure 4). On the other hand, for TEMPO CNF-
based films, larger differences were found between the
incorporation of SEP A and SEP B, regardless of the clay
content, with lower decrements in transparency noted when
using SEP B (transparencies of 88.3% for the TEMPO CNF-
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Figure 6. Photographs of the three mineral dispersions after 1 week of preparation.

only film and 85.1% for 10% SEP B versus 80.6% for 10% SEP
A, 79.0% for 20% SEP B versus 71.2% for 20% SEP A, and
48.8% for 50% SEP B versus 37.6% for 50% SEP A). However,
composite films of Cat CNF with SEP A and SEP B, at the
same mineral content, showed reasonably similar transparency
values (respectively, 73.4% and 71.6% for 10% mineral and
65.7% and 66.4% for 20% mineral), falling within the same
range of the values obtained for the films with PAL (Figure 4).
This suggests that in the case of Cat CNF-based films the three
fibrous mineral samples behaved similarly regarding trans-
parency.

The composite films prepared with DES CNF and SEP B
were those showing higher transparency values. When DES
CNF or TEMPO CNF is used, both the CNF and mineral
particles are negatively charged, enabling good dispersion of
the two composite components upon mixing. However, the
fibrils of the DES CNF are slightly thinner (average diameter
of 3.5 nm) and shorter (as can be seen in Figure 3) than those
of the TEMPO CNF (average diameter of 5.2 nm), which
enhanced the compatibility with the mineral particles, thus
affording more compact structures and more transparent films.
Denser films were indeed obtained using DES CNF combined
with SEP B (1.4—1.5 g/cm®) compared with those using
TEMPO CNF (1.1-1.2 g/cm?®) and Cat CNF (0.9 g/cm?).
The DES CNF also has the highest degree of fibrillation, near
100%, meaning that almost all particles in this CNF sample are
nanosized. Although this was not reflected in the transparency
of the neat CNFs (as measured by the total transmittance
values), it was positively reflected in the transparency of the
CNF—mineral composite films. Accordingly, remarkable trans-
parencies were obtained for the DES CNF-based films even at
a high clay content of 50%. In addition, of the three mineral
samples evaluated, SEP B is the easiest to disperse in water,
and as reported previously, reasonably stable suspensions
under near neutral pH can be obtained using only high-speed
homogenization, which is not possible to achieve with SEP A
and PAL (Figure 6) that require higher-energy treatments.
This is related to the fact that SEP B presents more
disaggregated fiber bundles than SEP A and PAL and more
negative zeta potential in water (ca. —20 mV for SEP B versus
ca. —12 mV for SEP A and —-17 mV for
PAL)**°.Concomitantly, SEP B may also improve the
dispersion of the CNF particles, even considering that DES
and TEMPO CNFs are already well-dispersed in water due to
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their high negative charge and small fibril size. This positive
effect was actually confirmed for the composite films of
TEMPO CNF with SEP B compared with those with SEP A, as
more transparent films were obtained using SEP B for a given
mineral content. With Cat CNF, differences between SEP A
and SEP B almost vanished. Here, the electric charges of the
mineral and CNF surfaces have opposite signs. When the
mineral and CNF particles are held together in the composite,
it can be assumed that the positive charges on the surface of
the cationic CNF enable good cohesion in the composite film
by favoring interaction with the negatively charged particles of
the mineral. In this case, the dominant effect seems to be the
CNF, and the differences in size and dispersion ability of the
mineral particles (always negatively charged) have a minor
influence on the composite transparency, except when the clay
content is increased to 50%. Of all the results obtained, the
composite film formed by DES CNF and 10% SEP B exhibited
the lowest transparency decrease compared to the neat DES
CNF film, attaining an outstanding transparency value of 87%.
The films of DES CNF + 20% SEP B, DES CNF + 10% SEP A,
and DES CNF + 20% SEP A also achieved transparency values
very close to that of the neat DES CNF film, representing
minimal transparency losses of less than 5%. However, taking
into account the mineral load, the most remarkable results
were achieved with DES CNF + 50% sepiolite, whose films
showed transparencies higher than 72% with both SEP A and
SEP B. Additionally, it should also be highlighted that the film
composed of TEMPO CNF + 10% SEP B reached a
transparency of 85% (representing a diminishment in trans-
parency of only 3% compared to the TEMPO CNF-only film)
and the film of TEMPO CNF + 20% SEP B still showed a
remarkable value of transparency (79%).

The opacity of the films was also measured, corroborating
the transparency data and confirming the expected inverse
relationship between the transparency and opacity (Figure S1).
According to the above-mentioned trend for transparency, the
films of DES CNF were the least opaque, followed by the
TEMPO CNF- and Cat CNF-based films, for a given mineral
sample and mineral content. The reflectance spectra recorded
for the CNF composite films with SEP B (Figure 7) are in
good agreement with the transparency values obtained. Across
the entire visible region, the DES CNF-based films exhibited
lower reflectance values compared with TEMPO CNF- and
Cat CNF-based films. Additionally, irrespective of the CNF
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Figure 7. UV—vis reflectance spectra of CNF-SEP B composite films.

type, increasing the SEP B content resulted in higher
reflectance values for the composite films; however, this
increase was less pronounced in the DES CNF series. Similar
trends were also observed in the reflectance spectra of the
CNF composite films with SEP A and PAL (Figure S2).
When clays are incorporated into the CNF matrix, typically
the transparency should decrease, and this is the most common
behavior observed with both planar and fibrous clays (e.g,
Aulin et al.” and Wu et al.®). Several strategies have been used
to overcome this problem. As mentioned in the Introduction,
these include the use of chemically modified clays or planar
clay samples with very small platelet sizes and/or applying
successive steps of homogenization/dispersion of the clay
particles and of the clay—CNF mixtures (e.g., Wu et al,," Ming
et al,”® and Liu et al.”"). Although they proved to be effective
in improving transparency, mainly by reducing the particle size
and enabling better particle (individual and composite)
dispersion, some of those strategies are not easy to implement
and upscale, as is the case of ultrasonication, and may involve
considerable amounts of energy, which is a limitation for their
real application. In the present work, the use of intensive
homogenization steps was avoided. Using DES CNF combined

with sepiolite dispersed in water using high-speed shearing was
found to be a good approach for the purpose of achieving high
transparency values in the final composite films/nanopapers.
The combination of an excellent dispersion and very small
particle size of the DES CNF with a good dispersion of the
sepiolite particles (better in the case of SEP B) guaranteed
high values of transparency in the composite films up to 50%
clay content. Not as good results were obtained for the
TEMPO CNF-based films due to the lower degree of
fibrillation (larger particle size) of the TEMPO CNF; however,
the easier to disperse SEP B (wet-micronized) improved to a
large extent the transparency of the films compared to SEP A
(dry-micronized). The present results for the TEMPO CNF-
based films are similar to those obtained by Martin-Sampedro
et al,” who used a different strategy to prepare CNF—sepiolite
composites. With a TEMPO-oxidized CNF, the authors were
able to produce films (by solvent casting) with a basis weight
of ca. 10 g/m® and a thickness of ca. 7 um, showing a
transparency of 80% for 20% clay and 87% for 10% clay,
whereas the neat CNF showed a transparency of 90%. The
present TEMPO CNF-based films, in spite of having higher
basis weight and being thicker (>30 um), showed similar
transparency values for the same clay content. For DES CNF—
clay composites, here presented for the first time, the
transmittances at 10—50% clay were higher than those
reported by Aulin et al.” and Wu et al.’ when using planar
clays and other CNF types. Others have reported trans-
mittances higher than 80% in the 550—600 nm range for
composites of planar clays as well and TEMPO CNF at 50%
clay content,”>** while in the present work ca. 73% was
obtained for a similar clay content. However, in all of these
previous reports, cumbersome steps of dispersion/homoge-
nization were applied. Even so, the transparency loss of ca. 15%
(versus neat CNF) observed here for the composites of DES
CNEF with 50% sepiolite is not far from the transparency loss of
10% (from 95 to 85%) previously reported by Liu et al,,”* who
prepared composites of amino-clay and TEMPO CNF under
more sophisticated conditions of mineral and CNF—mineral
dispersion. To prepare those composite films, first a synthetic
amino-clay was obtained by reaction of magnesium chloride
with (3-aminopropyl)triethoxysilane, and then the amino-clay
was exfoliated by ultrasonication and mixed with TEMPO

Table 3. Comparison of Optical Transmittance of CNF—Clay Composite Films

CNF type clay mineral dispersion method transparency (%) ref
sulfated (DES) 10% sepiolite high-speed disperser (Dispermat) 86.9 (557 nm) this work
20% 85.7
50% 73.2
phosphorylated 10% sepiolite ultrasonication ~75% (550 nm) 11
Ultra-Turrax
TEMPO 10% sepiolite ultrasonication 86.6 (550 nm) 7
20% Ultra-Turrax 80.0
TEMPO 50% synthetic amino-clay ultrasonication ~85° (550 nm) 24
Ultra-Turrax
TEMPO 10% montmorillonite ultrasonication ~78% (550 nm) 3
20% ~40“
carboxymethylated 10% vermiculite high-pressure homogenization ~70° (550 nm) 2
20% ~70%
TEMPO 10% saponite homogenization ~83“ (550 nm) 4
50% ultrasonication ~83“

“Value extracted from graphical data.
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Figure 8. Tensile strength of the CNF—clay composite films (measurements at 23 °C and 50% RH).

CNF using an Ultra-Turrax homogenizer. Only after these
multiple steps were the films prepared by vacuum filtration. In
the present work, we were able to obtain highly transparent
composite films simply by using natural clay minerals in their
supplied form and a common high-speed disperser for mixing
the components. In this context, our films have great potential
for large-scale production. Because of their high transparency,
the CNF—clay composites are promising candidates for, e.g.,
emerging applications in flexible and transparent elec-
tronics'®'” and restoration/conservation of old paper docu-
ments as potential substitutes for Japanese papers.”” Table 3
summarizes a comparison between the most transparent
CNF—clay composites prepared in this study and those
reported in the literature.

Mechanical Properties. The tensile properties of the films
were also evaluated, and the main results for the tensile
strength, elongation at break, and elastic (or Young’s) modulus
are presented in Figures 8 and S3. The films of only CNF
showed comparable tensile strength values for TEMPO CNF
and Cat CNF (71 and 83 MPa, respectively), whereas the
tensile strength of the pristine DES CNF film was slightly
higher (114 MPa). The higher tensile strength of the DES
CNF film can be attributed to the higher degree of fibrillation
of DES CNF, which enabled the formation of a stronger
hydrogen-bonding network within the film. On the other hand,
the neat TEMPO CNF film exhibited a lower tensile strength
compared to values typically reported for similar films in the
literature.””*>*> Multiple factors, often interdependent, can
influence the tensile properties of CNF films, making direct
comparisons among different studies difficult. Nevertheless, we
believe that the lower tensile strength obtained for our
TEMPO CNF film may be attributed to the drying conditions
used during film preparation. The drying step is also of major
importance to the mechanical properties of CNF films and
should be optimized in the future.

After mineral incorporation up to 20% clay content, there
was not a systematic decrease in the tensile strength of the
TEMPO CNF- and Cat CNF-based films. In fact, even some
slight improvements could be observed. For TEMPO CNF
and SEP A films at 10 and 20% clay, the tensile strength (77
and 70 MPa, respectively) was roughly the same as that
measured for the neat CNF film (taking into account the
standard deviations). These tensile strength values are
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comparable to those reported by Martin-Sampedro et al,’
who achieved tensile strengths of ca. 85.5 and 79 MPa for
hybrid nanopapers composed of TEMPO CNF and 10—20%
sepiolite. For the analogous films of TEMPO CNF with SEP B,
an apparent (but not statistically significant) decrease in the
tensile strength to final values of about 60 MPa was observed.
Interestingly, for 50% SEP A and 50% SEP B, the tensile
strength was in the range of 50—60 MPa, only around 10—20
MPa lower than that of the TEMPO CNF-only film (ca. 70
MPa). For the Cat CNF series, some apparent slight
increments in the tensile strength were observed, for instance,
with 10% SEP A (from 83 to 96 MPa) and 10% SEP B (to 93
MPa). These increments may result from the electrostatic
interactions (attraction) established between the positively
charged Cat CNF and the negatively charged sepiolite fibers,
which create strong interfacial bonding and enhance stress
transfer under tensile loading. On the other hand, for the DES
CNF-based films, a decrease in tensile strength was observed
after the incorporation of SEP A and SEP B up to 20%: the
tensile strength was reduced from 114 MPa to 81—88 MPa for
10% sepiolite and 58—66 MPa for 20% sepiolite. However, the
further addition of SEP A and SEP B up to 50% clay content
did not compromise the tensile strength of the DES CNEF-
based films. In fact, for 50% SEP B, the tensile strength was
even higher than that obtained for the corresponding film with
20% clay (89 and 66 MPa, respectively), and comparable
tensile strengths were demonstrated for the DES CNF-based
films with 20 and 50% SEP A. Additionally, the use of PAL in
the composite films with DES CNF led to a significant
decrease in the tensile strength comparing to the values
obtained for the analogous films with SEP A and SEP B. This
trend was consistent across the three types of nanocelluloses.
Using PAL always provided lower tensile strength values at any
specific clay content considered, as shown in Figure 8§,
indicating the poorer quality of the films obtained using this
mineral sample. The PAL sample used in this work was
actually a complex mixture of mineral phases, including not
only palygorskite as the dominant phase but also quartz,
calcite, dolomite, and sepiolite.”® It is very likely that this
mineralogic composition and morphological variety do not
result in good compatibility with the CNFs. This was indeed
reflected in the lower apparent density values of the films with
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Figure 9. FE-SEM images (magnification of 4000X) of the cross section of the films of DES CNF, TEMPO CNF, and CAT CNF with 50%

sepiolite and the corresponding films of neat CNFs.

PAL (Table 2) and in the lower tensile strength values
exhibited.

The elongation at break differed significantly between the
CNF films, being mainly dependent on the CNF type. The
elongation at break values for the DES CNF films did not
exceed 8%, with the pristine DES CNF film exhibiting an
elongation of 6.3%. Lower elongation at break values were
obtained for the films of TEMPO CNF, with all values below
4%. Interestingly, the DES CNF films with 50% sepiolite
showed elongation values similar to that of the DES CNF-only
film (7.2% for SEP A and 6.4% for SEP B). For the Cat CNF-
based films, the elongation at break reached significantly higher
values compared to those of DES CNF and TEMPO CNF
films in either the absence or presence of the fibrous minerals.
The neat CNF film showed an elongation of 18.5%, and after
fibrous clay (SEP A, SEP B, and PAL) incorporation up to
20%, the values were in the range of 14—18%. However, a
trend of decreasing elongation with increasing mineral
incorporation for the Cat CNF-based films was noted,
particularly when the clay content was increased to 50%.
The overall results show that the produced films of Cat CNF
are more ductile than those of DES CNF and TEMPO CNF.
This behavior was previously referred as being characteristic of
cationic CNF-based films.® From the FE-SEM images (Figure
9), it was observed that neat DES CNF and TEMPO CNF
films exhibited a more ordered cross-sectional structure
(stratified) compared to the neat Cat CNF film, which
displayed a more irregular structure with a less aligned fibril
arrangement. This irregularity could allow some mobility of the
fibrils under stress, thereby contributing to the higher ductility
observed for the Cat CNF-based films. Composite films of
mechanical, enzymatic, and TEMPO-oxidized CNFs have
shown lower values of elongation.””'”** The trend of

decreasing elongation with mineral incorporation was observed
only for the Cat CNF-based films. Since neat TEMPO CNF
and DES CNF films, particularly TEMPO CNF, already have
low elongation at break values (1.5% and 6.3%, respectively),
the incorporation of rigid clay minerals does not result in a
significant variation of the elongation at break, contrary to
what occurs with Cat CNF, which possesses a higher
elongation at break (18.5%).

The Young’s modulus was similar for the DES CNF- and
TEMPO CNF-only films (5.4 and 5.7 GPa, respectively) and
dropped to less than half (2.4 GPa) for the film of only Cat
CNEF. These values reflect the significantly higher elongation at
break obtained for the latter CNF. With the mineral
incorporation, there was a trend of decreasing Young’s
modulus in the series of DES CNF films when SEP A and
PAL were used, although with SEP B, regardless of the clay
content, the Young’s modulus did not change significantly
compared to that of the neat DES CNF film. In contrast, the
incorporation of SEP A into the TEMPO CNF film series did
not affect much the Young’s modulus for any SEP A content,
whereas with SEP B and PAL there was a diminishment of the
Young’s modulus. The composite films with Cat CNF showed
typically lower Young’s modulus than the corresponding films
of DES CNF and TEMPO CNF for the same clay sample and
clay content. Because of the presence of Cat CNF, the Young’s
modulus values of these composite films were limited to
maximum values of ~3.5 GPa. Contrary to the DES CNF and
TEMPO CNF films, there was a trend in increasing Young’s
modulus with mineral incorporation for the Cat CNF films.
Since the neat Cat CNF film exhibited a relatively low Young’s
modulus, the incorporation of rigid clay minerals could lead to
an increase in this property. This effect was not observed for
the DES CNF and TEMPO CNF films because the neat CNF
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films already exhibited relatively high Young’s modulus values.
This observation is consistent with findings in the literature: in
studies where an increase in Young’s modulus was reported for
CNF—sepiolite composite films, the corresponding neat CNF
films had relatively low Young’s modulus values.'”** In
contrast, in studies where the neat CNF films already
possessed high stiffness, sepiolite addition often resulted in
no significant change'' or resulted even in a decrease'” in
Young’s modulus.

In sum, the tensile properties of the composite films with
sepiolite samples were not far from those of the neat CNF
films, and it was possible to obtain very good film performance
even at a clay content of 50%. On the other hand, with the
present palygorskite sample used in this work, all the main
properties were negatively affected, even at low mineral
content, showing the poor ability of this mineral sample to
produce CNF composites under the applied conditions of film
preparation. The Cat CNF-based films were more ductile and
less stiff than the corresponding DES CNF- and TEMPO
CNF-based films.

Morphological Properties. The morphology of the
composite films with SEP A and SEP B was evaluated by
electron microscopy, and the resulting SEM cross-sectional
micrographs are shown in Figure 9. The SEM images of the
composite films prepared with PAL are not included due to
their overall poorer optical and mechanical properties.

The SEM images of the neat CNF films clearly reveal that
the DES CNF film has a more compact and uniform cross
section compared with the neat films of TEMPO and Cat
CNFs. Moreover, the TEMPO CNF film exhibited a relatively
well-organized stratified structure, while the Cat CNF film
showed a more irregular structure without a specific pattern. In
the cross section of the Cat CNF film, some “bending fibers”
were observed, indicating a more malleable film. This
structural characteristic could be related to the higher
elongation at break value obtained for the Cat CNF compared
to the other CNFs, as mentioned above. When 50% sepiolite
(SEP A or SEP B) is added, the structural trend of the neat
CNF films is maintained; that is, the composite films of DES
CNF retain a more closed and compact structure compared
with the composite films of TEMPO and Cat CNFs, in
agreement with the higher apparent density values determined
for the DES-based films. In the TEMPO CNF and Cat CNF
composite films, sepiolite rods can be identified in the SEM
images (highlighted by yellow dashed circles in Figure 9),
which are not observable in the DES CNF films with SEP A or
SEP B. The absence of visible sepiolite rods in the DES CNF
composite films indicates that very good dispersion was
achieved between the two components. Additionally, the cross
sections of the composite films of DES and TEMPO CNFs
with SEP B are slightly more compact than those of the
corresponding films with SEP A, which is in line with the
higher transparency and apparent density values obtained
when 50% SEP B was used. The very compact structure of
DES CNF and SEP B-containing films also suggests films with
lower porosity and fewer sites for light scattering, resulting in
the high transparency reported above.

Thermal Stability and Degradation Studies. The films
were analyzed for their thermal behavior, including onset
temperature of degradation (T,,), the temperature(s) of
maximum degradation rate (T,,,), and the amount of char
residue (%). The results obtained are compiled in Table 4. The
thermograms and corresponding derivative curves of illus-
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Table 4. Thermogravimetric Data of Films of DES CNF,
TEMPO CNF, and Cat CNF with Sepiolite and Palygorskite

film T,, (°C)* T,.. (°C)? char residue (%)°
DES 189 195, 248 24.7
DES + 10% SEP A 167 170, 19§, 245 34.7
DES + 20% SEP A 167 171, 198, 241 42.8
DES + 50% SEP A 190 194, 290 59.0
DES + 10% SEP B 167 171, 198, 236 29.7
DES + 20% SEP B 170 175, 240 41.9
DES + 50% SEP B 189 194, 244 53.0
DES + 10% PAL 170 175, 198, 242 34.0
DES + 20% PAL 168 173, 194, 242 39.6
DES + 50% PAL 183 189, 250 54.3
TEMPO 191 2585, 305 21.7
TEMPO + 10% SEP A 201 244, 302 35.8
TEMPO + 20% SEP A 194 249, 307 40.0
TEMPO + 50% SEP A 202 269, 314 55.0
TEMPO + 10% SEP B 188 248, 305 33.8
TEMPO + 20% SEP B 197 243, 307 38.5
TEMPO + 50% SEP B 198 260, 321 52.3
TEMPO + 10% PAL 194 248, 305 29.5
TEMPO + 20% PAL 200 254, 311 38.0
TEMPO + 50% PAL 196 280 (sh), 321 47.1
Cat 225 314, 345 17.6
Cat + 10% SEP A 232 309, 347 26.3
Cat + 20% SEP A 231 311, 347 323
Cat + 50% SEP A 223 304, 330 50.3
Cat + 10% SEP B 227 313, 349 21.0
Cat + 20% SEP B 226 312, 348 32.8
Cat + 50% SEP B 214 335 48.0
Cat + 10% PAL 237 305, 341 (sh) 249
Cat + 20% PAL 233 302, 343 30.7
Cat + 50% PAL 210 336 46.0

“Temperature corresponding to the onset of material degradation.
The estimated error is ca. 3 °C. bTemperature(s) corresponding to
the maximum degradation rate (based on derivative curve). The
estimated error is ca. 3 °C. “Final residue at 1000 °C relative to the
mass obtained at 150 °C (dry basis): (mg/m;5) X 100%. The
estimated error is ca. 0.5%.

trative examples are shown in Figure S4. In all cases,
degradation of cellulosic chains, unsubstituted or substituted
by sulfate groups (DES CNF), carboxyl groups (TEMPO
CNF) or alkylammonium groups (Cat CNF) is the limiting
step of the film’s degradation. Accordingly, T, (Table 4) was
lower for the films with DES CNF and TEMPO CNF due to
the presence of a high content of sulfate and carboxyl groups,
respectively, which start their degradation earlier.*>> The neat
DES CNF film started degrading at ca. 189 °C (T, ); however,
after the incorporation of 10 and 20% clay, T,, decreased to
167—170 °C. When the clay content was 50%, the thermal
stability of the DES CNF composite films was similar to that of
the DES CNF-only film. Similarly, the degradation of the neat
TEMPO CNF film (with a high carboxyl content) started at
ca. 191 °C; however, in this case, the mineral incorporation
slightly increased T, (up to ca. 10 °C), with slight variations
depending on the clay sample and clay content, showing a
positive effect of the mineral presence on the thermal stability
of the composite films. In the case of Cat CNF-based films, T,
was 225 °C for the Cat CNF-only film, and after fibrous clay
incorporation, it could be even slightly increased for the films
with 10 and 20% clay content.
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Table 5. Costs Involved in the Production of CNFs (€/kg) and CNF Films (€/m?)

cellulosic pulp cost  chemicals cost  high-pressure homogenization CNF cost cost of film materials total film cost

CNF (€ (e)“ cost (€) (€/kg) (€/m?) (€/m?)
DES 1.19 143.11 9.52 153.81 6.15 6.74
DES + 10% clay 5.54 6.03"
DES + 20% clay 4.93 s42b
DES + 50% clay 3.09 3518
TEMPO 1.19 27.26 9.52 37.97 1.52 1.94
TEMPO + 10% clay 137 1.78°
TEMPO + 20% clay 122 1.61°
TEMPO + 50% clay 0.77 L12°
Cat 1.19 25.56 9.52 36.27 1.45 1.79
Cat + 10% clay 1.31 1.64"
Cat + 20% clay 1.16 1.49°
Cat + 50% clay 0.74 1.04"

“The detailed calculation of the chemicals cost can be found in Table S2. Calculations were made only for the films with SEP B.

max

(Table 4), two degradation peaks were found at 195 and 248
°C for the DES CNF-only film. At 10 and 20% clay content,
these two peaks were also observed for the DES CNF
composite films, with small variations in their position.
Nevertheless, an additional degradation peak appeared at
lower temperatures, close to T, for each DES CNF composite
film. This result was in line with the T, values, showing an
apparent decrease in the thermal stability for up to 20% clay
incorporation. However, for 50% mineral incorporation, this
extra peak was not noted, and only two degradation peaks were
found, similar to the behavior of the pristine DES CNF film
(Table 4). Two degradation peaks were also observed between
200 and 400 °C in the derivative curves of the TEMPO CNF
films. For the TEMPO CNF-only film, these peaks were found
at much higher temperatures (255 and 305 °C) than those of
the DES CNF-only film (195 and 248 °C). With the mineral
incorporation, at 10 and 20% clay content, the former peak
(255 °C) was slightly shifted to lower temperature; however,
for the highest clay content (50%), this peak was shifted to
higher temperature (from 255 up to 280 °C). The peak at T >
300 °C did not change much when the clay content was 10—
20%, but again, the temperature of this peak increased for 50%
content (from 305 °C up to 321 °C). Therefore, for the higher
mineral content, the fibrous clay addition in the composite
films was translated into an increase of the maximum
degradation rate temperatures. For the Cat CNF films, the
temperatures of maximum degradation rate were higher than
those of the analogous films based on DES CNF and TEMPO
CNF, similar to the trend described above for the onset
temperature of degradation. In general, two peaks in the
derivative curve were also observed. For the film with Cat CNF
only, these peaks were at 314 and 345 °C, and for the
composite films with 10 and 20% clay content, they were in the
ranges of 302—313 and 341—-349 °C, respectively. In some
samples, these two peaks converged into only one peak at ca.
335 °C (films with 50% SEP B and 50% PAL). From these
results, it therefore seems that the effect of the mineral on the
thermal degradation rate of the films was minimal.

Char residue was ca. 25% for the neat DES CNF film, ca.
22% for the TEMPO CNF film, and ca. 18% for the Cat CNF
film. As the mineral incorporation increases, the char residue
also increases, with larger values obtained at higher clay
content in the films (Table 4), as expected from the higher
thermal stability of the mineral component. Accordingly, the

For the temperature of maximum degradation rate, T
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highest char values were obtained for the films containing 50%
clay (between 46 and 59%). Comparing films of the same
mineral content, the DES CNF- and TEMPO CNF-based films
always showed higher char values than the Cat CNF-based
analogues. For instance, the char residues (at 1000 °C) for the
films of DES CNF and TEMPO CNF were up to 36% and up
to 43% with 10% mineral and 20% mineral, respectively; for
the analogous films of Cat CNF, the char values only reached
26 and 33%, respectively. The addition of sepiolite, particularly
for the DES CNF- and TEMPO CNF-based films, limits the
release of volatile and combustible compounds during thermal
degradation. This is a highly relevant result, considering the
use of these composite films as flame-retardant materials.

Costs of Films/Nanopapers Production. For implemen-
tation at an industrial level and commercialization of final
products, the costs of production are a key factor. An
assessment of the costs involved in the production of the
films was made, and the results are summarized in Table S.
Chemicals (including raw materials) and energy costs were
considered. In Table S, film production costs are presented
considering first only the values of the cost of material per
square meter of film and then the additional energy costs
involved in the preparation of the films during the vacuum
filtration and drying steps for the total cost. The following
considerations were taken into account for the estimation of
the costs:

The ChemSpider database was used to obtain the
chemical prices. The lowest chemical prices among all
the suppliers listed in this database were selected for the
calculations.

e A clay price of 0.5 €/kg was considered.

e An energy cost of 0.1544 €/kWh and cellulosic pulp cost
of 1.188 €/kg were assumed.

The power consumption of the high-pressure homoge-
nizer was 1.85 kW.

The measured power consumption values for the
vacuum pump and hot-press dryer were 0.16 kW and
0.42 kW, respectively.

The films prepared with DES CNF showed higher costs
compared to those of TEMPO and Cat CNFs for the same
mineral content in the film. The DES CNF exhibited higher
production cost compared to TEMPO CNF and Cat CNF
mainly because of the substantial amounts of sulfamic acid and
urea required for the production of this CNF under the specific
conditions applied (sulfamic acid/anhydroglucose molar ratio
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of 10:1 and sulfamic acid/urea molar ratio of 1:2). The cost of
DES CNF could be reduced by reducing the excess of sulfamic
acid used and by recycling the DES; however, these
optimizations must be done without significantly compromis-
ing the transparency of the films. Due to the lower price of the
minerals compared to the CNFs, the film cost was highly
reduced by increasing the amount of mineral in the film.
According to the estimations, the energy costs for the
preparation of the neat DES CNF film and the corresponding
composite films with SEP B are only around 10% of the
material costs. For the analogous films with TEMPO CNF and
Cat CNF, the ratio between the energy costs and the material
costs is higher (>20%). In these films, the energy costs are
lower compared to DES CNF films because of the lower
filtration times (less energy) required; however, the ratio
between energy costs and material costs for TEMPO CNF and
Cat CNF films is higher due to the significantly lower material
costs involved. It should be noted that in all cases the
incorporation of clay mineral also reduces the filtration time,
slightly reducing the energy cost associated with the filtration
step. The energy costs associated with vacuum filtration could
be eliminated by preparing the films using the solvent casting
method, and the drying costs could also be significantly
reduced through appropriate process optimization. The main
factor limiting the composite film cost is therefore the CNF
cost, particularly when working with chemically modified
nanocelluloses. Other cheaper CNF types could be consid-
ered,”® but the transparency values would not be at the same
levels as those achieved in the present study, namely, with DES
and TEMPO CNFs. Notwithstanding, the fibrous clay
incorporation clearly reduces the film’s price, and provided
that the final properties are good, it is recommended. In this
context, films with 50% mineral incorporation would be
desirable, but at this clay content, only the DES CNF
composite films with sepiolite showed the properties required
for the purposes of the present work, ie., films with high
transparency, high strength, and good thermal stability.

B CONCLUSIONS

In this work, for the first time, composite films with high
transparency were obtained from the admixture of very
negatively charged and thin cellulose nanofibrils produced by
a eutectic solvent pretreatment (DES CNF) and fibrous clay.
Transparency values higher than 72% at the photopic
wavelength were obtained for films prepared from DES CNF
and 50% sepiolite content using a simple preparation method
based on the dispersion of the components with a high-speed
disperser. At 20% sepiolite content, transparencies of >83%
were obtained. Acceptable results at 10—20% clay content were
also obtained with a highly negatively charged TEMPO CNF,
but not as good as those achieved with DES CNEF.
Additionally, of the two studied sepiolite samples (SEP A
and SEP B), it was revealed that the sepiolite sample with
easier dispersion in water (SEP B) also enabled films with
better transparency, particularly in the series of the TEMPO
CNF based-films. The remarkable transparency results
achieved with the combination of DES CNF and sepiolite
(slightly better with SEP B) can be attributed to the smaller
particle size and better dispersion of DES CNF and SEP B in
the mixture, allowing for the formation of denser and more
compact films that scatter less radiation.

The mechanical properties of the composite films were not
far from those of the neat CNF films. For the composite films
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of TEMPO CNF and sepiolite up to 20% clay content, the
tensile strength was in the range of 58—77 MPa, close to the
tensile strength of the neat CNF film (71 MPa). For the
analogous films of DES CNF, the tensile strength decreased
from 114 MPa to 58—88 MPa for 10—20% sepiolite, and for
50% sepiolite it was in the range of 63—89 MPa. The prepared
composite films also showed good thermal stability, and the
char residue was greatly increased by the mineral incorpo-
ration.

Overall, transparent and strong films could be obtained from
DES CNF and sepiolite without the need for complex and
expensive homogenization processes or chemical modifications
of clay, which are commonly applied in the literature to
produce transparent CNF—clay composite films. The combi-
nation of high strength, transparency, and good thermal
properties of the described composite films and the cost
reductions achieved by the use of simpler dispersion methods
and the incorporation of inexpensive minerals render them
highly suitable for several applications and facilitate their
industrial implementation.
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Characterization of the CNFs

To determine consistency, approximately 10 g of each CNF suspension was weighed
in duplicate, dried overnight in an oven at 105 °C, and the dried solid was then weighed.
The consistency was calculated by dividing the mass of dried solid by the initial mass of

the CNF suspension.

The degree of fibrillation was determined in duplicate by centrifuging 50 mL of CNF
aqueous suspensions (0.05 wt%) at 9000 rpm for 30 min, using a Hettich Universal 32
centrifuge. After centrifugation, the supernatant was removed, and the retained fraction
was dried at 105 °C and weighed. The degree of fibrillation (%) was calculated by
dividing the difference between the initial solid material and the retained solid by the

mass of initial solid material.

The degree of polymerization (DP) of the CNF samples was estimated in duplicate
from intrinsic viscosity (1) measurements performed in cupriethylenediamine solution at
25 °C (ISO 5351:2010 standard). The DP was then calculated using the Mark-Houwink
equation (7 = 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)".

Depending on the type of chemical pretreatment applied, the content of the substituent
group (and the corresponding degree of substitution) was determined by elemental
analysis or conductimetric titration. The sulfate and cationic group contents of the sulfate
CNF (DES CNF) and the cationic CNF (Cat CNF), respectively, were determined based
on sulfur and nitrogen contents measured using an Elemental Analyser EA 1108 CHNS-
O (Fisons). On the other hand, the carboxyl content of the TEMPO CNF was determined
in duplicate by conductimetric titration. The TEMPO CNF suspension was acidified to a
pH of ca. 3 using 0.01 M HCI and titrated with 0.01 M NaOH. The carboxyl content and
the corresponding degree of substitution were then obtained from the conductimetric

titration curves, as previously described in detail elsewhere?.

The surface charge of the three CNF types was evaluated by zeta potential
measurements on diluted CNF suspensions (0.05 wt%) using a Zetasizer Nano ZS

(Malvern Instruments). Six measurements were performed for each CNF sample.

For the morphological characterization of the produced CNFs by atomic force

microscopy (AFM), CNF films with a grammage of 20 g/m? were prepared by solvent



casting at room temperature. AFM imaging was performed on the top side of each film
using a Bruker Dimension Icon AFM microscope at two different sites, with a scanning
area of 1 x 1 pm?, a resolution of 512 data points per line and a scan rate of 0.5Hz. The
average nanofibril diameters for each CNF were measured from the captured AFM

images using Gwyddion software, with 80 diameter measurements taken per film?
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Results

Table S1. Basis weight of the films of DES CNF, TEMPO CNF, and Cat CNF with

sepiolite and palygorskite samples.

Film Basis weight (g/m?)
DES 38.8+£0.1
DES + 10% SEP A 394+03
DES +20% SEP A 40.0+0.0
DES + 50% SEP A 40.5+0.3
DES + 10% SEP B 38.7+£0.7
DES +20% SEP B 38.7+£0.8
DES + 50% SEP B 394 +0.1
DES + 10% PAL 38.1+0.9
DES +20% PAL 37.5+14
DES + 50% PAL 37.8+0.1
TEMPO 374+0.8
TEMPO + 10% SEP A 38.1+£0.1
TEMPO + 20% SEP A 38.7+04
TEMPO + 50% SEP A 384+0.3
TEMPO + 10% SEP B 37.3+£0.5
TEMPO +20% SEP B 37.5+0.1
TEMPO + 50% SEP B 373+£1.0
TEMPO + 10% PAL 384+0.3
TEMPO + 20% PAL 38.3£0.1
TEMPO + 50% PAL 379+04
Cat CNF 40.8 +0.1
Cat+ 10% SEP A 384+0.3
Cat +20% SEP A 38.6+£0.3
Cat +50% SEP A 39.1+1.3
Cat + 10% SEP B 39.5+£0.7
Cat +20% SEP B 40.6+0.7
Cat + 50% SEP B 40.2+0.1
Cat+ 10% PAL 39.6 0.6
Cat +20% PAL 39.9+£0.6
Cat+ 50% PAL 394+13

*Measurements were made at 23 °C and 50% RH



Table S2. Cost of chemicals used for CNF production.

CNF Chemicals Amount of chemicals  Chemical prices  Cost of chemicals Total cost of
(gche/KgONF) (€/kgcne) (€/kgcnr) chemicals (€/kgcnr)
Sulfamic acid 5990 13.92 83.38
DES 143.11
Urea 7410 8.06 59.72
TEMPO 16 110.86 1.77
TEMPO NaBr 100 32.07 3.21 27.26
NaClO 6710 3.32 22.28
CHPTAC 580 22.39
Cat 38.61 25.56
NaOH 493 6.43 3.17
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Figure S1 — Transparency vs. opacity of the obtained CNF-clay composite films.
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Figure S3. Young’s modulus (a) and elongation at break (b) of the CNF-clay composite

films (23 °C and 50% RH).



100

2.0
——SEPB
90 1.8 | 195°C - DES
——DES + 10% SEP B
80 16 ——DES +20% SEP B
= DES + 50% SEP B
70 1.4
o
s 60 ;&o 1A2 =
g % £ 101 rivey
= z
40 5 08
o
30 0.6
20 0.4
——SEPB ——DES
10 - 0.2
——DES + 10% SEP B ——DES + 20% SEP B
Y —— DES + 50% SEP B &6
0 100 200 300 400 500 600 700 800 900 1000 "0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) Temperature (°C)
100 0.7
—SEP B
90 305°C e TEMPO
0.6 ——TEMPO + 10% SEP B
80 o
305 °C TEMPO + 20% SEP B
——TEMPO + 50% SEP B
70 0.5 255 °C
e A 307°c
e 248 °C
=0 S
g 7 24 243°C
b %}
g 501 < 321°C
= 40 £ 03 260 °C
o
30 02
20
10 —SEP B e TEMPO 0.1
——TEMPO + 10% SEP B ——TEMPO + 20% SEP B
0 ~———TEMPO + 50% SEP B 00
0 100 200 300 400 500 600 700 800 900 1000 "0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) Temperature (°C)
100 0.9
—SEPA
90 08 314°C Cat
Cat +10% SEP A
80 07 309 °C __345°C Cat + 20% SEP A
311 °C 347 °C Cat + 50% SEP A
70
w06
o
60 3
S =05
2 50 :E%
b > 04
40 -
[=]
0.3
30
20 | 0.2
10 ——SEPA Cat 0.1
Cat +10% SEP A Cat +20% SEP A
o Cat + 50% SEP A 0.0
0 100 200 300 400 500 600 700 800 900 100C 0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) Temperature (°C)

Figure S4 — Representative thermograms and derivative curves of films produced with

DES CNF, TEMPO CNF, and Cat CNF.



