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ABSTRACT

The overwhelming concerns about the future of humanity due to pollution by and de-
pletion of petroleum-based materials have led global organizations to emphasize the
urgency of transitioning to more sustainable consumption and production of materials.
However, regardless of the acute necessity to change our consumption habits, plastics’
excellent mechanical and physical properties have put pressure on scientists to find
competitive alternatives in the realm of more sustainable materials. One of such novel
materials is biomineralized bacterial cellulose (BMBC). BMBC is produced through three
bacterial fermentations and is composed of 40% biopolymers (bacterial cellulose (BC) and
poly-gamma-glutamic acid) and 60% MgCO3/CaCOs3. Currently, its high water-absorbent
capacity forms a bottleneck for the scope of its potential applications, as water absorption
leads to a loss in mechanical properties. In order to expand the scope of possible applica-
tions of this novel material, this study looks into methods of improving the water-resistant
properties of BMBC. Three methods were selected as compatible with the biological
nature of the BMBC production process: coating with potassium stearate, coating with a
chitosan solution, and coating with a zein solution. The coatings’ capacity to enhance
the material’s water resistance was evaluated by measuring the wettability of the surface
and water-absorbing capacity of a coated BMBC sample. The robustness of the applied
coatings was also examined using controlled abrasion of the surface. It was found that
potassium stearate coating showed the highest ability to reduce the wettability of the
material’s surface, while chitosan yielded the best capacity for preventing water absorp-
tion. The obtained results highlight the potential for using ion-exchange mechanisms for
surface grafting of BMBC and elucidate the complications in applying a uniform coating
to the formulated material. As BMBC is a novel material, this study makes the first step in
expounding ways to tweak the physical properties of this biological composite to fit the
desired applications.
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INTRODUCTION

1.1. MOTIVATION FOR THE PROJECT

HE overwhelming pressure for a transition away from petroleum-based materials, as

lined out by the 12th Sustainable Development goal of the United Nations United
Nations, 2020, has been catalyzing research into bio-based alternatives for various ma-
terials. A creative outlook on utilizing nature’s resources is the driving power behind
accomplishing this transition towards a world of materials with a more sustainable life
cycle. However, inventing new materials is often challenging, especially considering the
well-established and researched fine-tuning of all petroleum-based materials. This gap
makes it a profoundly nuanced endeavor, which the scientific world has been trying to
resolve.

As lined out in thorough reviews by Zhu et al., 2016 and Mohanty et al., 2018, the
rigidity of the global market and lack of urgent regulation and policies causes the inven-
tion of new materials often becoming a matter of recreating materials with the same
properties as those of plastics and other products of the petrochemical industry. This
imposed facet of the transition towards more sustainable materials is often criticized. Still,
these properties serve as a good reference point for novel materials aspiring to achieve
widespread use similar to the current industry leaders.

It is challenging to find good combinations of mechanical and physical properties
within bio-based materials. Mechanical properties, such as high tensile strength, tough-
ness, and strain, and physical properties, such as thermostability, hydrophobicity, and
permeability, rarely coexist in natural materials. Considering the lack of natural materials
with a good combination of properties similar to plastics, scientists have given attention
to producing novel composites with readily and plentifully available biological matter. For
example, Yu et al., 2021 discusses an easily scalable self-assembly approach for producing
biomineralized bacterial cellulose (BMBC) composite in the recently published paper.
This material is synthesized through three fermentations, and it consists of microfibril-
lated bacterial cellulose (BC), poly-gamma-glutamic acid (PGA), and crystals of CaCOs3
and MgCOs. The obtained material’s mechanical properties resemble nacre and acry-
lonitrile butadiene styrene (ABS) plastic (see Table 1 in Yu et al., 2021 for a comparison).
However, this material demonstrates some drawbacks in its physical properties.
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One of the deficient properties is the high hydrophilicity of this material, which can
be attributed to the high content (40%) of the very hydrophilic bacterial cellulose in the
composite. When BMBC absorbs water, it loses its good mechanical properties and swells,
which forms a restriction in the range of potential applications. In the original paper by
Yu et al, 2021, BMBC is proposed for applications in furniture and protective garments
due to its recyclability. The capacity to be recycled is valuable, but it is also essential
to tune the material’s water resistance properties according to the desired applications.
In this report, different strategies for ameliorating water resistance properties of BMBC
are discussed, and two such strategies, chitosan and potassium stearate coatings, are
quantitatively evaluated.

1.2. STRUCTURE OF BIOMINERALISED BACTERIAL CELLULOSE

In order to conceptualize an adequate approach to improving the material’s water resis-
tance, it is crucial to understand the molecular structure of BMBC. As seen in the Scanning
Electron Microscopy (SEM) picture of Figure 3.11e, the cellulose fibers, which make up
40% of the material, are wrapped along and around the spherical mineral crystals, which
make up the other 60%. Assuming a uniform distribution of the two components in
the bulk material, an untreated surface of a BMBC sample will readily absorb water, as
bacterial cellulose can absorb up to 150x of its mass in water (Ji-Suk Jeong, 2012). How-
ever, since the water-insoluble CaCO3; and MgCOs crystals are only dispersed in the bulk
material, they do not provide any water-resistant properties. Therefore, the surface or the
composition of BMBC must be modified to contribute to reducing the hydrophilicity of
the composite.

1.3. UNDERSTANDING HYDROPHOBICITY

The example of lotus (Nelumbo nucifera) leaves can demonstrate the two main strategies
for ensuring surface hydrophobicity, as described in Ensikat et al., 2011. Firstly, epicuticu-
lar waxes cover the leaves of this plant; these waxes are hydrophobic molecules and lower
the surface energy of the leaf. Lowering the surface energy results in water molecules
being more attracted to each other than to the molecules of the surface. Thus, water
molecules stick together instead of wetting the material. Secondly, micropapillae cover
the leaf’s surface, which leads to the formation of a very rough structure on micro-and
nanoscales, as seen in the SEM picture in Figure 1.1. Such microstructures lead to the
inability of the water drop to come in contact with the surface of the material without over-
coming a critical pressure, resulting in the preferential adherence of the water molecules
to themselves. Therefore, the two main strategies that can be employed are successfully
modifying the surface of BMBC to have lower surface energy or inducing the formation of
such microstructures.
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Figure 1.1: SEM micrograph of a lotus leaf surface, showing the micropapillae that contribute to
surface roughness. Adapted from Ensikat et al., 2011

Quantification of hydrophobic properties of a material is crucial towards devising an
optimal methodology for improving water resistance and clarifying the process by which
the water resistance is improved. Several values can be reproducibly measured to act as a
representation of a material’s water resistance capacity. The four most popular methods
are measuring the contact angle at which a drop of water is stable on the surface of the
material (Firstner et al., 2005, Nakajima et al., 2000); measuring the water absorption
capacity upon immersion in water (Cabanas-Romero et al., 2020); measuring the angle
at which a drop of water starts rolling off the surface (Nimittrakoolchai and Supothina,
2008, Bhushan et al., 2009); measuring material’s water vapor permeability or sorption
(Cabanas-Romero et al., 2020, Song and Rojas, 2013). In this project’s scope, Water
Contact Angle (WCA) and Water Absorption Capacity (WAC) have been used as measures
for material’s water resistance since measurements with water vapor required additional
machinery and were not deemed immediately relevant to the proposed applications of
BMBC.

In the context of WCA measurements, two thresholds are often considered significant:
90° and 150°. The prior signifies a surface with hydrophobic properties, whereas the latter
signifies a superhydrophobic surface. Therefore, in the context of applied coatings, a
WCA of at least 90° is necessary to instantiate the hydrophobicity of the material.

Additionally, the coating’s performance against water "seeping through" is essential.
The water drop should stay on the surface rather than "seep through" the coating and
get absorbed. In order to investigate this matter, two measurements were conducted:
a change in WCA after one minute on the material’s surface and the time necessary
for a water drop to disappear from the material’s surface. The latter can either occur
by evaporation from the surface, which signifies good water-resistant capacity, or by
absorption into the material, which signifies poor coating performance.

Another value of interest for hydrophobic coatings is their capacity to withstand
abrasion. Coating’s resistance to abrasion is especially relevant for applications where
the coating is expected to be touched or scratched, e.g., in domestic furniture. Therefore,
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abrasion robustness was estimated by measuring the WCA before and after controlled
abrasion of the coated material. By comparing the two, the effect of abrasion is quantified,
and the robustness of the coating is evaluated.

1.4. CANDIDATES FOR ENSURING HYDROPHOBICITY

Due to the lack of studies on mitigating the water-absorbing properties of BMBC, literature
on inducing hydrophobicity of (bacterial) cellulose was searched for methods that could
be applied to the formulated biomineralized cellulosic material. Various approaches have
been employed: both focused on lowering the material’s surface energy and increasing the
surface roughness. Some papers (Song and Rojas, 2013; Ji-Suk Jeong, 2012) demonstrate
elaborate chemical functionalization of the cellulose surface to enhance hydrophobicity,
while the scope of this research focuses on easily scalable and bio-based approaches. For
example, Nystrom et al., 2009 used principles of click chemistry with large molecules
containing dense, aromatic groups to reduce surface wettability. The preference for more
simplistic approaches to enhancing hydrophobicity allows for alignment with the core
principles of the production process of BMBC, as shown by Yu et al., 2021.

Examples of compounds used for improving water- and oil resistance of paper and
other cellulosic films include starch (Kansal et al., 2020), beeswax (Indriyati et al., 2020),
polydopamine (X. Dong et al., 2019), soybean oil and ZnO (Cheng et al., 2017), zeolite
(Zeng et al., 2017), betulin (Huang et al., 2021), PHBV (Andreotti et al., 2018), and many
other biological or bio-derived molecules. However, many of these approaches utilize
elaborate coating techniques, such as in works by Hahn et al., 2019 and Liu et al., 2015,
requiring special equipment. The choice in favor of dip-coating and composite formu-
lation was made to maintain the simplicity of BMBC formulation. Dip-coating can be
conducted after drying the material to a sample of any size, which facilitates scalability.
In addition, the biomineralization process allows for incorporating other molecules into
the BMBC composite, which can be used to tune the mechanical and physical properties
of the material. Finally, three compounds that fit the selection criteria on application
simplicity and biological nature were chosen to be tested on their capacity to enhance
the hydrophobicity of BMBC: potassium stearate, chitosan, and zein.

1.4.1. POTASSIUM STEARATE

The first strategy for qualitative evaluation of its hydrophobicity-enhancing capacity was
dip-coating in potassium stearate. Potassium stearate is a salt of stearic acid obtained by
a saponification reaction with potassium hydroxide. Stearic acid is a saturated long-chain
fatty acid spanning over a hydrophobic tail of 18 carbon atoms. Stearic acid is a common
component of various plant and animal fats, while cocoa and shea butter contain the most
significant proportion of this fatty acid. Stearic acid is a renewable compound already
finding applications in detergents, lubricates, and cosmetics and is being produced at
an annual volume of at least 1600 kilotons (Coherent Marketing Insights, 2019). The
availability and the market volume of stearic acid make it an attractive potential coating
substrate for BMBC.
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The approach towards coating BMBC with stearate was based on Hu et al., 2009, and
it drew particular interest due to the proposed ion exchange mechanism that stearate
anions experienced upon contact with CaCO3. This mechanism was expected to highlight
the benefits of the mineral composition of BMBC by utilizing the present mineral crystals
for surface grafting, resulting in increased hydrophobicity (also see Figure 1.2). The role of
calcium and magnesium ions in BMBC on the acquired hydrophobicity upon coating with
stearate was studied by comparing the WCA of a stearate-coated BC sample to a stearate-
coated BMBC sample. In addition, the influence of the kinetics of this ion exchange
mechanism was studied by comparing dip-coating of BMBC in stearate to immersing
BMBC in stearate for 15 minutes.

Figure 1.2: Hypothetical mechanism of stearate anions’ adhesion to the surface of a calcium carbon-
ate crystal. This mechanism is supposedly responsible for surface grafting of BMBC, which manifests
into high surface hydrophobicity of the coated material. Adapted from Hu et al., 2009

1.4.2. CHITOSAN
The second molecule that was selected for quantitative analysis is chitosan. Chitosan
is a linear hydrophobic polysaccharide that is produced by exposing chitin to an alka-
line environment (see Figure 1.3 for molecular structure). Chitin is the second most
abundant polysaccharide in nature after cellulose (Belgacem and Gandini, 2008), which
makes chitosan an attractive candidate as a renewable and readily available substrate
for hydrophobic coating. It also possesses antibacterial properties (Yilmaz Atay, 2019),
consolidating the interest in integrating chitosan into the formulated BMBC material.
The incorporation of chitosan in a cellulosic material was based on the work by Fer-
nandes et al., 2009, resulting in a method for creating a BMBC-chitosan composite. This
composite was expected to possess enhanced hydrophobic and antibacterial properties,
which would benefit the potential applications of this material. The incorporation of
chitosan in the composite was also expected to change the mechanical properties of
BMBC.
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The second approach to employing chitosan to enhance BMBC hydrophobicity was
dip-coating it in a chitosan solution. While chitosan is insoluble in water, it dissolves
under weakly acidic conditions (Pardo-Castafno and Bolafos, 2019). Lactic acid and
acetic acid are often used to induce protonation of the polysaccharide units, resulting
in a charged molecule that dissolves in an aqueous acidic solution. Due to CaCO3 and
MgCOs3 in BMBC, the pH of the coating mixture should be kept as neutral as possible.
This research used 1% acetic acid to dissolve chitosan in concentrations from 0.25% to
1.0%. No measurements on the maximal solubility of chitosan in acetic acid under such
conditions are available, but this range was based on the methodology in Fernandes et al.,
2009.

After applying chitosan coating to BMBC, the sample is dried, and, as the chitosan
coating loses the liquid, a chitosan film is expected to form on the sample’s surface. This
film is expected to enhance the hydrophobicity of the surface using chitosan’s natural
hydrophobicity and by increasing the roughness of the surface (Ivanova and Philipchenko,
2012).

Figure 1.3: Molecular structure of chitosan

1.4.3. ZEIN

The third compound that was identified as a suitable substrate for enhancing the hy-
drophobic properties of BMBC was zein. This hydrophobic maize protein can be found in
maize endosperm cells. It contains more than 50% of hydrophobic amino acids and has
been employed in formulating nanomaterials with outstanding hydrophobic properties
(Gianazza et al., 1977). Zein can also form various microstructures on the surface of
materials when evaporation from this surface or the bulk of the material is induced (E
Dong et al., 2013). Results of the paper by Wan et al., 2017 led to a hypothesis that zein
would induce the formation of such microstructures on the surface of BMBC, thereby
increasing the roughness of the surface on a microscale. These microstructures would, in
turn, decrease the surface’s wettability and improve hydrophobicity.
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Figure 1.4: Three approaches to achieving microstructure formation on the surface of BMBC by
using evaporation-induced microstructure formation of zein. The molecular structure and partial
amino acid composition are also provided

Three different approaches were attempted to induce the formation of such mi-
crostructures: by immersing a dry BMBC sample in a zein-in-ethanol solution and letting
it air-dry; by soaking dry BMBC in ethanol and then immersing it in zein-in-ethanol, after
which the sample was air-dried; by solvent exchanging the water-saturated BMBC with
ethanol, immersing in zein-in-ethanol and air-drying after (see Figure 1.4 for a visual rep-
resentation of this methodology). The expected result was increased surface roughness
and hydrophobicity of BMBC samples.



MATERIALS & METHODS

2.1. MATERIALS

F OR synthesis of potassium stearate, reagent grade (95%) stearic acid (C;7H35CO,H)
and Potassium Hydroxide (KOH) pellets were obtained from Sigma Aldrich. Deionized
(DI) water was used for preparation of all solutions and dilutions. Glacial acetic acid
(Sigma Aldrich) was used to dissolve low molecular weight chitosan (Sigma Aldrich). Zein
and sodium alginate were also obtained from Sigma Aldrich. An Avanti® high-speed
centrifuge was used for dewatering the obtained BC and BMBC.

JEOLJSM 6010 LA Scanning Electron Microscope was used to observe the morphology
of the (coated) samples. Gold-palladium sputter coating was applied at 20mA for 40s,
after which the samples were loaded into the SEM for imaging. Images were taken in the
secondary electron imaging (SEI) mode at 8 kV in vacuum.

2.2. PRODUCTION OF BIOMINERALISED BACTERIAL CELLULOSE
As described in the original work on the production of BMBC (Yu et al., 2021), a hierarchi-
cal self-assembly approach to producing biomineralized bacterial cellulose composites
has been developed. This process encompasses three main steps that precede the recov-
ery of bulk BMBC. These steps are briefly discussed in this subsection, but for a more
thorough protocol, including media composition, refer to Yu et al., 2021. First, bacterial
cellulose is produced by Gluconacetobacter hansenii during a fermentation that spans
approximately two weeks. Upon the formation of the cellulosic pellicle, the fermentation
is stopped, and the pellicle is harvested. This pellicle is then cut into smaller pieces,
shredded using a kitchen blender, and microfibrillated using cellulase. Another necessary
component for the following step is PGA, produced in a different fermentation by Bacillus
licheniformis.

In contrast to the original paper, for all the samples prepared in the frame of this report,
PGA fermentation broth was used instead of purified PGA. Upon obtaining the PGA broth
and the microfibrillated bacterial cellulose, another fermentation that contains PGA, BC,
urea, CaCly, and MgCl; is started, during which the process of formation of BMBC is

8
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induced. Sporosarcina pasteurii enables the process of the formation of CaCOs crystals in
bulk by converting urea into CO3~ and NH,*. Calcium and magnesium ions form insoluble
salts with CO3™ resulting in crystal growth. PGA inhibits this growth, resulting in a more
homogeneous distribution of crystal sizes and, therefore, more uniform mechanical
properties of the biomineralized cellulosic composite. This fermentation takes place over
24h, after which the produced BMBC is harvested and centrifuged. After obtaining bulk
BMBC, 0.5% w/w of sodium alginate is added to BMBC to obtain a 3D-printable ink.

2.2.1. POTASSIUM STEARATE SOLUTION PREPARATION

Potassium stearate was synthesized through a saponification reaction between stearic
acid and potassium hydroxide: KOH + C;7H35CO2H — K+C17H35CO2™ + H»O. This reac-
tion was performed in a reflux condenser at 70°C under moderate agitation. First, KOH
pellets were dissolved in water, after which stearic acid powder was added to the alkaline
solution to start the reaction. Next, the chemicals were added in respective proportions
to obtain a mother solution of 0.150M. This solution was then used to obtain diluted
potassium stearate solutions of 0.002M, 0.005M, 0.015M, and 0.03M.

2.2.2. CHITOSAN SOLUTION PREPARATION

0.25%, 0.5%, 0.75% and 1.0% (w/v) chitosan solutions were prepared by adding a re-
spective amount of chitosan to a 1% (v/v) acetic acid solution. Due to the viscosity of
chitosan solutions under slightly acidic conditions, the solution was continuously vigor-
ously stirred and maintained at 60°C for six hours to ensure full extension and dissolution
of the chitosan fibers.

2.2.3. ZEIN SOLUTION PREPARATION

A 0.5% (w/v) solution of zein was prepared by dissolving the zein powder in a 80% (v/v)
ethanol/water mixture. Zein contains up to 50% hydrophobic amino acids (Gianazza
etal., 1977), so it readily dissolves in this mixture under slight stirring.

2.2.4. COATING WITH POTASSIUM STEARATE

Before coating, potassium stearate solutions were warmed up to 70°C under moderate
stirring until the solution was transparent. At this temperature, the viscosity of the
solution decreased, which ensured that the dipped sample did not get stuck in the solution.
Moreover, decreased viscosity and higher temperature result in an optimal homogeneous
distribution of stearate molecules in the solution. These conditions were hypothesized to
be beneficial in facilitating the ion exchange of stearate between potassium and calcium
in the BMBC.

Coating with potassium stearate was initially performed by picking up the sample
with tweezers, immersing it fully into the solution for three seconds, and extracting it.
Upon extraction, the sample was rinsed three times in DI water to remove the unadhered
or excessively adhered stearate molecules. After rinsing, the samples were placed in a
24-well plate to dry under ambient conditions vertically for four days.

However, this dipping technique yielded very inconsistent results for WCA measure-
ments (Figure 3.1). In order to improve the reproducibility and consistency of the ex-
periment, this coating treatment was modified. The BMBC samples were immersed in a
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potassium stearate solution at 70°C for 15 minutes under light stirring to allow a more
uniform adhesion of stearate molecules onto the sample’s surface. This method was based
on forming PCC crystals with bound stearate, as described by Hu et al., 2009. Immersion
of a BMBC sample in a stearate solution did not have a noticeable effect on the swelling of
the sample, but further investigation of the optimal duration of this reaction is required.

2.2.5. COATING WITH CHITOSAN

Coating with chitosan solutions was performed at room temperature. The coating pro-
cedure included complete immersion of the BMBC samples into the viscous solutions
of chitosan for three seconds, after which they were taken out with tweezers and dried
under ambient conditions for four days. Initially, the samples were vertically dried, but
this yielded inconsistent results for WCA measurements (see Figure 3.5). Presumably,
the reason for that was the flow of the viscous solution to the lower part of the sample
before a chitosan film could form uniformly on the surface. This was resolved by letting
the samples dry horizontally on a grid to ensure ventilation. In this case, a difference in
hydrophobic properties between the “upper” and “lower” sides of the dried samples was
anticipated. However, upon obtaining results for the WCA measurements, both sides had
similar hydrophobic properties.

2.2.6. COATING WITH ZEIN

The protocol for coating with zein was based on Wan et al., 2017. However, the specifics
of the BMBC printable material, as elaborated on in the Discussion section, demanded
some adjustments. In order to account for that, three different ways of coating BMBC
samples with zein were attempted. The first included immersion of a dry BMBC sample in
a0.5% w/v zein in 80% ethanol solution for two hours statically at room temperature, after
which the sample was air-dried for 24h. The second was performed by first immersing
the dry BMBC sample in an 80% ethanol solution for 24h at room temperature. Then, it
was moved into a 0.5% w/v zein in 80% ethanol solution for two hours and then air-dried
for 24h. The third was performed with a wet BMBC sample that was immersed in an 80%
ethanol solution for 24h at room temperature to allow for a solvent exchange of water
with ethanol in the sample. After this, the ethanol-saturated sample was moved into a
0.5% w/v zein in an 80% ethanol solution for two hours, then air-dried for 24h.

2.3. WATER CONTACT ANGLE MEASUREMENTS

Hydrophobicity of BMBC or BC samples was evaluated by measuring the Water Contact
Angle (WCA) in triplicates. WCA measurements were performed by letting a single drop
of water (6 pL) fall from the tip of a micropipette onto the material’s surface. An image of
the contact point of the drop with the surface was taken synchronously. The images were
taken using a macro camera. Four images of four drops were taken for each sample, two
on one side and two on the reverse. The images were then analyzed with Image]J Image
Processing and Analysis Software (Schneider et al., 2012) software, using the Contact
Angle (Brugnara, 2006) plugin. This software conducts a circle best fit to the shape of the
drop on the surface, thereby providing information on the contact angle. An example for
how such a fit is performed is displayed in Figure 2.1. For some measurements, an image
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was taken directly after depositing the water drop, and for some - after leaving the drop
on the surface for a given time (e.g., one minute).

Figure 2.1: An example of how a best circle fit is performed by the Contact Angle plugin for Image].
The white lines are placed by the software and the yellow lines are supplementary to signify the
relation of the measured angle to the WCA.

2.4. WATER ABSORPTION CAPACITY MEASUREMENTS

The Water Absorption Capacity (WAC) of the coated BMBC samples was determined
in order to evaluate the capacity of the hydrophobic coating to prevent the swelling of
material after submerging the sample into water. This method was adapted from Cabafas-
Romero et al., 2020. Firstly, a dry (> 4 days of drying under ambient conditions) sample
was weighed, then the sample was submerged in DI water for 20h. Hereafter, the sample
was taken out of the water, both sides wiped by a KIMTECH® precision wipe, and its mass
measured.

2.5. ABRASION TESTING & SET UP

In order to test the robustness of the applied hydrophobic coating, the surface’s hy-
drophobicity was tested after controlled abrasion of the sample. Abrasion was performed
based on Veigel et al., 2017 and included applying a force of 2N onto a coated sample of
1.5x1.5cm and dragging for 30 cm along a sandpaper surface with a grain of 88 um with
avelocity of 10cm/s. Controlled abrasion was done using a 3D printer as a basis for the
set-up that is depicted in Figure 2.2.
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Figure 2.2: Set up for controlled abrasion of (coated) BMBC. The 3D printer head is used to control
the velocity at 10cm/s. The 200g cylinder is loosely held by the head of the 3D printer to ensure that
it moves along the horizontal axis but keeps applying pressure to the 1.5x1.5cm sample attached to
the cylinder with contact glue. The grain size of sandpaper is 88um.

2.6. STATISTICAL ANALYSIS

Statistical analysis was performed using the Statistical module of the SciPy library (Virta-
nen et al.,, 2020) for simple and paired T-tests. For pairwise Tukey tests, the Statsmodel
library (Seabold and Perktold, 2010) was used. An alpha threshold of 0.05 was used in
most cases unless otherwise stated within the context.



RESULTS

3.1. POTASSIUM STEARATE

wo ways of applying a potassium stearate coating to a BMBC sample were tested:
T immersing the sample for three seconds or 15 minutes. Figure 3.1 shows the WCA
measurements’ results for the two coating application methods. This figure compares the
efficiency of the two methods and their relation to an uncoated negative control.

Samples immersed for 15 minutes in stearate solution yielded WCA higher than 90°C
for all stearate concentration, and reaching as high as 136° for some samples at 0.03M
stearate, which corresponds to high surface hydrophobicity. Furthermore, in comparison
to the negative control, for which the mean WCA was 15°, the increase in mean WCA for a
stearate concentration of 0.002M (mean WCA = 104.93°) was also significant (p < 1le-13).

SEM pictures of BMBC samples coated with potassium stearate were not taken due
to the expected one-molecule thick coating. A molecule of stearate has a hypothetical
size of approximately 25 A (D. S. Shrestha et al., 2008), which is smaller than the lowest
possible resolution of a SEM.

3.1.1. ION EXCHANGE HYPOTHESIS

Immersion for 15 minutes yielded a significant increase in the mean contact angle com-
pared to immersion for three seconds (p < 0.05 for all concentrations). Extended immer-
sion also resulted in a more narrow distribution of WCA, pointing at a more uniform coat-
ing on BMBC'’s surface. Better hydrophobicity of the samples immersed for 15 minutes
supports the hypothesis that stearate’s adhesion to the material’s surface is governed by
an ion-exchange mechanism of potassium stearate in the solution to magnesium/calcium
stearate on the surface.

In order to further investigate this hypothesis, stearate coating was applied to BC. By
comparing the WCAs of BMBC to BC at equal stearate concentrations, it is possible to
show whether the presence of the mineral crystals in BMBC contributes to the interaction
between the material’s surface and stearate anions. The stearate coating was applied
by immersion for 15 minutes, and the results of the WCA measurements are shown in

13
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Figure 3.2. The results show that BMBC has a significantly higher mean WCA (p < 0.005)
for all stearate concentrations. These results, too, further corroborate the hypothesis.
Implications hereof and possible ways to further investigate this matter are discussed in
Chapter 4.

Figure 3.1: Water Contact Angle measurements for BMBC samples coated with potassium stearate of
varying concentrations using different application methods: immersion into the solution for three
seconds or fifteen minutes. Results for uncoated BMBC are also provided as a control.

Figure 3.2: Water Contact Angle measurements for BMBC and BC samples coated with potassium
stearate of varying concentrations.

3.1.2. ABRASION & WCA CHANGE AFTER 1 MINUTE

In order to test the robustness of the stearate coating, controlled abrasion was performed,
using a setup described in Section 2.6. WCA was measured for the samples before and
after abrasion; the results are shown in Figure 3.3. The samples experienced a significant
(p <0.05) drop in WCA for all stearate concentrations after the abrasion treatment.. A more
significant standard deviation is also observed, pointing at the obtained irregularities in
the coating caused by abrasion.
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For lower concentrations of 0.002M and 0.005M, the post-abrasion mean WCA drop-
ped to the negative control levels. For 0.015M the mean WCA dropped lower than 90°,
meaning that the material qualitatively lost its hydrophobicity. However, despite the
mean WCA for 0.03M staying above 90°, the high variance in WCA points to the lack of
coating uniformity and, therefore, a loss of the surface’s ability to resist water.

The results of the change in WCA from t=0s to t=60s are displayed in Figure 3.4. The
only concentration at which the sample experienced a significant drop (23%) in WCA was
0.002M (p < le-5), meanwhile, all other concentrations did not experience a significant
drop (p € [0.17;0.39]). This capacity of stearate coating to prevent water drops from
seeping through corressponds with improved resistance to the wettability of BMBC and is
further discussed in section 3.4, where the coated material’'s Water Absorption Capacity is
reviewed.

Figure 3.3: Water Contact Angle measurements for BMBC samples coated with potassium stearate of
varying concentrations, performed before (dark gray) and after (black) controlled abrasion.

Figure 3.4: Water Contact Angle measurements for BMBC samples coated with potassium stearate of
varying concentrations, performed directly after depositing a water drop on the surface (dark gray)
and after 60 seconds (black).
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3.2. CHITOSAN

As described in section 2.3.2, the orientation of the chitosan-coated sample during drying
was imperative to the hydrophobicity, enhancing the ability of the coating. Figure 3.5
shows the results of WCA measurements for vertical drying and horizontal drying. Hori-
zontal drying on a grid resulted in a significantly higher (p < 1e-6 for all concentrations)
and more uniformly distributed WCA than vertical drying. A proposed clarification for
this phenomenon is the slow flow of the highly viscous chitosan solution on the surface
of BMBC to the lower side. This flow would result in a concentration gradient of chitosan
on the surface, which would cause inconsistencies in the film formation during drying. In
contrast, if dried horizontally, the gradient is more uniform, and a more homogeneous
film forms on the surface.

However, it was expected that horizontal drying would lead to a difference in hy-
drophobicity between the two sides of the sample. Namely, the chitosan coating covering
the "face-down" side experiences a gravitational pull, due to which some disturbance of
the chitosan concentration gradient might occur. Despite this expectation, no significant
difference was observed between the two sides (p € [0.20;0.57]), so in the continuation of
this report, chitosan-coated samples were dried horizontally.

A peculiar observation from the graph in Figure 3.5 is that the chitosan concentra-
tion of 0.25% yielded the most significant increase in WCA (p < le-18) compared to the
control. The mean WCA at 0.50% experiences a 14.2% drop (p < le-4), while at higher
concentrations the mean doesn’t change significantly (p € [0.18;0.63]). An explanation
for this result was found upon examining the chitosan-coated samples with a SEM.

Figures 3.6a-3.6f display SEM micrographs of chitosan-coated BMBC samples’ sur-
faces at varying concentrations. The most notable distinction is between the surface of
BMBC at 0.25% chitosan and higher concentrations. In the concentration range above
0.25%, a smooth and thin film can be seen, covering the surface of BMBC, while at 0.25%,
such film is not observed. The incidental cracks in the film, as seen in Figures 3.6c-3.6f, are
presumably caused by the disturbances mentioned above in the chitosan gradient in the
drying process. Moreover, the irregularities of the BMBC surface can cause an additional
strain for film formation, as it is seen that the chitosan film is not tightly attached to the
surface.

The hypothesis that a chitosan coating would provide the BMBC with a hydrophobic
film does not apply to the 0.25% concentration, while this concentration also yields
the highest mean WCA. A possible explanation for this is the formation of chitosan
microstructures on the surface of BMBC, which causes an increase in the roughness of the
material’s surface. It is challenging to distinguish bacterial cellulose, PGA, and alginate
from chitosan on a SEM picture, as all four appear as long fibers. It is, however, apparent
that no chitosan film formation occurs at 0.25%, so further investigation is required to
clarify the hydrophobicity-enhancing effect of the chitosan coating at this concentration.
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Figure 3.5: Water Contact Angle measurements for BMBC samples coated with chitosan of varying
concentrations using different application methods: drying vertically or horizontally. Results for
both the sides facing up and down are provided. Results for uncoated BMBC are also provided as a
control.

3.2.1. ABRASION & WCA CHANGE AFTER 1 MINUTE.
The robustness of the chitosan coating was evaluated with controlled abrasion. The
results depicted in Figure 3.7 show that the disturbance of the coating resulted in a loss
of hydrophobicity (p < 0.01 for all concentrations), with the mean WCA decreasing even
lower than the negative control. A potential explanation for the latter phenomenon is
that, upon disturbance, the chitosan film causes more cracking in the BMBC’s surface
structure. Cracking the surface facilitates water seeping through, which could cause very
low (<15°) WCA measurements.

However, the surface maintains some hydrophobicity, which can be seen in the in-
creased variance of WCA. In fact, some local surface patches maintain hydrophobicity,
which is tentatively caused by an undisturbed coating in those places.
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(a) SEM micrograph of a BMBC sample coated with 0.25%
chitosan

(c) SEM micrograph of a BMBC sample coated with 0.50%
chitosan

(e) SEM micrograph of a BMBC sample coated with 0.75%
chitosan

(b) SEM micrograph of an uncoated BMBC sample

(d) SEM micrograph of a BMBC sample coated with 0.75%
chitosan

(f) SEM micrograph of a BMBC sample coated with 0.25%
chitosan
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Figure 3.7: Water Contact Angle measurements for BMBC samples coated with chitosan of varying
concentrations, performed before (dark gray) and after (black) controlled abrasion.

The one-minute WCA measurements for chitosan coating, as seen in Figure 3.8, show
a significant decrease of 9-14% in the mean WCA for all concentrations (p < 0.001), except
for 1.0%. The 4.2% drop in mean WCA at this concentration was not significant (p = 0.158).
A plausible interpretation of this result is the increased uniformity of the formed film,
which is achieved at higher concentrations of chitosan. A higher concentration leads
to decreased sensitivity to gradient concentration fluctuations during film formation,
which leads to minor cracking and, therefore, a more uniform coating. Such a consistent
coating, in turn, results in a minimal decrease in mean WCA over the minute. The WAC
measurements further support this clarification, as discussed in Section 3.4.

Figure 3.8: Water Contact Angle measurements for BMBC samples coated with chitosan of varying
concentrations, performed directly after depositing a water drop on the surface (dark gray) and after
60 seconds (black).
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3.2.2. CHITOSAN COMPOSITE

No results are shown for the formulated chitosan-BMBC composite material; however,
some anecdotal evidence for WCA measurements corresponding with adequate hy-
drophobicity was obtained. During WCA measurements, some parts of the sample gave a
WCA up to 95°. The 18 measurements gave a mean WCA of 34.3+40.6°, which yielded a
p=0.09 compared to the negative control (15.9+17.0°). Additionally, the material appeared
tougher and more brittle than BMBC without chitosan. Implications hereof are discussed
in Chapter 4.

3.3. ZEIN

Similar to stearate and chitosan, the application of zein coating was performed with
various methods in order to determine the most efficient. The comparison of WCA mea-
surements for dry BMBC samples with or without soaking in ethanol prior to immersion
in a zein solution is provided in Figure 3.9. Even though the change in the measurements
was not convincingly significant (p = 0.155 for 0.5% and p = 0.054 for 5.0%), one-minute
WCA and abrasion measurements were performed with soaked samples since the mean
WCA was closer to 90°. The soaked samples yielded significantly higher WCA than the
negative control (p < le-9), with the mean WCA being 88.4° for 0.5% and 78.3° for 5.0%.

Results for the third method, in which wet BMBC is immersed in ethanol for solvent
exchange, after which it is placed in zein and finally dried, are not shown. The nature
of this method relies on the formation of zein microstructures on the material’s surface,
which means that it must be air-dried. However, a flat BMBC sample must be obtained to
conduct WCA measurements. The current protocol makes obtaining a flat BMBC sample
when air-drying without applying any force impossible. Figure 3.9 shows optical images
of a wet zein-coated BMBC sample before and after drying. It demonstrates that the
sample shrinks substantially and that a flat surface cannot be obtained.

Moreover, the sample cannot be sandpapered to improve the surface’s flatness, as
it would destroy all the microstructures formed on the material’s surface. Therefore, an
alternative way to dry the material must be devised to employ this method to enhance
the hydrophobicity of BMBC. This alternative method would require a more controlled
way to dewater the sample, preventing unpredictable shrinkage.

Figures 3.11a-3.11d show SEM micrographs of the zein-coated samples. The primary
distinction between the coating at 0.5% and 5.0% is the formation of the film. This
phenomenon is similar to chitosan’s behavior at increasing concentration, but no evident
cracks were observed in the film at 5.0%. At 0.5%, peculiar flower-like microstructures
can be observed (3.11a, 3.11b). These microstructures are irregularly distributed over
the material’s surface and appear as a very rough core with a diameter in the range of
4-7.5um, occasionally with 3-6um long petals or without them. A SEM micrograph of an
uncoated sample is provided in Figure 3.11e to show that these flower-like microstructures
are different from CaCO3 or MgCOs3 round crystals present in BMBC. Notwithstanding
that various microstructure shapes have been reported to form with zein molecules, no
evidence for such shapes was found in the existing literature. Further research into the
genesis and characterization of these microstructures is necessary to understand what
their appearance can be attributed to.
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Figure 3.9: Water Contact Angle measurements for BMBC samples coated with zein of varying
concentrations using different application methods: soaking a dry BMBC sample in ethanol for
24h prior to immersion in a zein solution or not. Results for uncoated BMBC are also provided as a
control.

Figure 3.10: Optical images of a wet BMBC sample (left) next to a dried zein-coated BMBC sample (right).
The left image depicts the samples from above, while the right image is a high-angle shot of the samples. The
zein-coated sample was prepared according to the third protocol, as described in Section 2.3.

Despite the unclear character of the flower-like microstructures, they are expected
to contribute to an increased roughness of the material’s surface. Combined with the
natural hydrophobicity of zein, this contributes to an enhanced surface hydrophobicity.
At 5.0%, such microstructures are not observed, but very rough spheres without petals are
present (3.11c, 3.11d). These could also contribute to the roughness of the surface and
the hydrophobic zein film, which uniformly covers the surface of the material, provides
consistency to this hydrophobicity. The thick fibrous film in the micrographs for 5.0% is
consistent with the SEM pictures obtained in the paper by Wan et al., 2017, on which this
methodology was based.
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(a) SEM micrograph of a BMBC sample coated with 0.5% (b) SEM micrograph of a BMBC sample coated with 0.5%
zein zein
(c) SEM micrograph of a BMBC sample coated with 5.0% (d) SEM micrograph of a BMBC sample coated with 5.0%
zein zein

(e) SEM micrograph of an uncoated BMBC sample
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3.3.1. ABRASION & WCA CHANGE AFTER 1 MINUTE.

Figure 3.13 shows the results of abrasion testing. As explained in the previous section, the
hydrophobicity of the 0.5% sample is mainly attributed to the microstructures formed
on the surface. In comparison, at 5.0%, a hydrophobic film is formed on the surface,
which accounts for the enhanced hydrophobicity. Therefore, the microstructures are
expected to be destroyed by abrasion, while the film should only partially be disturbed.
The results in Figure 3.13 support this hypothesis. At 0.5%, abrasion causes a major drop
in WCA to a mean of 8.4°, significantly lower than the mean WCA of the control sample
(p = 0.003). This result is unexpected and should be further investigated, as the post-
abrasion WCA is expected to be equal to that of the negative control. Namely, abrasive
treatment is not expected to improve the surface’s hydrophilicity since the material’s
morphology remains unchanged. For 5.0%, WCA decreased to a mean of 63.4°, which is
not significantly higher than the 60.6° mean WCA of negative control (p = 0.37), signifying
the loss of hydrophobicity of the BMBC surface upon abrasion.

Figure 3.12 displays the results for one-minute WCA measurements. For both 0.50% (p
=0.026 when WCA at t=60s is compared to WCA at t=0s) and 5.0% (p < 1e-3 when WCA at
t=60s is compared to WCA at t=0s) mean WCA significantly decreases with approximately
20%. This performance is worse than the other two coatings. It can be attributed to the
lack of uniformity of the zein coating due to the lack of control in the evaporation-induced
microstructure formation during air-drying.

Figure 3.12: Water Contact Angle measurements for BMBC samples coated with zein of varying
concentrations, performed before (dark gray) and after (black) controlled abrasion.
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Figure 3.13: Water Contact Angle measurements for BMBC samples coated with zein of varying
concentrations, performed directly after depositing a water drop on the surface (dark gray) and after
60 seconds (black).

3.4. CROSS-COMPARISON

This section compares the three applied coatings by plotting the results obtained for the
three WCA measurements for an ostensive overview. Besides the cross-comparison of the
WCA measurements, WAC and drop absorption graphs are provided.

3.4.1. WATER CONTACT ANGLE MEASUREMENTS

In order to evaluate the three coatings’ hydrophobicity enhancing capacity, Figure 3.14
and Tables 3.1 and 3.2 were set up to summarize the data from the graphs shown in previ-
ous sections. Figure 3.14 shows WCA for all the tried coatings at various concentrations,
as well as with various methods of application. It appears that coating with 0.03M stearate
yields the highest WCA, while among the other coatings, only the 0.25% chitosan coating
attains the desired WCA of 90°. WCA of the stearate coating increases with an increasing
concentration, which points to the possibility of attaining an even better hydrophobicity
at higher concentrations.

Table 3.1 shows the decrease of WCA before and after abrasion in percent, in which
0.03M stearate also shows the best robustness (5.0% zein gives a mean WCA value after
abrasion that is almost equal to that of the negative control). An increasing stearate
concentration shows an increasingly better performance here, too. Only 0.03M stearate
can maintain hydrophobicity (WCA > 90°) after abrasion.

Table 3.2 shows one-minute WCA measurements for all coated samples. Stearate
coating with concentrations above 0.002M performs best for this test. Chitosan also
displays sufficient capacity to prevent the water drop from seeping through the coating.
Zein at 0.5% shows a great variance, pointing at the scarce uniformity of the formed
coating. The film that forms at 5.0% performs similarly to the chitosan film coatings.
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Figure 3.14: Water Contact Angle measurements for BMBC samples coated with stearate, chitosan
and zein at varying concentrations and different methods of application.

Table 3.1: A summary of results of WCA measurements before and after abrasion for BMBC samples coated with
stearate, chitosan and zein at varying concentrations.

Mean WCA Mean WCA .
Coating | Concentration | before abrasion | after abrasion WM’ %
Control 60.0° 53.7° 111.74%
0.002M 94.9° 49.4° 52.03%
0.005M 73.6° 39.7° 54.00%
Stearate
0.015M 120.6° 76.1° 63.11%
0.03M 130.6° 101.8° 77.93%
0.25% 41.5° 84.4° 49.19%
0.50% 93.0° 48.9° 52.58%
Chitosan
0.75% 85.3° 47.3° 55.42%
1.0% 78.0° 38.2° 49.02%
0.5% 100.8° 8.4° 8.35%
Zein
5.0% 75.0° 63.4° 84.52%
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Table 3.2: A summary of results of one-minute WCA measurements for BMBC samples coated with stearate,
chitosan and zein at varying concentrations.

Mean WCA | Mean WCA
Coating | Concentration at t=0s at t=60s %, %
Control 50.6° 9.2° 17.51% + 33.09%
0.002M 111.9° 86.2° 77.24% £ 10.06%
0.005M 126.4° 125.3° 104.28% + 10.06%
Stearate
0.015M 131.4° 128.5° 102.94% + 12.54%
0.03M 131.1° 127.5° 97.30% + 3.32%
0.25% 104.9° 95.9° 91.55% +6.12%
0.50% 75.7° 65.5° 86.02% + 7.87%
Chitosan
0.75% 80.0° 68.8° 86.30% + 8.67%
1.0% 89.1° 85.4° 95.97% +9.83%
0.5% 98.1° 78.5° 71.13% + 37.32%
Zein
5.0% 88.8° 73.7° 82.43% +12.84%

3.4.2. WATER ABSORPTION CAPACITY MEASUREMENTS

Finally, to evaluate the water-resistant properties of the coated samples, WAC measure-
ments were performed over one hour and after 24h. WAC represents the ability of the
coating to prevent wetting and water absorption when the sample is fully immersed in
water. The results of these measurements are shown in Figure 3.16. The plot shows a
more significant distribution of the WAC in the first thirty minutes, after which it con-
verges towards the negative control measurements. A pairwise Tukey test was used to
identify samples with a significantly lower mean WAC value than the negative control at
the different intervals.

After five minutes, 1.0% chitosan coating showed a 22% lower mean WAC than the
control (p = 0.008). After 15 minutes, which also appears to be the time point with the
highest variance in WAC, chitosan coatings at 0.25%, 0.50%, and 1.0% all had a significantly
lower mean (p <0.005). 0.25% and 0.50% gave a 14-16% lower mean WAC value, while 1.0%
led to a decrease in the mean WAC of 40%. At 30 minutes, only 1.0% had a significantly
lower mean with 21% (p = 0.05). Since the 15-minute time point had the highest mean
WAC variance, the WAC at this time point is displayed in Figure 3.17 as a bar plot for a
greater visual resolution.

Another metric used to quantify the coating’s capacity to improve the wettability of the
BMBC sample is Water Drop Absorption. During the experiments, it became evident that
most coatings were not homogeneous enough to ensure robust sample encapsulation.
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Therefore, when a water drop is placed on the surface of the sample, it starts slowly
seeping through. The time it takes for a drop of water to disappear from the material’s
surface by either seeping through or evaporating was recorded. The theoretical value for
evaporation of a water drop of 61L was calculated, as explained in Appendix A. This value
amounted to 69.4min, which roughly corresponds to the maximum value obtained for
stearate: 72.5min. This correspondence points to the fact that the water drop did not seep
through the stearate coating but instead evaporated.

The results are displayed in Figure 3.15. For this test, all coatings except for 0.25%
chitosan and 5.0% zein yielded significantly better performance (p < 0.05) than the control.
The performance of the different coatings for this test is put into context in Chapter 4.

Figure 3.15: Drop Absorption measurements for BMBC samples coated with stearate, chitosan and
zein at varying concentrations. Methods of coating application are: 15 minute immersion; horizontal
drying and soaked in ethanol.
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Figure 3.16: Water Absorption Capacity measurements for BMBC samples coated with stearate, chitosan and
zein at varying concentrations. In the first hour the mass measurements are taken at 5, 15, 30, 45, 60 minutes,
then after 24h. Methods of coating application are: 15 minute immersion; horizontal drying and soaked in
ethanol.
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Figure 3.17: Water Absorption Capacity measurements at t = 15min for BMBC samples coated with
stearate, chitosan and zein at varying concentrations. Methods of coating application are: 15 minute
immersion; horizontal drying and soaked in ethanol.



DISCUSSION & CONCLUSION

N the frame of this project, three coatings were examined on their capacity to enhance

the water-resistance of BMBC: potassium stearate, chitosan, and zein. Several metrics
were used to assess the water-resistance of the coated BMBC samples, mainly focusing
on the surface wettability, water absorption, and coating robustness. WCA measurements
were used to evaluate the surface wettability; WAC and drop absorption measurements
were used to analyze water absorption; controlled abrasion was performed to characterize
the coating robustness.

Several methods of applying the coatings were assayed to devise an optimal protocol.
Firstly, potassium stearate coating showed better results in the WCA measurements when
the BMBC sample was immersed in the solution for 15 minutes rather than for three
seconds. Secondly, better results were obtained for the chitosan coating when the coated
samples were horizontally dried, while both sides yielded equally high WCA. Finally,
zein gave better results for WCA when a dry BMBC sample was soaked in ethanol before
immersion into zein. These results serve as the first steps in devising an optimal protocol
for BMBC coating to achieve enhanced hydrophobicity.

The first part of the assays included Water Contact Angle measurements of the coated
samples, along with a one-minute WCA reduction and before-and-after abrasion WCA
reduction assays. While all coatings resulted in a significant mean WCA for the standard
measurements, only some coatings gave a WCA >90°, which is typically the threshold for
claiming hydrophobicity of a surface. The surface yielded a WCA of more than 90° for
stearate coating at all concentrations, chitosan coating at 0.25%, 0.5%, and 0.75%, while
zein failed to provide sufficient hydrophobicity. These results are summarized in Figure
3.14.

Potassium stearate coatings also performed best for the one-minute and abrasion
WCA measurements, especially at higher concentrations. This trend for a better perfor-
mance of a stearate coating at an increasing concentration was observed for all measure-
ments, including drop absorption. This result points to the possibility of expanding the
concentration range of the applied stearate coating to achieve even better robustness and
hydrophobicity of the stearate coating.

29
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However, the trend for improving the wettability resistance of increasingly concen-
trated stearate coatings did not apply to the second part of the performed assays, the
WAC measurements. Namely, no significant improvement in preventing water absorption
by a BMBC sample was obtained when coated with stearate. This poor performance in
preventing water absorption raises a question about the optimality of dip/immersion
coating when applied to BMBC.

Firstly, the current protocol for formulating samples of BMBC is not optimized for
obtaining flat samples, which leads to the formation of highly porous and uneven sur-
faces when dried. Sometimes the obtained samples are so uneven that even thorough
sandpapering does not provide sufficient flatness. Furthermore, when the samples are
not flat before applying the coating, this could result in film cracking, as with chitosan
or zein, or in the non-homogeneous distribution of surface-grafted stearate molecules
on the surface. These features result in disturbed or unevenly distributed water-resistant
properties of the coated samples, which results in inconsistent WCA measurements and
poor performance in preventing water absorption since irregularities in the coating en-
able water to seep through the coating. This shortcoming of the current BMBC sample
formulation protocol should be addressed if a more consistent methodology for any
coating for BMBC is to be devised.

One of the possible alternatives to the current formulation protocol is using a con-
trolled sheet former, as in Wan et al., 2017, or a controlled sand-blower to polish the
surfaces of BMBC before coating.

Secondly, an optimization of stearate immersion duration and stearate concentration
is necessary. Such optimization should be done with such features as sample swelling
and achieved water resistance.

Thirdly, the ion exchange mechanism should be elucidated to claim whether stearate
has the highest affinity to MgCO3 and CaCO3 in BMBC. Then, perhaps, a different salt
of stearate, e.g., sodium, will be more efficient in facilitating the ion exchange with the
mineral crystals in BMBC, which would improve the water-resistant enhancing properties
of the applied stearate coating. In general, this capacity of employing an ion-exchange
mechanism for surface grafting of BMBC is an attractive topic for further investigation.

Besides stearate coating, chitosan and zein coatings also experience sub-optimal
performance, which can be attributed to the mode of application of the chosen coating,
as well as the structure of BMBC'’s surface. As seen in Figures 3.11d and 3.6a, the un-
even nature of the BMBC surface causes disturbances in the formulated coatings. These
disturbances, in turn, lead to poor performance in protecting the material against wa-
ter absorption, which is detrimental to the water-resistant performance of the coated
samples.

Both zein and chitosan coatings show promising surface hydrophobicity, which points
to the potential to optimize the concentration or application method of the used coatings
to devise a method that would yield a coating that could be more efficient and robust.
Furthermore, the transition from increased roughness to forming a hydrophobic film
on the material’s surface is particularly interesting for both coatings. If optimized, an
optimum between surface roughness and film formation could be found, which would
further the cause of the application of bio-based biodegradable coatings for enhancing
hydrophobicity for a multitude of materials.
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Even though this project only superficially regarded zein, it showed some potential
in water-resistant enhancing properties. Therefore, more detailed research is demanded
to integrate a zein coating into the formulation of a BMBC material sample. Since the
study by Wan et al., 2017, on which zein coating was based, also used hot pressing to
create a BC-zein composite with increased surface roughness, a more detailed study of
various techniques to create zein-BMBC composites is required to make a well-founded
statement on the efficiency and robustness of this coating.

Complementary to this, thorough research into the genesis of the flower-like mi-
crostructures, as seen in Figure 3.11a is required to understand the interaction of zein
with the compounds in BMBC. Elucidating the origin of these microstructures would con-
tribute to the application of zein for enhancing the hydrophobicity of BMBC. Moreover, it
would expand the field of microstructures that zein can form under evaporation-induced
conditions.

Another briefly discussed technique to enhance the water-resistant capacity of the
BMBC coating is the formulation of a chitosan composite. Even though a statistically
significant increase in WCA was not achieved (p = 0.09), the occasional occurrence of WCA
> 90° point to the potential of optimizing this method to tweak the properties of BMBC.
Although mechanical properties were not assessed, the empirical tactile assessment sig-
nified an increase in material toughness. This capacity of BMBC properties to be tweaked
by the addition of other molecules during biomineralization is also an attractive feature
of the studied material. Therefore, further research is necessary into the different material
formulations for tweaking the mechanical and physical properties of the material.

Nonetheless, the results of the WCA measurements from the pre- and post-abrasion,
as seen in Figure 3.1 emphasize the significant shortcomings of film-forming coatings.
When disrupted, film coatings experience a significant drop in resistance to wettability
and absorption. For the furniture and stationery applications proposed in the paper by
Yu et al., 2021, such poor performance upon disruption is undesired. Therefore, stearate
coating appears to be most promising for BMBC.

In order to further the efforts of this project, some aspects of the studied coatings
should be elaborated on. First, ion exchange with the CaCO3 and MgCO3 crystals is a
potentially interesting tool that can be utilized for surface grafting of BMBC. Furthermore,
fatty acids, as well as other molecules of ionic nature, can be employed for tweaking
the physical properties. Second, to achieve more reproducible and effective results in
coating BMBC, researchers are advised to optimize the protocol for dewatering BMBC to
achieve a more predictable surface morphology. This would alleviate the irregularities
that might cause the film coatings to break. Lastly, incorporating other molecules in
the biomineralization process seems like an auspicious method of tuning the material
properties of BMBC.

To conclude, BMBC is a promising bio-based material with attractive mechanical prop-
erties but less advantageous physical properties. Further research into tweaking physical
properties is required to achieve the appropriate tuneability for desired applications.



APPENDICES

A. CALCULATION OF THEORETICAL EVAPORATION RATE OF A
WATER DROP

The formula for empirical evaporation rate of a water drop from a surface was obtained
from Engineering Toolbox, 2004:

gn=(254+19v) % A= (X;— X), where

gn = amount of evaporated water per hour (kg/h)

v = velocity of air above the water surface (m/s)

A = water surface area (m2)

X = maximum humidity ratio of saturated air at the same temperature as the water
surface (kg/kg) (kg H20 in kg Dry Air)

X =humidity ratio air (kg/kg) (kg H20 in kg Dry Air)

Tabular values were taken for T=20°C and pressure of p=1latm. This gives X; =
0.014659kgwarer/kgair and X = 0.014659kguwarer/k&ary air using the ideal gas law. The
evaporation surface area was approximated by the area of a sphere, with the known
volume of the drop of water on the surface of 6uL. Then with V = %nr3 the radius is
calculated (r=1.127e-3) and this is plugged into A = 4712, giving A= 1.596e-5. Velocity of
air above the water surface is set to Om/s.

This gives gj = (25+19*0)*1.596e-5%(0.014659-0.0098)=5.189e-5 kg/s. The mass of
the drop is 6.0e-9m3*100kg/ m®=6.0e-6kg, which gives an evaporation time of 6.0e-6kg /
5.189e-5kg/h = 1.156h = 69.37min.
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