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Abstract
Differently structured aluminum (tri/mono) hydroxide (Al(OH)3 / AlO(OH)) nanoparticles were prepared and used as thermal-management additives to
micro�brillated cellulose (MFC), cast-dried in thin-layer �lms. Both particles increased the thermal stability of the MFC �lm, yielding 20–23% residue at 600 °C,
and up to 57% lowered enthalpy (to 5.5–7.5 kJ/g) at 0.15 wt% of loading, while transforming to Al2O3. However, the �lm containing 40 nm large Al(OH)3

particles decomposed in a one-step process, and released up to 20 % more energy between 300–400°C as compared to the �lms prepared from smaller (21
nm) and meta-stable AlO(OH), which decomposed gradually with an exothermic peak shifted to 480 °C. The latter resulted in a highly �exible, optically
transparent (95%), and mechanically stronger (5.7 GPa) �lm with a much lower speci�c heat capacity (0.31 − 0.28 J/gK compared to 0.68–0.89 J/gK for MFC-
Al(OH)3 and 0.87–1.26 for MFC �lms), which render it as an effective heat-dissipating material to be used in �exible opto-electronics. Low oxygen permeability

(2192.8 cm3/m2day) and a hydrophobic surface (>60°) rendered such a �lm also useful in ecologically-benign and thermosensitive packaging.

1. Introduction
Nano and micro-�brillated cellulose produced from renewable resources is becoming an important biodegradable, low cost and lightweight material (Klemm et
al. 2018). This is also related to its signi�cant physical and chemical properties, above all, high crystallinity, low density, extraordinary mechanical properties
and nanoscale dimension, that gives high surface area and huge amounts of hydroxyl groups available for hydrogen bonding or speci�c chemical
modi�cation (Dufresne 2013; Klemm et al. 2018). Its application expands from the production of packaging, paper and board, to �exible �lms, acting as
thermal insulators, as well as a functional material for forthcoming cutting-edge applications in electronics (Abitbol et al. 2016), energy storage (Kim et al.
2019; Beeran et al. 2016), electromagnetic interference shielding (Gopakumar et al. 2018; Zeng et al. 2020), solar cells (Du et al. 2017), photo/catalysis
(Kaushik and Moores 2016) etc. where it acts mainly as a template or carrier for functional in/organic nanoparticles like carbon nanotubes (Miyashiro et al.
2020), graphene oxide (Beeran et al. 2016; Wicklein et al. 2014), metal nanoparticles (Oun et al. 2020; Kaushik and Moores 2016), thus giving the products
high added-value properties by acting synergistically.

High optical transparency with good thermal stability and low heat transmission properties are important features of such functional cellulose based
materials, rendering their �nal applications. On the other hand, toxicological concerns and ecological acceptability and handling of such materials after use
are becoming an increasingly important factor. Many recent studies have, thus, focused on the application of nanoparticles based on silicon (Mastalska-
Popławska et al. 2017; Li et al. 2017; Lin et al. 2018), minerals (montmorillonite (Köklükaya et al. 2017), carbonate (Farooq et al. 2018), kaolinite (Castro et al.
2018), hydroxyapatite (Guo et al. 2018), sepiolite (Ghanadpour et al. 2018)), magnesium derivatives (Jiang et al. 2019), or their combinations (Köklükaya et al.
2017; Wang et al. 2018; Li et al. 2017).

Among the inorganic and environmentally benign nanoparticles, aluminum (tri) hydroxide (Al(OH)3) (He et al. 2018) is becoming one of the most signi�cant
and inexpensive alternatives. ATH is an amphoteric mineral, the morphological crystalline structure of which depends on the synthesis route, and can, thus,
exist in four polymorphs, among which the gibbsite is the most relevant, followed by three much rarer forms of bayerite, doyleite and nordstrandite (Karger-
Kocsis and Lendvai 2018). ATH acts in the condensed phase, where it decomposes endothermically (at about 180–200°C) (Laoutid et al. 2009), whereby it
absorbs 594 kJ/mol of energy/heat, and forms aluminum oxide, together with the release of water molecules, according to Eq. 1:

2Al(OH) 3 → Al2O3 + 3H2O Eq. 1

These dilute combustible gases reduce the burning temperature, and prevent the access of oxygen by formation of a protective ceramic or vitreous layer on
the surface from the residual crystalline polymorphic phase of aluminum oxide (Al2O3), thus improving its thermal stability (Hull et al. 2011; Laoutid et al.
2009). The effect of ATH thermal stability is increased by decreasing the particle size (He et al. 2018) and increasing its concentration (Hull et al. 2011) and
dispersibility (Norouzi et al. 2015), which, however, in�uence the product`s mechanical properties and transparency (Beyer 2001).

Aluminum (mono) hydroxide (AlO(OH)), known as boehmite, is another closely related ATH nanoparticle structure with well crystallized orthorhombic unit cells,
which is turned into nanocrystalline γ-Al2O3 forms by a topotactic transformation throughout the heating. The endothermic reaction starts between 400–
700°C, during which 257 kJ/mol of energy/heat is absorbed (Karger-Kocsis and Lendvai 2018), according to Eq. 2:

The abundant surface decorated peripheral OH functional groups of both ATH particles offer, in addition, good dispersion and �ller/matrix adhesion properties
(De Salvi et al. 2012).

The aim of the presented work was, thus, to examine the effect of structurally and morphologically different ATH nanoparticles (Al(OH)3 vs. AlO(OH)), their
dispersibility and loading quantity on the thermal stability and heat transmission properties of the �lms prepared from micro�brillated cellulose (MFC), thus to
de�ne their limitation in higher temperature and heat resistant applications. The �lms’ structural, optical, mechanical, wetting, and oxygen permeability were
also examined.

2. Experimental
2.1. Materials used
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1.9 wt% water suspended wood-based micro�brillated cellulose (MFC, Exilva F-01-L, Borregaard AS, Norway), consisting of 22–50 µm long and up to 100 nm
tight �brils with negative surface charge of − 28 ± 2.2 mV and 18.5 ± 4.0 mmol/kg, as determined by using conductometric titration, were used through the
study. The 16–21 µm sized Al(OH)3 particles were purchased from Kemipal-W 900, Kemira KTM, Slovenia. Aluminum isopropoxide (Al(O-i-Pr)3), 2-propanol,
acetic acid, 2-octanol, and polyethylene glycol 400 were purchased form Sigma-Aldrich, USA. Dolapix ET 85 (the dispersing agent) was obtained from
Zschimmer and Schwarz Inc, Germany).

2.2. Preparation of ATH nanoparticles

Water based ATH nanoparticles (Al(OH)3 - ATHw) were prepared from commercially available micro-sized Al(OH)3 particles by the two-stage grinding process.
For ATH40w particles` preparation, the grinding balls (Yttria-stabilized zirconia, Yotai Refractories Co. Ltd, Japan) with a diameter of 2 mm, distilled water,
commercially bought Al(OH)3 and polyethylene glycol as a dispersant were weighed into an agate grinding bowl of the Planetary Mill (Pulverisette 5 classic
line, FRITSCH GmbH, Germany) in the mass ratio of 1 : 1 : 0.35, and grinded for 60 minutes at 280 rpm. The grinding balls were then replaced with ones
having a diameter of 0.5 mm, and 2-octanol (antifoaming agent) was added to grind the particles for another 60 minutes at 320 rpm. For the ATH50w
nanoparticle preparation, the antifoaming agent (2-octanol) and de�occulant (Dolapix ET 85) were added at the �rst stage of grinding, followed by the second
stage as described above for the preparation of ATH40w nanoparticles.

Propanol based ATH nanoparticles (AlO(OH) - ATHp) were prepared by the sol-gel procedure according to our previous study (Bunderšek et al. 2016). Brie�y,
aluminum isopropoxide (Al(O-i-Pr)3) was added to 2-propanol as a carrier media and stirred. The mixture was then heated to 82°C, to the boiling point of 2-
propanol, and then re�uxed to become a clear slurry. Acetic acid as a catalyst and distilled water were added to the slurry to perform hydrolysis. The reaction
was kept at temperature for 60 minutes, and amorphous ATH was produced as a result. Then the ATH was peptized and crystallized by re�uxing for 20 hours.
The mol ratio of reactants of Al(O-i-Pr) : 2-propanol : acetic acid : water was 1 : 25 : 0.1 : 6. Distilled water was added at room temperature (20°C) to obtain 20
nm sized particles (ATH20p), where, for the 30 nm sized ones, the distilled water was heated to 40°C (ATH30p).

The prepared nanoparticles were designated as ATH40w, ATH50w, ATH20p, and ATH30p, where the number denotes its average size (40 nm, 50nm, 20 nm, 30
nm), while “w” or “p” means water or propanol used as the medium for synthesis, respectively.

2.3. Preparation of the �lms

The 1.9 wt% water suspended MFC was �rst diluted by distilled water to 0.3 wt% suspension and homogenized for 4 min with an Ultra Turax at 10000 rpm. To
such prepared MFC dispersion, different weights of ATH nanoparticles (10 w/w%, 30 w/w% and 50 w/w%) according to the dry weight of MFC were added, by
mixing it for 15 min with a magnetic stirrer at 1200 rpm, thus yielding �nal ATH mixture contents of 0.03 wt%, 0.09 wt% and 0.15 wt%, respectively. 50 ml of
each dispersion was poured onto the Petri dish and air-dried at room temperature until the �lm was formed. The maximum amount of ATH nanoparticles`
addition to MFC was chosen according to the �lm-forming ability. A sample prepared from MFC without nanoparticles was used as a reference. The
composite �lms were designated according to the amount and type of ATH nanoparticles added and their dispersing medium, where the �rst number (1, 2 or
3) denotes the addition of ATH particles (1–10 w/w%, 2–30 w/w% and 3–50 w/w%), and the second their average size (20 nm, 30 nm, 40 nm or 50nm), while
“w” or “p” means water or propanol used as a medium, respectively. For example, MFC-3-ATH20p means 0.3% MFC with 50w/w% added ATH nanoparticles
synthesized in propanol with average size of 20 nm.
2.4. Characterization of ATH nanoparticles

X-Ray Diffraction (XRD; Mini�ex II, Rigaku Corporation, Tokyo, Japan) was used to examine the crystallographic structures of the ATH particles.

The Dynamic Light Scattering (DLS) technique (Horiba LB 550, Japan) was used to determine the average size of the ATH nanoparticles.

Speci�c Surface Area (SSA) was measured with a Surface Area and Porosity Analyzer (Micrometrics Tristar 3000, Micromeritics, Norcross, GA, USA) by using
nitrogen adsorption-desorption and a Brunauer–Emmett–Telle model, where SSA was determined by calculating the amount of absorbed nitrogen gas,
corresponding to a monomolecular layer of nitrogen on the surface of the sample, and consideration of the nitrogen SSA (0.162 nm2), as a function of relative
pressure. The samples were dried before analyses (HG63, Mettler Toledo) at 105°C for 60 minutes.

The morphology and elementary structure of the ATH nanoparticles was characterized by using a Scanning Electron Microscope, Sirion 400NC (FEI, USA),
equipped with an Energy-Dispersive X-ray spectroscope, INCA 350 (Oxford Instruments, UK).

The Thermo-Gravimetric Analysis (TGA) was conducted using a DSC1 analyzer, (Mettler Toledo, Switzerland), and Differential Scanning Calorimetry (DSC)
was performed using a DSC823e Module STARe System (Mettler Toledo, Switzerland). Aluminum pans with pierced lids, containing ∼40 mg of ATH samples
for TGA analysis and ∼22 mg of ATH samples for DSC analysis, were analyzed in an air atmosphere with a temperature rate of 10°C/min from 25°C to 600°C.
2.5. Characterization of the �lms

SEM imaging of the �lms was performed using a Sirion 400NC (FEI, USA) microscope to study the morphology and nanoparticle distribution.

Fourier Transform Infrared (FTIR) spectra of the �lms were recorded by using a Perkin-Elmer Spectrum One spectrometer (US). The transmission
measurements were carried out in the range of 400–4000 cm-1 with 16 scans and a resolution of 4.0 with interval 1 cm-1. The Spectrum 5.0.2 software
program (version 10.6.1.) was applied for the data analysis.

The transmission vs. re�ection of the �lms was recorded within the 250–750 nm wavebands by using a Lambda 900 UV-Vis spectrophotometer (Perkin Elmer,
USA) with an integrating sphere and scanning speed of 450 nm min-1.
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Contact Angle (CA) measurements of the �lms were performed using an SCA20 Contact Angle measurement system (Goniometer OCA 35, Dataphysics,
Germany). All measurements were conducted at room temperature on both sides of the �lms, with milliQ water used as the test liquid, volume of 3 mL. Each
CA value was the average of at least six drops of liquid per surface, where at least three measures were made for each side of the �lm.

The oxygen permeability of the �lms was measured using a Perme OX2/230 Oxygen Transmission Rate Test System (Germany), and the results evaluated by
the software program WinPerme OX2-230 W3-330. All measurements were conducted at a temperature of 23 ± 0.1°C and 50 ± 1% humidity. Four
measurements were performed for each tested sample.

The tensile strength properties of the �lms were performed using a Shimadzu AGS-X electromechanical universal testing machine (Japan) according to the
Standard ISO 6892-1:2009(E). The (55 mm long) samples were cut into a paddle shape (10 mm width of the wide part and 15 mm length of the wide part – on
each side, with 3 mm width of the narrow part in the middle and 19 mm length of the narrow part), attached to clamps at a distance of 30.8 mm and tested at
a speed of 0.05 mm/s. Three measurements were performed for each tested sample.

Thermo-Gravimetric Analysis (TGA) and Dynamic Scanning Calorimetry (DSC) measurements of the �lms were performed using a Mettler-Toledo DSC1
instrument (Switzerland) under air atmosphere in a temperature range from 25 to 600°C and the heating rate of 10°C/min, using a 50 mL/min of �ow rate. For
TGA analysis a 150 µL platinum crucible was used, and the initial mass of samples (4–5 mg) being cut with scissors to suitable dimensions. The blank curve
was subtracted in all measurements. For DSC measurements, the samples (0.5–1.0 mg), weighed carefully in a 20 µL light aluminum pan on an external
Mettler Toledo MX5 balance, were pressed to the bottom of the crucible with a Te�on rod with a pierced lid, to provide contact during all the measurement and,
thus, prevent the undesirable loss of the DSC signal. An empty aluminum pan served as a reference.

Quasi-static speci�c Heat Capacity was studied by a new temperature modulated DSC technique - TOPEM, introduced by Mettler-Toledo, using a Mettler
Toledo DSC1 instrument (Switzerland) (Schawe et al. 2006). The measurements were performed under multi-frequency temperature-modulated conditions in a
temperature range from 20°C to 240°C, and heating rate of 1°C/min and a modulation amplitude of ± 0.5°C. Samples with initial masses from 2 to 3 mg
(approx. 5 stacks of a round-cut �lm) were placed into a 20 µL aluminum crucible and covered with a lid, which was pressed down �rmly with a Te�on rod. An
empty crucible served as a reference.

3. Results And Discussion
3.1. Structural, morphological and thermal properties of synthesized ATH nanoparticles

The structure and thermal properties of the prepared ATH nanoparticles were evaluated using different analytical techniques.

SEM images (Fig. 1a) showing the different morphological features of the synthesized ATH nanoparticles: Uniformly distributed and mostly plate/�at
structured ATHw, and smaller spherical shaped ATHp particles. XRD diffractograms (Fig. 1b) of ATH nanoparticles, indicated that the ATHw particles had a
mixed crystal phase of predominantly monocline gibbsite (Al(OH)3) and meta-stable orthorhombic boehmite (aluminum oxide hydroxide, AlO(OH)) (Reddy et
al. 2014), being re�ected in well-de�ned narrow sharp peaks between 18° and 22° and some broader peaks at higher 2-theta (JCPDS No. 33 − 0018),
respectively. On the other hand, weak broad peaks between 10° and 30°, characteristic of the boehmite (AlO(OH), and the two sharp re�ections at around 37°
and 44° with small shoulder at around 66° characteristic for bayerite (Al2O3), were indicated for ATHp particles, as already con�rmed by our previous study
(Bunderšek 2015; Bunderšek et al. 2016). The difference in the crystalline structure is supported by the elemental compositions (Table 1), that con�rmed the
presence of different weight mass of oxygen and aluminum, as well as the formation of hybrid structures with different O/Al ratios (1.27 for ATH20p and 1.90
for ATH40w). DLS (Fig. 1c) and BET (Fig. 1d, Table 1) analysis indicated that the ATHw particles were much larger (∼39.6 nm / ATH40w and ∼49.7 nm /
ATH50w) with an SSA of 18.9 m2/g and 59.5 m2/g, respectively, compared to ATHp particles (ATH20p and ATH30p), being in the range of 21.7–31.9 nm, and
possessing much higher, but comparatively similar SSA (385.4 m2/g and 377.7 m2/g). According to the nitrogen adsorption-desorption isotherms (Fig. 1d), the
pore diameter of the ATHw samples is in the range of 14.9–15.9 nm and ATHp based around 6.7 nm, which means that the pores of both types of particles
are classi�ed as mesopores (range 2–50 nm) (Sing 1985). The nitrogen adsorption-desorption hysteresis loop performed on the samples showed a type IV
isotherm, which is associated with capillary condensation taking place in the mesopores. However, there was a big difference between the steepness and
width of the isotherms for ATHw vs. ATHp particles. The hysteresis loop of ATHw based samples was very steep, almost vertical, which points to
agglomerates or spherical particles arranged in a uniform way, and facile pore connectivity. On the other hand, ATHp samples had a wider and more gradual
slope, indicating aggregates and slit shaped pores with good connectivity.
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Table 1
Structural and thermal properties of different ATH nanoparticles

Particle designation ATH40w ATH50w ATH20p ATH30p

Average size [nm] 39.6 49.7 21.7 31.9

Speci�c surface area [m2/g] 18.9 59.5 385.4 377.7

Pore diameter [nm] 14.9 15.9 6.7 6.7

Pore volume [cm3/g] 0.07 0.28 0.91 0.89

Weight loss 25–100°C [%] 0.6 0 14.1 18.2

Additional weight loss 200–400°C [%] 29.9 29.5 7.3 7.6

TGA residue at 600°C [%] 67 67.5 69.5 65.4

Enthalpy [J/g] -876.4 -752.9 -245.3 -235.2

Al [wt%]

O [wt%]

34.39

65.61

n.d. 43.94

56.06

n.d.

O/Al 1.908   1.276  

O/Al at 600°C 1.142   1.261  

 
The thermal properties of the synthesized ATH nanoparticles, evaluated by thermal decomposition in an air atmosphere between 25°C and 600°C (Fig. 2c),
indicated that the amount of residue at 600°C for both types of nanoparticles (ATHw and ATHp) were almost the same (from 65.4–69.5%). However, thermal
degradation of ATHp nanoparticles occurs in two steps, while ATHw ones in one step, where most of the weight loss (29%) occurs in the range of 250–320°C,
attributed to the transformation from Al(OH)3 to Al2O3 according to Eq. 1, or via AlO-OH (Favaro et al. 2010; Lamouri et al. 2017), and, up to 600°C, an
additional 5% of weight is lost. On the other hand, the ATHp particles start to degrade soon after the temperature is increased, resulting in a weight loss of
14.1% (ATH20p) − 18.2% (ATH30p) in the range of 25–200°C, due to topotactic transformation of the meta-stable boehmite phase (release of one mole of
water; Karger-Kocsis and Lendvai 2018), while only 7% of additional weight is lost in the range of 200–400°C, and an additional 9% up to 600°C, indicating its
gradual change into nanocrystalline Al2O3 forms with smoother crystalline structure (Fig. 2a). When exposed to elevated temperatures, all types of tri/mono-
hydrated alumina nanoparticles thus transform to γ-Al2O3, which is shown with almost equal XRD diffractograms (the main characteristic peaks at around
38°, 45° and 67°; Sifontes et al. 2014; Rahmanpour et al. 2012; Fig. 2b), as well as similar elemental compositions (Table 1), but slightly different O/Al ratio
(1.14 vs. 1.26), which might be due to the different kinetic of transformation and formation of structurally different polymorphs of alumina. The slower
degradation rate of ATHp particles at higher temperatures, meaning better thermal stability, which can also be re�ected from the DSC analysis (Fig. 2d) and
calculated relevant enthalpy values, are collected in Table 1. According to the different path and mode of thermal transformation (Eqs. 1 and 2), much more
energy is, thus, released during the decomposition of ATHw nanoparticles (876.4 J/g for ATH40w and 752 J/g for ATH50w) as compared to the ATHp ones
(245.3 J/g for ATH20p and 232.2 J/g for ATH30p). The smaller and nanocrystalline-structured ATHp particles with numerous H-bonding and internally
adsorbed water molecules, thus release less energy to transform in minority present boehmite (AlO(OH)) structures and further into fully dehydrated Al2O3

forms, where, on the contrary, ATHw particles need much more energy to be transformed from predominant gibbsite (Al(OH)3).

3.2. Surface morphological and physico-chemical properties of the �lms
The surface morphology and physico-chemical properties of the nanocomposite �lms were studied by SEM imaging, Contact Angle measurements, FTIR and
UV-Vis spectroscopy.

A �brillated and ribbon shaped structure is seen from the SEM imaging (Fig. 3a) for the pure MFC �lm, which is preserved even with the addition of the highest
percentage (50 w/w%) of ATH nanoparticles but, however, gives differently distributed and dense �lms. Slightly aggregated, but uniformly and individually
distributed ∼40 nm large ATHw nanoparticles can be observed through the entire �lm (Fig. 3b), interacting well with the rare negative surface charge and huge
-OH groups of cellulose backbone, and, thus, covering the surface of the cellulose �brils fully. On the other hand, the areas of denser cellulose �brillar net
structures containing well dispersed ∼20 nm large ATHp particles with intermediate free spaces were observed (Fig. 3c). Such an effect might be due to the
use of faster volatile 2-propanol as a dispersing media for ATH particles, which induced attractive interactions between the �bril’s -OH groups, acting as a glue,
and thus inducing phase separations between the water-rich (98.3%) and alcohol-rich (17.9%) gelation regions of the cellulose micro�brils (da Silva et al.
2018), yielding nanostructured and inhomogeneous clustering of microdomains of the MFC containing ATHp particles. Optionally, ATHp particles consisting
of two double layers of aluminum centered distorted octahedra AlO4(OH)2 forms, may also get separated by the hydrogen bond interaction between the
AlO(OH) inter-layer OH and cellulose -OH groups after mixing (De Salvi et al. 2012), and exfoliate on the �brils` surface during drying.

FTIR spectra of MFC-based �lms containing 50 w/w% of ATH particles (ATH40w, ATH20p) are presented in Fig. 4, and compared with those of pure MFC �lm
to con�rm the interactions between the components. The FTIR spectra of ATH40w particles show typical four mode peaks over the range of 3620 − 3380 cm-1,
being related to the stretching of OH groups that are interacting with the Al atoms (He et al. 2018), and being supported by Al-O stretching at ∼1020 cm-1

(Gorgieva et al. 2020), corresponding to the predominant Al(OH)3 structure. On the other hand, ATH20p has a much larger and broader peak for asymmetric

and symmetric OH stretching vibrations centered at ∼3300, with a small shoulder at ∼2900 cm-1. Absorption bands appeared at ∼1637 cm-1 (assigned to the
stretching and bending modes of the adsorbed water molecules), as well as a string band at ∼1065 cm− 1 with a small shoulder at ∼1160 cm− 1 (assigned to
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the bending and wagging of the H bonds in the octahedral structure of OH-Al = O), at ∼746 cm− 1 (attributed to the stretching vibrations of Al-O-Al in the
distorted AlO6), at ∼664 cm− 1 and ∼559 cm− 1, which are consistent with the reported values for a boehmite AlO(OH) structure (Abdollahifar et al. 2018) and
the crystalline structures of Al2O3 de�ned by the XRD analysis (Fig. 1a).

The FTIR spectrum of pure MFC �lm shows typical cellulose bands: A broad band at ∼3323 cm− 1 for hydrogen bonded OH stretching, at ∼2892 cm− 1 for CH
stretching, at ∼1640 cm− 1 for OH bending of absorbed water, at ∼1420 cm− 1 for CH2 bending, at ∼1026 cm− 1 for C-O bending, and at ∼897 cm− 1 for CH or
CH2 stretching (Lu et al. 2008; Gorgieva et al. 2020). The presence of ATH40w in the MFC intensi�ed its peak related to the OH groups over the range of 3616 

− 3349 cm− 1, also showing three shoulders typical for Al-OH interactions on its backbone, as well as a characteristic peak for Al-O stretching of ATH40w at
∼1018 cm− 1 (Gorgieva et al. 2020). This may indicate the hydrogen bonding between the –OH groups of ATH particles and the cellulose backbone of MFC,
covering the �brils` surfaces. All the mentioned OH related peaks (in the range of 3600 − 3300 cm− 1) are not present on a broader and much smaller band,
shifted to ∼3314 cm− 1, in the case of MFC-ATH20p based �lm, on which bands characteristic for ATH20p are overlapping with those typical for cellulose
structures, so they cannot be distinguished in the spectra. However, the hydrogen bond interactions between the –OH groups of MFC and–OH groups of
AlO(OH) nanoparticles or oxygen of Al2O3, as well as between the ATH particles themselves, resulting in the presence of Al-O, according to the separation
mechanism of octahedra AlO4(OH)2 forms as described above.

To support the �nding of the chemical composition and topology of the �lms` surfaces, the wetting properties of the �lms were evaluated by measuring the
Contact Angles (CA) using milliQ water. A larger CA indicates low surface energy and higher hydrophobicity (Wu et al. 2014). As seen from the results
presented in Fig. 5, the addition of ATH nanoparticles to MFC changed its original CA value signi�cantly (∼43°), which is in the range for the other cellulose
based �lms (from 28° (Andresen et al. 2006) to 60° (Belbekhouche et al. 2011)), con�rming its high hydrophilicity due to the presence of many OH groups on
its surface. The addition of ATH40w and ATH50w to MFC additionally lowered the CA of such a �lm to around 32°-33° at the highest (50 w/w%)
concentrations, which might be due to the presence of additional highly hydrophilic -OH groups arising from the presence of ATHw particles fully covering the
cellulose �brils, as con�rmed with the FTIR spectra and SEM analysis. On the other hand, the CA was increased up to ∼68° for �lms prepared with 50 w/w% of
ATH20p and ATH30p particles, also being in an agreement with their SEM and FTIR analyses (i.e. reduced -OH groups on MFC-ATHp microdomains). In
addition, the volatile 2-propanol present in ATHp during �lm preparation, preferentially goes to the surface and, consequently, lowers the surface energy,
making it more hydrophobic (Ballal and Chapman 2013). It is also worth mentioning that when water droplets were dripped onto the surface of such �lms, the
droplets spread around the surface, but did not soak into the surface totally, as well as did not induce the �lms` dissolution due to the presence of water. A
small difference in the mean CA values between both surfaces can be observed in the case of MFC-ATH-30p �lm, given ∼72° on the upper-side and ∼66° on
the lower-side. This might be due to a difference in the �lm surface roughness and smoothness of the formed MFC-ATHp microdomains, as be seen from the
SEM images, where a rougher surface gives higher CA than smoother ones due to the heterogeneous wetting being related to the formation of air
compartments between the droplets and the surface (Beeran et al. 2016).

To get a better insight into the bulk nanostructure of such �lms, optical properties and Oxygen Transmission Rate (OTR) were evaluated of the MFC �lms
containing different contents of ATH nanoparticles. The transmittance values (Fig. 6) of pure and thinner (19.2 µm) MFC �lms were the highest, and almost
constant within all the wavelength ranges (from 98.9% at 400 nm to 93.4% at 700 nm), indicating that the �lms were fully transparent. The addition of ATH
nanoparticles reduced the transmittance and increased the thickness, which is, however, highly dependent on the dispersibility, the crystalline structure and the
size of the ATH nanoparticles (Acharya et al. 2018). With the formation of aggregates, particles get larger and, consequently, scatter the light more than the
original small particles. The transmittance reduction is, thus, signi�cant for 21–28 µm thin MFC-ATHw �lms (from about 86% to about 25–48% at 30 and 50
w/w% of ATH addition, respectively), while its changing in the case of MFC-ATHp �lms is much smaller (between 96.8–89.4%) compared to the pure MFC �lm,
although they are thicker (23–32 µm) and more dependent on the particle size than on their content. The reason for such a difference could be in the different
crystalline structure, morphologically larger (40–48 nm), lower SSA (18.9–59.5 m2/g), aggregated and less uniform ATHw nanoparticles than ATHp ones (21–
31 nm), with much higher SSA (385.4-377.7 m2/g), which, consequently, blocks the light transmission (Sathish et al. 2015). This can also be supported by
increasing the transmittance values by increasing the wavelength for both MFC-ATHw �lms (from 47% and 35% at 400 nm to 59% and 49% at 700 nm for
MFC �lms containing ATH40w and ATH50w, respectively). As such, �lms are also more hydrophilic, adsorbing more moisture, and with the presence of
Al(OH)3 form-based particles, in addition increases the volume of voids between the �brils.

OTR values of �lms thus also decreased from ∼6622 cm3/m2day for pure MFC �lm to ∼3600 cm3/m2day and ∼2190 cm3/m2day for MFC-3-ATH30p and
MFC-3-ATH20p, respectively, which is related primarily to the nanoparticles  thicknesses; the �lms made of
ATHw nanoparticles are approximately 10 µm thicker than pure MFC �lm, for which the OTR value exceeds the measuring range.

3.3. Mechanical properties of the �lms
Tensile testing of the �lms was performed to identify the effect of type and content of nanoparticles` addition to MFC �lm by measuring tensile strength and
Young’s modulus (Fig. 7). An increase of tensile strength up to 7.7–18.9% for the �lms containing up to 30 w/w% addition of ATHw nanoparticles, and its
decrease by ∼3.7% by further increase of its content to 50 w/w%, as compared to the pure MFC �lm (∼59.2 MPa), can be observed, with the elastic modulus
following the same trend. On the other hand, a slightly different behavior was noticed for the �lms containing ATHp particles. While a small reduction of both
tensile strength (to ∼44–47 MPa, 20–25%) and Young’s modulus (from 3.6 GPa to ∼2.8–3.3 GPa, 9–21%) were measured for the �lms containing the lowest
(10 w/w%) ATHp content, as compared to the reference (pure MFC �lm), its increase to ∼69 MPa (17%) and ∼5.7 GPa (55%), respectively, by further addition
of ATH20p (up to 50 w/w%), but slight decrease (4.7 MPa / 19%) was obtained in the case of using ATH30p. The results support the previous �ndings,
indicating the effect of ATH morphology, size and crystalline structure, which, altogether, attribute to (part or full), coverage of cellulose �brils` surfaces, and
result in differently nanostructured �lms. Smaller (∼21 nm) and well dispersed ATH20p particles with large surface area (385.4 m2/g) thus result in more
hydrogen bindings and dense connections inside the �lms.

structures and , secondly, → thefilms
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3.4. Thermal stability of the �lms

Different techniques of TGA/DSC were used to evaluate the �lms’ thermal properties in an air atmosphere and temperature range from 25°C to 600°C,
including degradation temperature, residue amount after degradation, enthalpy, and speci�c heat capacity.

As presented in Fig. 8a, thermal degradation of pure MFC occurs in three successive steps: From room temperature to approximately 230°C, evaporation of
physically adsorbed water takes place. In a temperature range from 230°C to 350°C weight loss is related to the collapse of the glucosidic structure and the
formation of carbonyl compounds, which decompose completely at around 600°C (Lichtenstein and Lavoine 2017). The addition of ATH nanoparticles
changed the course of thermal decomposition of pure MFC, depending on the type of ATH used. About a 3.5% larger weight loss in the case of MFC-ATH20p
�lms ( 6.6%) compared to the MFC-ATH40w ones, ( 2.9%) up to 200°C was related to the different phase transformations of the used particles, as explained
previously under the �rst Section. However, comparing the onset decomposition temperatures of the second step shows that MFC-ATH20p �lm (305°C) was
the most thermally stable, followed by pure MFC (281°C) and MFC-ATH-40w as the less stable (260°C). The in�ection point of both nanocomposite �lms
occurred at around 330°C, given a weight loss of around 60% in the case of MFC-ATH40w, and around 40% for MFC-ATH20p �lms, while, for the pure MFC
sample, this temperature was at around 350°C with 59% of weight loss. The addition of ATH nanoparticles also had a noticeable effect on the amount of
residue after thermal decomposition, which increased from ∼1.8% for pure MFC �lm to around 10% already with 30 w/w% addition of ATH40w and ATH20p,
and further, to even ∼20–23% for �lms containing the highest (50 w/w%) ATH concentrations, which is comparable with the other cellulose based materials
containing different ATH nanoparticles (Gorgieva et al. 2020; Zhang et al. 2017; Yang et al. 2017). The higher residue amount means that the ATH
nanoparticles had suppressed the �lm’ degradation successfully with the dilution of radicals in �ame, while the residue of alumina formed the protective layer
(Hull et al. 2011). Some additional differences during the �lms` thermal decomposition can be seen from the comparison of their derivative weight (DTG)
curves (Fig. 8b). Decomposition of the �lms with incorporated ATH40w particles occurs via three steps; the �rst one from 230°C to 280°C, which occurs only in
these samples. The DSC curves of these samples (Fig. 8c) show that this process is endothermic, being assigned to the dehydration of Al(OH)3 and AlO(OH)
structures. In case of MFC �lms prepared with ATH20p, the dehydration and thermal decomposition of the organic MFC matrix takes place simultaneously. It
is also obvious from the DTG curves that the maximal rate of glucosidic degradation was faster when nanoparticles were added to the MFC, while the second
step was much slower. Some relevant data about the thermal decomposition process of the studied samples are collected in Table 2. Shifted onset
decomposition to higher temperature, weight loss at the in�ection point and lower rate of decomposition in the second step, show that ATH-20p �lms possess
better thermal stability regarding the other MFC-ATHw or pure MFC �lms.

Table 2
Relevant data about the thermal decomposition process of different MFC-based �lms and Speci�c heat

capacity (Cp) values at certain temperatures.

  MFC ATH40w ATH20p

3 2 1 3 2 1

Weight loss

25–200°C [%]

4.94 2.96 3.58 3.71 6.57 6.36 4.21

Onset decomp. temp.

(2nd step) [°C]

281 260 262 279 305 305 307

Residual weight

at 600°C [%]

1.8 23.3 17.1 10.1 20.1 12.6 9.9

Enthalpy [J/g] 13100 5576 5918 10700 7598 8385 9588

Enthalpy change

(in regard to MFC) [%]

/ -57 -55 -18 -42 -36 -26

Position of main

exothermic peak [°C]

479 338 336 419 466 479 481

Cp values at certain temp. [J/gK] 20°C 0.87 0.68 1.37 1.37 0.31 0.81 1.02

100°C 0.97 0.68 1.65 1.48 0.26 0.93 1.41

150°C 1.14 0.81 1.87 1.69 0.29 1.06 1.70

200°C 1.26 0.89 1.93 1.90 0.28 1.09 1.93

 
In addition, the integrated values of the heat �ow (Fig. 8c) show that the enthalpy of pure MFC �lm was reduced by about 57% (MFC-ATH40w) and 42% (MFC-
ATH20p) (from ∼13100 J/g to ∼5576 J/g and ∼7598 J/g, respectively), for the samples containing the highest (50 w/w%) amount of ATH nanoparticles.
Decreased enthalpy values are related to less released energy in the process of burning, and, thus, its contribution to heating the �lm in the process of
degradation was smaller. It is even more obvious from the comparison of DSC curves that the decomposition process differed as to whether ATHp or ATHw
particles were added to the MFC. In the case of ATHp particles, the shape of the DSC curves was similar to MFC, and the process was the most exothermic in
the second step of decomposition. Besides the initial endothermic reaction at the beginning of thermal decomposition at 230°C, already mentioned before,
�lms with the addition of ATHw released much more heat in the temperature region from 300°C to 380°C (the exception was the �lm prepared with lowest ATH
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content, where it followed the MFC curve, meaning that 10 w/w% ATH content was too low for making an observable difference). In the second step, much
less heat was released compared to pure MFC and �lms prepared with the addition of ATHp nanoparticles, where most of the released heat was present in the
temperature range 400–500°C. Such an effect might be due to the one step transformation from AlO(OH) to Al2O3 (Eg. 2) and simultaneous formation of
protective char, compared to the Al(OH)3 nanoparticles, which were transformed to Al2O3 with an additional phase change through the heating. In the process
of �lms  shell created compact char structures that acted as a heat insulator (Horrocks 2011). This reduced the
thermal conductivity and the amount of released oxygen inside the material, and, due to the oxidation-reduction processes, it might absorb highly reactive
radicals, which all inhibit thermal and mass �ow inside the material, and, consequently, modify its course of degradation (Norouzi et al. 2015). This means
that ATH nanoparticles can enhance the charring properties of the MFC matrix (He et al. 2018), and, by forming a protective layer over the MFC, protect it from
further decomposition (Yuan et al. 2016).

The speci�c heat capacity of the prepared �lms was also evaluated to get information about their thermal isolation or heat transportation ability. Since heat
capacity is the amount of heat required to change the temperature of one unit mass of material by one degree, and the heat capacity for any polymeric
material is temperature dependent (Wen 2007), the heat capacities of the samples were measured up to 200°C before the samples underwent the accelerated
phase transitions. Heat capacities for polymers are usually in the range from 0 to 3 J/gK (Wen 2007), which also corresponds to that of our samples. The
lower the heat capacity, the energy in the form of heat is transferred more easily through the �lm, thus cooling the material passively, and acting as a thermal
conductor, that is becoming an emerging demand for e.g., electronic products (Sato et al. 2020). As can be seen from the curves in Fig. 8d and speci�c heat
capacity values collected in the inserted Table 2, the values for all samples increased with increased temperature (an exception is the sample MFC-3-ATH20p,
where the values were almost constant), and decreased with the added amount of ATH nanoparticles, indicating their different insulation properties. The
lowest heat capacity was observed for the highest concentration of ATH20p nanoparticles, where the value was reduced by more than ∼65% compared to
pure MFC �lm, which might be correlated to the dense and homogeneously covered cellulose �brils with highly crystalline AlO(OH)/Al2O3 structured particles,
which transferred the heat easily and evenly throughout the whole tested temperature region, thus acting as an e�cient thermal remover by dissipating the
heat. On the other hand, �lms prepared with more amorphous Al(OH)3 based forms of ATHw nanoparticles increased the heat capacity of the �lms up to
∼57% compared to the pure MFC at lower ATHw concentrations, and reduced it by around 22% at the highest content of larger ATH40w, which might be
related to the particles` aggregation. The aggregation of particles affects the thermal conductivity, where, with increased size of agglomeration the interface
between agglomerates is increased, and, consequently, leads to a reduction of thermal conductivity or decreased heat capacity (Machra� et al. 2016). The
improved heat transfer abilities of MFC-ATHp �lms make them a good candidate for electronic products (Sato et al. 2020). Additionally, their lower OTR values
and increased hydrophobicity also makes them interesting for application in e.g., food packaged products. Packaging plays an important role in the protection
of food products against a range of external in�uences, among which, besides oxygen and water-vapor barrier properties (Hubbe et al. 2017), temperature
variations are becoming another issue that have a negative impact on keeping packaged foodstuffs fresh for longer durations (Singh et al. 2018).

4. Conclusion
Structurally and size-related different aluminum (tri/mono) hydroxide (Al(OH)3 / AlO(OH)) nanoparticles were prepared and used as a thermo-stable additive to
thin-layered �lms of micro�brillated cellulose (MFC), to create new environmentally friendly and biodegradable materials. The addition of ATH nanoparticles
increased the �lms

optical, oxygen-barrier, mechanical, heat resistant and thermal-management properties were highly dependent on the particles` sizes and polymorphic
structure, their content and distribution through the �lm, as well as their transformation through the heating. The smaller and meta-stable AlO(OH) particles
with large surface area and gradual decomposition thus resulted to optically transparent and thermally the most stable �lm with higher heat transition /
dissipating ability, and an increased tensile strength and Young’s modulus. This showed their potential applications in �exible and transparent opto-electronics
to cool the device, or in thermal sensitive packaging materials to protect the products from external heating. In addition, a hydrophobic surface with low
oxygen permeability shows that such a �lm is also useful in eco-benign food packaging.
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Figure 1

a) SEM imaging, b) XRD patterns, c) Size distribution curves measured by DLS, and d) BETN adsorption-desorption isotherms of differently prepared ATH
nanoparticles.
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Figure 2

a) SEM images and b) XRD analysis after thermal degradation of ATH NPs, c) TGA and d) DSC analysis of differently prepared ATH nanoparticles,

Figure 3

SEM images of �lm surfaces prepared from a) MFC, and MFC with the addition of 50 w/w% of differently prepared ATH nanoparticles: b) ATH40w and c)
ATH20p.

Figure 4

FTIR spectrum of ATH40w and ATH20p nanoparticles and MFC �lms with and without the addition of 50 w/w% of nanoparticles.
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Figure 5

Contact Angle values of different MFC-based �lms, measured on the upper / air-turned and lower / Petri-turned sides.

Figure 6

Thickness, Transmittance and OTR values of different MFC-based �lms (left); photographic images of �lms showing their transparency (right).

Figure 7

Tensile strength and elastic modulus of different MFC-based �lms.
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Figure 8

a) Thermo-gravimetric (TG), b) Derivative weight (DTG) c) Heat-�ow (DSC) analysis and d) Heat-capacity curves of different MFC-based �lms.


