Food Hydrocolloids 171 (2026) 111854

b 8

Contents lists available at ScienceDirect : Food
Hydrocolloids

Food Hydrocolloids

L

journal homepage: www.elsevier.com/locate/foodhyd

ELSEVIER

Check for

Deposition of hierarchically porous cellulose microfibril films via emulsion &
templating and drying at ambient temperature

Hyung-Ju Kim *°, Yan Zeng?, Krassimir P. Velikov “"** ®, Orlin D. Velev®

2 Department of Chemical & Biomolecular Engineering, North Carolina State University, 911 Partners Way, Raleigh, NC, 27695-7905, USA

® Nuclear Facility Cleanup Technology Division, Korea Atomic Energy Research Institute, 989-111 Daedeok-daero, Yuseong-gu, Daejeon, 34057, South Korea
¢ Unilever Innovation Centre Wageningen, Bronland 14, 6708 WH, Wageningen, the Netherlands

4 Institute of Physics, University of Amsterdam, Science Park 904, 1098 XH, Amsterdam, the Netherlands

€ Soft Condensed Matter, Debye Institute for Nanomaterials, Utrecht University, Princetonplein 1, 3584 CC, Utrecht, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:
Microfibrillated cellulose
Porous material
Emulsion
Hydrophobicity
Self-cleaning material

Porous films and coatings based on biocompatible natural renewable materials such as cellulose are of interest to
diverse fields such as biomedical devices, insulation, separations, ion exchange, sensing, and packaging. We
report the fabrication of hierarchically macro- and nanoporous films of microfibrillated cellulose (MFC) using a
novel single-step method based on emulsion templating with recyclable volatile oils. The hierarchical (dual-
level) porous cellulosic films are deposited at room temperature by drying of volatile oil-in-water emulsions
stabilized by MFC and surfactants. A three-step formation mechanism, based on the evolution of the emulsion
droplet size, is proposed. One key factor controlling the resultant structure of the porous films is the vapor
pressure difference between the oil and water. Templating with droplets of oil with vapor pressure of the same
order as, or lower than, that of water results in formation of macroscopic porous structures. Addition of sur-
factant can significantly increase the porosity and the thickness of the films by suppressing the coalescence/
coarsening of the oil droplets and reducing the flattening effect caused by capillary forces. We demonstrate that
these films can be functionalized by silylation to obtain hydrophobic hierarchical dual-level porous films with
water contact angles of 70~116°.

1. Introduction

Porous organic and inorganic structures form the basis of commer-
cial stable materials in diverse fields such as ion exchange (Bennett et al.,
2000; Nouar et al., 2009), insulation (Baxter et al., 2000), adsorption
(Chaikittisilp et al., 2011, 2013), separation (Gelb et al., 1999; Jang
etal., 2011; Kim et al., 2013, 2014, 2015; J. R. Li et al., 2009; Minakuchi
et al., 1996; Seo et al., 2000), sensing (Beauvais et al., 2000; W. Y. Li
et al., 2005; C. Wu et al., 2006), catalysis (Mehnert et al., 1998; Proust
et al., 2008), and tissue engineering (Hollister, 2005). In the past de-
cades, emulsions and foams stabilized by inorganic particles including
silica (Binks & Horozov, 2005; Dickinson et al., 2004), alumina
(Juettner et al., 2007; Kishimoto et al., 2007), zirconia (Higashiwada
et al., 2007; Sherif & Shyu, 1991), and metal organic framework (Han

et al., 2024; T. Wu et al., 2023) have been used as precursors for such
materials. These porous materials are often brittle, inflexible,
non-biodegradable and sometimes not biocompatible. In addition, the
common conventional freeze-drying method used to fabricate those
porous materials, is energy consuming, expensive and difficult to con-
trol. Earlier, macroporous polymers or polymer foams have been fabri-
cated from emulsion (Krajnc et al., 2005; Tokuyama & Kanehara, 2007)
or foamed emulsion templates (Imhof & Pine, 1997; Yuan & Su, 2006).
However, these studies involve complicated processes such as UV
polymerization and energy intensive processing steps (such as freeze
drying or vacuum drying). Therefore, the development of simple
low-cost methods that can create biocompatible and biodegradable
materials with tunnelable porosity, preferably from renewable sources,
is still a challenge.
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The sustainable fabrication of advanced materials by using ubiqui-
tous natural resources is a growing field, which draws significant
attention by researchers in both basic and applied sciences (Hamer &
Al-Awadhi, 2000; Ahmad et al., 2025). The most abundant bioresource
in nature is cellulose, which in the form of microfibrillated cellulose
(MFC) serves as matrix of many materials such as paper (Andresen et al.,
2006; Aulin et al., 2010), food (Plackett et al., 2010), cosmetics (Siro &
Plackett, 2010), pharmaceutics (Pandey, 2021) and nanocomposites
(Sherbo et al., 2018). MFC is biodegradable, biocompatible, and suffi-
ciently inert to environment. It is also valuable for material science
perspective due to its extremely large specific surface area, high tensile
strength, and elasticity. MFC aerogels have been widely explored
(Ferreira et al., 2023; Sun et al., 2021), but because of the use of
expensive drying processes, their application has been hindered. Such
aerogels also have micropores that enable their application in cell tissue
engineering; however, dual porosity is typically required, which is
difficult to achieve (Lee et al., 2008; Murphy & O’Brien, 2010; Naseri
etal., 2016; Pircher et al., 2015). The high tensile strength and elasticity
contributed by the crystalline domains in MFC enable its broad appli-
cations as a rheology modifier being used, for instance, to promote the
stability of emulsions (Lam et al., 2014).

We report results on how the drying of MFC-stabilized emulsions
with droplets from volatile oils could be used to fabricate MFC porous
films with various structures and thicknesses. The results of room-
temperature drying of emulsions from oils with vapor pressure higher,
or the same order as the one of the continuous water phase are compared
and shown to have a critical structural effect. The mechanism of the
hierarchically porous structure formation during evaporation is inter-
preted via the time evolution of the emulsion oil droplet size. By varying
the oil volume fraction and the surface tension of the aqueous phase, we
are able to tune the structure and/or the thickness of the resulting dry
porous films. Further, porous films are functionalized using methyltri-
chlorosilane to tailor their hydrophobicity.

2. Experimental section
2.1. Materials

The MFC from wood (3 wt% in water dispersion) was obtained from
MeadWestvaco (Richmond, VA). The following reagents from commer-
cial suppliers were used as received without further purification: hexane
(Purity 99+%, Fisher), octane (Purity 99+%, Fluka), decane (Purity
99+%, Sigma-Aldrich), polyoxyethylenesorbitan monolaurate (Tween
20, Sigma-Aldrich), sodium dodecyl sulphate (SDS, Purity 99-+%,
Sigma-Aldrich), and methyltrichlorosilane (Sigma-Aldrich). Deionized
water from Millipore (18.2 MQ cm) was used in all experiments.

2.2. Synthesis

MEFC dispersion (pH 7, and total solid concentration 660 mg/L) was
diluted with deionized water. The diluted MFC dispersion (0.3-3 wt%)
was passed through a homogenizer (IKA® Magic LAB®, Germany) at 10
krpm for 10 min. An aliquot of 0.3 wt% MFC dispersion, x g, was added
into a small glass vial and (10-x) g volatile solvent used as oil phase (i.e.,
hexane, octane, or decane) was added afterward to keep the total
amount as constant at 10 g. Emulsion was prepared by shaking the
sealed vial for 1 min at frequency around 1.5 Hz. The emulsion was then
poured evenly over the bottom of a Petri dish (round, polystyrene, 60
mm D x 15 mm H, Fisher Scientific) and left to dry at ambient tem-
perature and pressure. To investigate the effect of surface tension, 1 g of
surfactant solution (0.16 wt% aqueous Tween 20 or 0.5 wt% aqueous
SDS) was added into the precursor emulsion before pouring it into the
Petri dish.

Food Hydrocolloids 171 (2026) 111854

cellulose
microfibrils

(b)
oil evaporation water evaporation

1441411441411

 Eo

water evaporation

- -

S -
> D
-~ A ==

Scheme 1. A schematic illustration of the impact of varying evaporation rates
between the disperse and continuous phases, at same initial volume fraction of
the disperse phase, determined by the vapor pressure of the volatile oil. Two
extreme scenarios of the drying process and the resultant mesostructures are
depicted: (a) when oil evaporates considerably faster than water (e.g., hexane
in this study), and (b) when water evaporates significantly faster than oil (e.g.,
decane in this study).

2.3. Silylation

Prepared porous films were silylated with methyltrichlorosilane.
Prior to silylation, the porous films were evacuated in an oven at 70 °C
overnight to remove physically adsorbed moisture. The evacuated
porous film was placed inside of a PYREX® media bottle (100 mL, VWR)
containing 100 pL of methyltrichlorosilane. The bottle was closed tightly
and maintained at a 70 °C for 24 h of reaction time. Then, the porous
films were dried at room temperature before measuring water contact
angle (WCA).

2.4. Characterization

Micrographs of emulsions and dry films were recorded with a digital
camera (Canon 5D). The optical microscope (Olympus BX61) with
objective magnification in 10 x was used to observe the emulsion
droplet during certain periods of time and the final pores of the dry film.
The droplet size and pore size were determined by taken images.
Scanning electron microscope (SEM, Joel 6400) was performed to
examine both in-plane and lateral structure of dry films at high magni-
fication. The SEM samples were coated with gold-palladium to prevent
image distortion due to surface charge. Experimental data on the surface
tension of water, Tween 20, and SDS at 20 °C were taken from elsewhere
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Lateral structure

Fig. 1. Effect of oil type on film morphology on the macro and microscale: (a-c): optical microscopic images of emulsion droplets prepared by shaking 7.5 g of 0.3 wt
% MFC dispersion and 2.5 g of hexane/octane/decane (i.e., 25 wt% of total pre-mixed solution). Darker spheres are air bubbles which disappear after certain time; (d-
f): photographic images of dry films; (g-i): optical microscopic images of the in-plane porous structure of dry films; (j-1): SEM images of the in-plane porous structure

of dry films; (m-0): SEM image of lateral structure of dry films.

(Mysels, 1986; Nino & Patino, 1998; Wege et al., 2008). Static WCA was
measured on the different porous films using a telescopic goniometer
(FTA 1000 Drop Shape Instrument). A drop of deionized water was
dispensed onto the sample surfaces. Both the right and left angles be-
tween the sample surface and the tangent line to the droplet were
measured.

3. Results and discussions
3.1. Vapor pressure of volatile oil

The morphology and porosity of the residual porous films depend on
the rate of the evaporation of the droplets relative to water from the
surrounding aqueous-MFC matrix. These differences will determine
which phase, continuous (i.e., water) or disperse (i.e., oil) will evaporate
faster and create voids in the MFC-gel. Thus, the type of oil-in-water
emulsion used as a template in the MFC-gel has an important role.
The presence of emulsion droplets in the MFC-gel reinforces the gel and
prevents the rapid collapse of the film during the water evaoration.
Simultaneously, water evaporation increases the concentration of MFC
between oil droplets, enhancing the formation of a dense fibrillar
network that sterically hinders coalescence. Although the reduced vol-
ume of the continuous phase brings droplets into closer proximity, the
dominant effect appears to be the increased stabilizing capacity of the
concentrated MFC, resulting in reduced coalescence during drying. This
synergistic action between the oil droplets and the MFCs allow for both
preserving the nanoscale pores in the MFC networks and the microscale
pores created by the volatile oil droplets, hence, creating the template
enabling the creation of films with dual porosity.

The interplay between the evaporation rates of water and the oil can
be used to create and control the final mesoscale porous structure.
Scheme 1 shows the expected structural evolution in two cases with very
large difference in the evaporation rate of the dispersed oil phase and
continuous aqueous phase. Three volatile oils were chosen as the tem-
plating phase of the MFC-gel emulsions (i.e., hexane, octane, and
decane) based on their vapor pressure difference with water. The
evaporation rate of the oils at constant surface area (i.e. similar averaged
droplet sizes) can be assumed to be linearly dependent on the vapor

pressure (Mackay & Van Wesenbeeck, 2014). The vapor pressure of
hexane is 17.6 kPa at 20 °C (Stull, 1947). As it is much higher than
water, the hexane droplets evaporate before the cellulosic fibril dis-
persions dry out. The rate of evaporation determines whether the water
leaves the film first, leaving behind the cellulose structure around the
droplets that are still intact with little ability for the fibril to re-arrange
further, or whether the droplets evaporate before the MFC network is
“locked” in place by water drying. The vapor pressure of octane is 1.47
kPa at 20 °C (Stull, 1947), which is of the same order as vapor pressure
of water, 2.3 kPa at 20 °C (Wexler, 1976). In this case, octane evaporates
at approximately the same rate as water. Thus, one would expect that
the compression of the film will be closing the voids created from the
evaporating droplets and that the final dry material contains fewer
pores. On the contrary, the vapor pressure of decane is 195 Pa at 20 °C
(Stull, 1947), thereby water evaporates much faster than decane in the
MFC-decane emulsion system. Thus, more pores will be preserved after
drying, sustained by the oil droplets that evaporate last. A schematic of
the expected effect of vapor pressure on the drying process of
MFC-volatile solvent-based emulsions is shown in Scheme 1, when oil
evaporates much faster (e.g., hexane in this study shown in Scheme 1a),
and when water evaporates much faster (e.g., decane in this study as
shown in Scheme 1b).

The experimental results clearly demonstrate that the relative
evaporation rate has a dramatic effect on the structure of the final cel-
lulose films. Optical microscopic images of initial emulsion droplets,
photographic images of final dry films, zoomed-in optical microscopic
images of in-plane structure of dry films, and the in-plane as well as
lateral SEM images of dry films, for the three different oil-water systems
are presented in Fig. 1. The initial average droplet sizes of emulsions
prepared with all three volatile oils are similar (Table S1 in Supporting
Information); however, the in-plane structure of the deposited dry films
is significantly different. As shown in the SEM images (Fig. 1j-0), we
obtained a thin, porous film of 20 pm in thickness from drying MFC-
octane emulsion with average pore size around 219 + 60 pm, while
the porous film from MFC-decane emulsion had larger average pore size
around 477 + 196 pm and slightly higher thickness of 30 pm (Table S1
in Supporting Information). No discernible large pores are observed in
the dry film prepared from MFC-hexane emulsion, instead these films
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Fig. 2. Evolution of emulsion droplet size and pore size for MFC-decane gel
prepared by 7.5 g of 0.3 wt% MFC dispersion and 2.5 g of decane: the droplet
size of decane emulsion (i.e., 25 wt% of total pre-mixed solution) increases
initially within the first 30 h, suggesting that droplets coalescence dominates
during water and decane evaporation. A decrease in the average emulsion
droplet size is then recorded between 30-50 h, indicating a phase separation of
larger oil droplets. Finally, an increase in pore size occurs, reflecting a flat-
tening effect due to the capillary force.

display characteristic ring patterns. Thus, volatile oil with vapor pres-
sure of the same order or lower than that of water is selected in order to
obtain porous films. In this way the oil droplets evaporate later that the
water medium and are able to provide reinforcement of the MFC
network and prevent it from collapse during the drying process. This
correlates with the aforementioned discussion on the effect of difference
between vapor pressure of volatile oil and water, which determines the
difference in evaporation rate between the two phases.

3.2. Elucidation of the drying mechanism

The average size of the microscale pores observed in the final dry
films is much larger than the initial emulsion droplet size. This is
because of coalescence, disproportionation, and capillary force flat-
tening the droplets during evaporation of water. As the water evapo-
rates, the concentration of dispersed emulsion droplets increases,
leading to closer proximity and potential coalescence. These phenomena
contribute to changes in droplet size distribution during drying (Dekker
et al., 2020). To understand more intricately the mechanisms occurring
during room-temperature drying, we measured the droplet size of
emulsions prepared with 0.3 wt% MFC dispersion and 25 wt% decane
against time and plotted the results in Fig. 2 (further detailed optical
microscopy images are shown in Fig. S1 of Supporting Information). The
average emulsion droplet size remains constant or increases slightly in
the initial 30 h and then decreases to a minimum after 50 h. After that, it
increases again as film dries out, reaching a final state (value at ~ 480
pm). The corresponding distributions of emulsion droplet size and pore
size for MFC-decane gel are extracted by ImageJ software and shown in
Fig. S2 of Supporting Information. The observed three-step drying
process—initial droplet growth due to coalescence, size reduction from
oiling-out, and final size increase from capillary flattening—is consistent
with findings in complex suspension drying. These stages result in the
evolution of droplet sizes and the eventual formation of pores in dried
films (Yang et al., 2025). In the first step, the coalescence and/or
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Fig. 3. SEM images of the (a) in-plane structure, (b) 60° titled structure of dry
film, and (c) the zoomed-in individual cellulose microfibrils as the building
blocks of dry film prepared from 7.5 g of 0.3 wt% MFC dispersion and 2.5 g of
decane (i.e., 25 wt% of total pre-mixed solution).

coarsening dominate the growth of emulsion droplets. In the second
“oiling-out” step, large droplets can break through the top of emulsion
film and form a separated layer of oil phase (all droplets are expected to
move upwards and larger droplets will experience larger buoyancy
force). Since only smaller droplets remain trapped in the MFC-gel phase,
the average droplet size decreases. In the meantime, the
three-dimensional network of MFC around former bigger droplets is
preserved although some of the bigger droplets escape to the top (i.e.,
cream). When the thin film dries further, the capillary forces arising
during the evaporation of water induce the flattening of decane droplets
which leads to a visible increase in the droplets diameter when optically
examining the in-plane structure. At the end, the final evaporation of
decane in the droplets leaves behind microscale pores in the final dry
film. Thus, the final dry film is much thinner than the initial film before



H.-J. Kim et al.

Food Hydrocolloids 171 (2026) 111854

700 - - 5
—&— emulsion droplet size
[ —(— pore size
600 |- —e— size expansion ratio 4 &
14 o
500 - &
i 8
E— 13 2
g 400 (- o
= 3
o i o
N 42 =
o 30F o
N o |
200 |- ?ﬁ\
41 &
100 | 8 g
i—u i
n L A 1 A L A 1 A 1 0
0 10 20 30 40 50

5 wt% decane

30 wt% decane

50 wt% decane

Fig. 4. (Top) The emulsion droplet size, pore size, and the corresponding size expansion ratios as a function of decane weight fraction ranging from 5 to 50 wt%;
(Bottom) Photographic images of dry films with high magnification of the optic microscopic images prepared at a fixed initial MFC concentration (0.3 wt%) with

varying decane volume fractions ranging from 5 to 50 wt%.

drying (i.e., 0.65 cm) due to capillary force induced flattening effect
during solvent evaporation.

The SEM images in Fig. 3 present the structure of the dry porous films
prepared from MFC-decane emulsion. The pores formed by the dry MFC
have varying magnitude in size and are organized hierarchically (Mohan
et al., 2017). The size varies from several hundred microns to a few
microns contributed both from droplets coalescence/coarsening and
capillary force induced flattening effect as mentioned above. More
importantly, those pores are not only formed on the surface of the dry
film (Fig. 3a), but also observed in each inner layer of the dry material

(Fig. 3b) which is three-dimensionally interconnected by the cellulose
microfibrils. Fig. 3c zooms down to the level of the matrix building
blocks, i.e., the individual cellulose microfibrils, which have size around
several nanometers in width and several tens of microns in length, as
shown in Fig. S3 of Supporting Information. The MFC network is also
porous with length scale below a micron. This hierarchical structure of
the film consisting of micropores and a nanoscale network provides
benefits in both tunable permeability and mechanical strength due to
the fine MFC network.
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Fig. 5. (a) Thickness (black line) and density (red line) of the dry films, prepared at a fixed initial MFC concentration (0.3 wt%), as a function of decane weight
fraction ranging from 5 to 50 wt%; (b) Lateral SEM image of the dry film emulsified from 0.3 wt% of MFC and 25 wt% of decane. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

3.3. Pore size control by adjusting oil fraction capillary force. Because of the nature of the emulsification process, the
varying of the oil volume fraction in the emulsions allows tuning the

The mechanism suggested above highlights several parameters droplet size and then the pore size of final film as shown in Fig. 4. It was
controlling the pore size of the final dry film, including the initial found that increasing the oil concentration led to larger droplet sizes and
emulsion droplet size, the coalescence and coarsening rate, and the increased polydispersity, particularly at lower emulsifier concentrations

No surfactant

Tween-20

(b)

Fig. 6. (a-c): Photographic image of the dry film prepared from emulsion initially containing 0.3 wt% MFC (7.5 g), 25 wt% decane (2.5 g) without surfactant, with
addition of 1 g of 0.16 wt% aqueous Tween 20 solution, and with addition of 1 g of 0.5 wt% aqueous SDS solution. (d-f): Optical microscopic images of the in-plane
porous structure of dry films; (g-i) SEM images of the in-plane porous structure of dry films.
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Fig. 7. Lateral SEM images of dry films prepared from emulsion initially containing 0.3 wt% MFC (7.5 g), 25 wt% decane (2.5 g) under conditions of (a) without

surfactant, (b) with Tween 20, and (c) with SDS. Scale bar is 200 pm.

and shorter homogenization times (Dapcevi¢ Hadnadev et al., 2013).
This is attributed to insufficient emulsifier to stabilize the increased
oil-water interface, resulting in enhanced coalescence. The emulsion
prepared with 50 wt% decane at a fixed initial MFC concentration (0.3
wt%) contains droplets 1.77 times larger in size than that of prepared
with 5 wt% decane, while the corresponding pore size of dry film in-
creases about 3.2 times (additional data are shown in Table S2 of Sup-
porting Information). This indicates that the emulsion droplet size has a
much less pronounced linear relationship with decane fraction, while
the pore size of final film has linear relationship with decane fraction.
This is because the initial emulsion droplet size remains almost the same
regardless of the decane fraction, but the number of droplets increases
with decane weight fraction. The slight droplet size increase in the range
from 10 to 25 wt% is due to faster coalescence/coarsening by a larger
number of emulsions. Different from emulsion droplet size, the pore size
of final film is based on the result of completed coalescence/coarsening,
thereby higher fraction of decane leads to larger final pore size of film.
This can be quantified by the size expansion ratio, which is the ratio of
the final pore size to the initial droplet size, rpore/Temulsion. This value
indicates how the final pore size is developed from the initial size of the
emulsion droplets. It increases from 2.5 to 4 as the oil volume fraction
increases from 5 to 50 wt%. This result indicates the general relationship
that small droplets at lower initial oil volume fraction yield many small
pores. However, the slight increase of the expansion ratio as the initial
oil fraction increases might be due to faster coalescence/coarsening rate
at higher oil volume fraction which tailor the density and size of the big
pores.

The thickness of dry films was determined by measuring the width of
their lateral SEM images, and found to be independent of the oil fraction.
The film thickness is consistently ~20 pm for films prepared at varied oil
fractions; thus the calculated film density decreases linearly with oil
volume fraction as shown in Fig. 5. The dry film consists of around ten
sub-layers and each layer is around several microns in thickness. This
indicates that the flattening effect of the capillary force accompanied
with water evaporation drives the three-dimensional network of cellu-
losic microfibrils around pores to pack densely and to form connected
layers. These effects, occurring in the third step of the drying process are
determining the final film thickness.

Because that the total amount of pre-mixed MFC suspension is al-
ways constant (10 g), the total concentration of MFCs in the final
emulsion decreases as the oil volume fraction increases. One might
expect that the thickness of the dry films deviates from each other and is
proportional to the concentration of MFC in emulsions while the con-
centration in the aqueous phase remains constant. However, the small
changes in the thickness of the final dry films at different oil volume
fraction (also varied concentration of cellulosic fibrils) suggests that
capillary forces play an important role in the degree of collapsing of the
MFC-gel (at similar volume of the emulsion Vj , the initial height of the
solution in Petri dish with radius R is approximately the same: 0.65 cm).
Another important parameter is the volume fraction ¢,; of the dispersed
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Fig. 8. Pore size (black symbol) and thickness (red symbol) of the dry films
prepared from emulsion initially containing 0.3 wt% MFC (7.5 g), 25 wt%
decane (2.5 g) in systems without surfactant (round) and with surfactant added
(square for Tween 20 and triangle for SDS) as a function of surface tension of
water-air interface. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

oil phase, which also contributes to the flow and elasticity of the drying
film. Additionally, the increased porosity is expected to decrease the film
elasticity (e.g., the porosity has an effect on elastic moduli of polymer
foams) and make them more brittle (Drozdov & de Claville Christiansen,
2020). Thus, we find that in our system the capillary force compresses
films to similar thickness regardless of the initial amount of MFC as the
strength of the network is also increased by the presence droplets from
the less volatile oil. The density of the porous films decreases as the oil
volume fraction increases, which coincides with the larger pore struc-
ture observed in these films. Given that 27Rhyp; is the mass of MFC in the
dry film with radius R, thickness hy, and density s> this mass is equal to
the mass of MFC in the emulsion before drying Vo(1 — ¢,;) @mec. From
this relation, we can estimate that at constant concentration of MFC the
film density is decreasing with the volume fraction of oil: p; ~ (1 —
@oit) Pmrc- Indeed, Fig. 5a indicates that increase the oil volume fraction
to 50 wt% leads to 50 % decrease in the final film density with little
change in the film thickness, hy.

3.4. Effect of the interfacial tension

The capillary force operating in the films is directly related to the
surface tension at the air-water interface (Levich & Krylov, 1969). In
order to reduce the capillary force which drives the collapse of the
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Fig. 9. WCAs of non-silylated and silylated films. (a) non-porous MFC film, (b) silylated non-porous MFC film, (c) porous MFC film prepared from emulsion initially
containing 0.3 wt% MFC (7.5 g), 25 wt% decane (2.5 g), and (d) silylated porous MFC film prepared from emulsion initially containing 0.3 wt% MFC (7.5 g), 25 wt%

decane (2.5 g).

cellulosic microfibril pores, two typical surfactants, non-ionic (Tween
20) and anionic (SDS), were selected to reduce the surface tension in
order to elucidate the effect of capillary force on flattening the
structures.

The macroscopic photographic images, optical microscopic images,
and in-plane SEM images of the dry films prepared without and with
surfactants (i.e., Tween 20 and SDS) are presented in Fig. 6. By adding
surfactant, the flattening effect due to capillary force is indeed sup-
pressed and the average pore size is reduced from 480 pm to 190 pm for
emulsion containing Tween 20 and to 320 pm for emulsion containing
SDS. The size expansion ratio (rpore/Temulsion) is reduced from 3.5 to 1.8
for Tween 20 and to 2.5 for SDS. In addition, the film thicknesses
measured from lateral SEM images are 30 pm (no surfactant), 270 pm
(with Tween 20), and 200 pm (with SDS), respectively, as shown in
Fig. 7 (additional data shown in Table S3 of Supporting Information).
Thus, the presence of surfactants has a drastic effect on the porosity, as
well as structure of the MFC films. Fig. 8 illustrates the dependency of
pore size and film thickness on the surface tension of water-air interface.
The pore size drops off as surface tension decreases while the film
thickness increases instead.

The observed phenomena are possibly a consequence of three
surfactant-related effects. First, the surfactant is increasing the emulsion
stability by suppressing the coalescence between the droplets, by
absorbing on the oil/water interface of the individual droplets, and thus
reducing the pore size of the final dry film. Secondly, the surfactants
reduce the interfacial tension of water in contact with other phases (e.g.,
oil, cellulose, and container) and thus weaken the capillary force that
drives network to collapse. Lastly, the surfactants function as component
of the dry films. The overall consequence is that the thickness of the dry
films increases while the pore size is reduced (less flattening effect).
Similarly, to the surfactant-free cases, a three-step drying process was
observed for emulsions containing surfactants (Fig. S4—S5 in Supporting

Information). Using Tween 20 as a surfactant produced highly porous
and flexible films, whereas SDS resulted in brittle films. This difference
in the film appearance and mechanical properties can be primarily
attributed to the structure and integrity of the MFC network. However,
the type of surfactant may influence film formation indirectly by
affecting emulsion stability, interfacial interactions, and the droplet
evolution during drying.

3.5. Silylated porous film

Further modification of the properties of the functional coatings was
achieved via silylation. It allowed us to tailor the hydrophobicity on the
porous films, thereby increasing water resistance via surface function-
alization, improving the film chemical and environmental stability, and
tuning interfacial interactions (Rodriguez-Fabia et al., 2022). WCA
measurement was performed by placing a droplet of water (~5 pL) on
the surface of MFC films to evaluate the wettability of surface. The WCA
of the non-porous MFC film was 78° which should be attributed to the
smooth surface of the organized cellulose fibrils and presence of minor
organic contaminants (Fig. 9a). The lack of porosity does not allow
much surface for functionalization and the film displays approximately
the same WCA after silylation (Fig. 9b). However, the porous films, with
highly heterogeneous surface prepared from emulsion initially con-
taining 0.3 wt% MFC and 25 wt% decane, thereby having plenty of
hydroxyl groups and very large exposed surface area, display WCA of
0° (Fig. 9¢). The large surface area and the nonplanar rough surface of
the porous film much enhanced opportunities for effective silylation.
Thus, as shown in Fig. 9d, the WCA is significantly increased from 0 to
116° after the silylation. For completeness, porous MFC films with low
amount of oil, 5 wt% decane, and surfactant, 0.16 wt% aqueous Tween
20, were also silylated and analysed (Fig. S6 in Supporting Information).
Similarly to Fig. 9c, the nontreated porous film shows high
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hydrophilicity with WCA equal to 0°. However, the WCA values signif-
icantly increase, up to 70-75°, after silylation. This also indicates that
the porous films display more surface hydroxyl groups which provide
hydrophilicity and are accessible for the modification. In Table S4 of
Supporting Information, the silylation performance based on WCA of the
present MFC films are compared to other classes of silylated MFC. The
films listed in Table S4 are silylated with diverse silanes under optimized
conditions, and comparison focuses on WCA. MFC itself displays very
hydrophilic with WCAs ranging from O to 40°. Then, after diverse sily-
lation, WCAs are markedly increased to 70~152°. The porous
MFC-decane also possesses very high hydrophilicity with WCA of 0°, and
silylation brings out the hydrophobicity up to WCA of 116° which in-
dicates that the silylation technique and the silylated MFC in this study
are quite comparable with other studies.

4. Conclusions

This work demonstrates how the use of selected oil droplet templates
yields a variety of hierarchal porous MFC thin films. The method for
making of these films is simple, efficient, and environmentally friendly.
The generation of micropores embedded in fine MFC network is ach-
ieved by using oil droplet templates with tunable volatility. The mech-
anism of formation is elucidated by a proposed three-step mechanism
considering coarsening of droplets, capillary force, and vapor pressure
based on the observation droplet and pore sizes. Further, pore structure
and thickness of oil-templated porous films are tunable by precursor
compositions, such as oil fraction and adding surfactant. Finally, the
hydrophobicity of the resulting MFC-based porous thin films can be
modified to the best match of their areas of application. As an example of
such functionalization, hydrophobic methylsilyl groups are successfully
attached to the surface of porous MFC, and the hydrophobicity of sily-
lated films is enhanced greatly. The results on oil-templated MFC films
lead to better understanding of the new mechanism of pore generation
via emulsion templating, resulting in tunable pore structure and
thickness.

The goals of this report are to reveal the principles involved in
emulsion templating of sustainable coatings; however, the method and
the resulting materials could find applications in a broad range of
functional and sustainable thin films and coatings. The highly porous
cellulose films can provide thermal insulation and mechanical protec-
tion in packaging and structural materials. The ability to design
biocompatible dual porous cellulosic templates could speed up the de-
velopments of cellulose-based tissue scaffolds engineering. The hydro-
phobized porous films can find applications in novel water-repellent and
self-cleaning coatings and surfaces. In order to ensure complete envi-
ronmental safety and biodegradability, the silanization agents in the
future can be replaced with organic hydrophobizing compounds such as
alkyl ketene dimers or natural fatty acids. Thus, the principles used in
the making of these coatings can expand the outlook of methods aimed
at making porous cellulosic materials for future circular technologies.
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