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Abstract: A surface coating of polymer particles of different hydrophobicity and wide-ranged size
is helpful for the surface modification of materials such as woody thin board (WTB) derived from
biomass. A preparation method for polymer particles was, in this study, proposed using a capillary-
type flow system. Under hydrothermal conditions, the refinement of dispersed oil droplets in water
(O/W emulsions) and the polymerization reaction could be simultaneously advanced, and polymer
particles of polystyrene (PS), polyvinyl alcohol (PVA), polymethyl methacrylate (PMMA), and poly-L-
lactic acid (PLLA) with a particle size of about 100 nm could be synthesized. The coating of polymer
particles gave an improved effect on the water repellency of WTBs due to the hydrophobicity of
polymer particles and an alteration of surface roughness, and it also provided long-term stability
(more than 6 years).

Keywords: polymer particles; emulsification; water repellency; hydrophobicity; coating; convective
self-assembly; wood thin board

1. Introduction

Cellulose and lignin are major components of lignocellulosic biomass [1-4]. A va-
riety of applications of cellulose and lignin have progressed in terms of resource recy-
cling [1,2].The molecular conversion of cellulose and lignin into value-added compounds
is a promising methodology to effectively use biomass [2—4]. Several useful chemical
platforms from cellulose are glucose [5,6], fructose [5,6], 5-hydroxymethylfurfural [7], glyc-
erol [8,9], lactic acid [8,9], and others [10,11], which are key compounds for Cn-chemistry.
Furthermore, the use of cellulose has been advanced, i.e., cellulose-based materials includ-
ing cellulose nanofiber [12-14], cellulose nanocrystalline [15], and cellulose derivatives [16].
Molecular conversion from lignin is also being vigorously studied.

Representative examples of cellulose-derived materials are cellulose (nano)fiber [12-14],
cellulosic membranes for separation operation [17], reinforcing materials [13], labelled cellu-
lose [18], and interfacial materials based on cellulose and lignin [16,19]. Block copolymers
including cellulose have also been used to develop novel functional materials. For further
improvement of the mechanical stability of cellulose- and polymer-based materials, lignin has
been combined with them [12,16,19,20].

Cellulose-based interfacial materials have been designed in terms of rheological and
chemical mechanical properties, as well as functionality [21]. Two representative interfacial
materials based on cellulose are (i) a wood-plastic composite (WPC), which is a composite
of woody materials with plastic, and (ii) plate-like materials obtained from the molding of
a mixture of cellulose and lignin, which is called a woody thin board (WTB) [16,19]. WPC
is the material obtained from woody biomass by a top-down approach, whereas WTB is
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the material obtained from pure cellulose and lignin by a bottom-up approach. The surface
property of WPC depends on the content and chain length of plastics (polymers) due to the
entanglement between cellulose and polymer chains [22]. In contrast, lignin can modulate
the interfacial property of WTBs such as hydrophobicity and water repellency [19]. Lignin
can also act as a glue between cellulose beads to reinforce the mechanical stability of
WTBs [16]. However, a high lignin content in a mixture of cellulose and lignin makes it
impossible to form WTBs [16,19]. Therefore, the improved effect of water repellency in
WTBs by lignin is limited to an increase from 45 deg to 60 deg [19].

As another approach, the chemical modification of cellulose by some chemical com-
pounds has been examined: e.g., Ag nanoparticles [22] and diblock copolymers based
on end-modified cellulose derivatives [16,20,23]. In our previous research, a dipping of
poly-L-lactic acid (PLLA) could improve water repellency up to 80 deg [16]. For further
improvement, PLLA-g-cellulose was synthesized by introducing PLLA into cellulose since
PLLA is hydrophobic relative to cellulose. The use of PLLA-g-cellulose succeeded in the
improvement of water repellency (water contact angle: 50 deg to 126 deg) by the orien-
tation of PLLA-g-cellulose particles at the surface of WTB, because the chain of PLLA is
an obstacle for burying in the grain boundary between cellulose particles [16]. On the
other hand, the immersion of WTBs into the hydrophobic PLLA solution did not give
higher hydrophobicity than the case using PLLA-g-cellulose [16]. However, the use of
other hydrophobic polymers for the chemical modification of cellulose cannot always
avoid the orientation into the grain boundary of cellulose particles, suggesting the need for
alternative approaches.

As one method, surface modification using adhesion phenomena between polymer
particles having various surface properties and cellulose particles is considered. However,
there are few studies related to the cellulose/lignin-based material interface. In addition, in
order to consider the partition of polymer particles into the grain boundaries formed by
cellulose particles, it is necessary to control the polymer polymerization reaction to adjust
the particle size from several tens of nanometers to several micrometers. For example,
excellent preparation methods for polymer particles involve emulsion polymerization [24],
suspension polymerization [25], and seed polymerization [26]. These methods are very
useful for synthesizing particles of a size from 100 nm to several micrometers. However, it is
difficult to produce polymer particles of several tens of nanometers. If an O/W emulsion of
several tens of nanometers can be prepared from monomers, it is predicted that the desired
fine particles can be prepared through suspension polymerization. We have previously
reported that a hydrothermal emulsification method using a microcapillary provided the
O/W emulsion with a size of at least 30 nm [27,28]. Therefore, combining the hydrothermal
emulsification of a monomer with suspension polymerization is expected to yield polymer
particles with the desired size.

In this study, we investigated the synthesis of polymer particles combining the hy-
drothermal emulsification of a monomer and suspension polymerization. Styrene, methyl
methacrylate, vinyl acetate, and L-lactic acid were used. Environmentally friendly materials
should be used for finishing WTBs. As is well known, L-lactic acid is biodegradable, but
styrene and methyl methacrylate are not. However, the reason why we used styrene and
methyl methacrylate with high hydrophobicity was that we considered that it is easy to
verify whether it is possible to prepare polymer particles by hydrothermal emulsification
and to investigate the effect of polymer hydrophobicity on surface modification, because
their hydrophobicity, trend of entanglement, and softening properties largely differ from
each other (Table 1). In addition, the reason is that these monomers can be easily polymer-
ized by free-radical polymerization [25,26]. We examined whether the coating of WTBs
with polymer particles could be controlled by these properties. The WTBs were obtained
from a mixture of cellulose and lignin through a pressure molding method according to a
previously described method [16,19] and modified with polymer particles. The surface state
of WTBs treated by polymer particles was, with scanning electron microscopy (SEM) and
atomic force microscopy (AFM), observed in terms of the convective assemblies of polymer
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particles [29,30]. A water contact angle of WTBs coated with various polymer particles was
measured to discuss the relationship between the water repellency and hydrophobicity.
Furthermore, the long-term stability of WTBs was examined in terms of water contact angle
and the ratio of cracked WTBs.

Table 1. Physical properties of polymers.

Entanglement

Polymer Monomer H&g;(;ﬂlgsizigfi’) ‘:f Molea]l\ilarl)Neight, Temp iﬁgﬁﬁr}gs [deg]
e
Polystyrene (PS) styrene 2.95 18,700 ¢ ~90
e thiﬁggﬁ‘;t&%h/{ Ay  methyl methacrylate 138 9200 4 85-165
POIY(VE;{]X‘)ICO}‘OD vinyl alcohol 0.73 5100 © 85
Poly(lactic acid) (PLLA) L-lactic acid —0.62 9000 f 60-65

2 The logP value is the partition coefficient of a substrate in a biphasic octanol-water system [31]. ® The M, value
was calculated using the equation M, = pRT /Gy, where p is the density of the polymer, T is the measurement
temperature of the storage modulus G, (w) of the melted polymers, R is the gas constant, and GO, is the plateau
value at the higher limit of the frequency range of Gn(w) [32]. € [32,33]; d134]; © [35,36]; f [37].

2. Materials and Methods
2.1. Materials

Purified lignin and cellulose (crystalline cellulose I) were purchased from Wako Pure
Chemical Ltd. (Osaka, Japan). Styrene, methyl methacrylate, vinyl acetate, L-lactic acid,
azobisisobutyronitrile (AIBN), and Tween 20 were purchased from Funakoshi Co. Ltd.
(Tokyo, Japan). Other reagents were of analytical grade. A SUS316 tube, as a microcapillary
(diameter 0.8 mm), and a SUS316 Tee connector were purchased from GL Sciences Inc.
(Tsukuba, Ibaraki, Japan).

2.2. Polymerization Reaction Using Microcapillary

Styrene, methyl methacrylate, vinyl acetate, and lactic acid were used as the monomers
of polymers. Their chemical structures are shown in Figure 1a. An O/W emulsion of nano-
sized droplets was prepared by using a flow system as shown in Figure 1b [27,28]. The
monomers with and without AIBN as the initiator of the radical polymerization reaction
were suspended in water to form the oil-in-water (O/W) emulsion (Solution I). Afterwards,
this Solution I was loaded with an HPLC pump (LC-20D, Shimadzu Corp., Kyoto, Japan),
using a flow rate of 0.3 mL/min, into the oil bath (OHV-2000, EYELA, Tokyo, Japan) heated
at 240 °C. Next, 0.0045 mM of Tween 20 solution (Solution II) was loaded with an HPLC-
20AT (Shimadzu Corp., Kyoto, Japan) at 0.6 mL/min. Solutions I and II were mixed using
a SUS Tee connector (GL Sciences) to stabilize the O/W emulsion. The flow rate ratio of
Solutions I and II was initially 1:2. The flow rate ratio was changed to control the size of
the O/W emulsion. A back pressure valve (P-880, Upchurch scientific, Tokyo, Japan) was
used to keep a constant pressure of 10 MPa. The residence time that the liquid was heated
at 240 °C in the oil bath was at most 4 min. The polymerization reaction of the monomer
yielded the polymer suspension.
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Figure 1. (a) Chemical structures of monomers used in this study. (b) Capillary-type flow system
for emulsification. Solution I included monomer, AIBN, and Tween 20 (0.006 mM). Solution II was
Tween 20 (0.0045 mM). Flow rate ratio of Solutions I and II was 1:2.

2.3. Preparation of WTBs by Compression Molding

WTBs were prepared according to previous reports [16,19]. Lignin and cellulose were
mixed within a certain composition ratio for 20 min. An adequate amount of water was
thereafter added to the mixture (30 mg) and milled for 2 min. The above mixture was
injected into the metal mold, and compression molding was performed at 180 °C and
25 MPa for 10 min. Afterwards, the mold was considerably cooled down to recover WTBs
with 10 mm X 10 mm in size and 0.3 mm in depth.

2.4. Immersion Method

First, the suspension of polymer particles was centrifuged with a rotation speed of
10,000 rpm for 30 min, and the subsequent removal of supernatants was performed to
obtain the pellet of polymer particles. Thereafter, this pellet was resuspended in water
to set the particle volume fraction (¢) to ¢ = 0.005 and 0.020. The suspension of polymer
particles without any centrifugation indicated ¢ = 0.001-0.005. WTBs were horizontally
immersed in a suspension including polymer particles. A subsequent drying process at
100 °C, which is greater than the softening temperature of lignin and the polymers used
in this study, was performed for one day to improve the adhesion between the polymer
particles and the surface of WTBs.

2.5. SEM Observation

The surface state of bare WTBs and WTBs immersed in polymer particles was observed
by using SEM (5-4700, Hitachi Ltd., Tokyo, Japan). WIBs were mounted on metal stubs
with double-faced tape, and images were taken. Prior to imaging, samples were coated
with platinum-palladium in a sputter coater (E1030 Sputter, Hitachi Ltd.).

2.6. AFM Observation

An AFM (SPM9600, Shimadzu, Kyoto City, Japan) was also used at 25 °C for the same
purpose. A silicon cantilever, OMCL-AC200TS (Olympus, Tokyo, Japan), which has a tetrahedral
shape with a spring constant of 9 N/m and an oscillation frequency of 150 kHz, was used
to scan the surface of the WTBs. The scan rate was 1 Hz. Scanning was performed at three
different positions of each sample. The surface roughness was estimated with a root mean
square average, Rms. The Ryms value was calculated by using the equation Rypys = (Zyi2 / n)l/ 2
where the absolute values of the roughness profile y; are ordinates [19].

2.7. Determination of Mean Diameter of Polymer Particles

The size distribution of polymer particles was measured using the dynamic light
scattering mode of FPAR (Ohtsuka Electronics Co. Ltd., Osaka, Japan). The polydispersity
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(PDI) of oil droplets was also estimated from the size distribution, by using cumulative
analysis. The second-order auto-correlation function for measuring scattering light intensity,
Gy (1), is Go(T) = <I(H)I(t + T)>/<I(t)>2, where I(t) is the scattering light intensity at time ¢
and 7 is the delay time. The auto-correlation function of polydispersed materials can be
described as follows:

Gy(1) = A{l + Bg%(r)}

o= / G(T)eT™dr
0

where A and B represent constants, and gi(7) represents the first-order auto-correlation
function. G(I') is the distribution function of the decay constant I'. The mean value of T,
<I'>, and the variance u? are defined as follows.

= /:o I'G(I)dT, i = '/:o(r —T)*G(T)dr

Then, the PDI value can be defined as follows; a PDI < 0.1 signifies monodispersion.

2
_®
PDI =

2.8. Measurement of Contact Angle

The contact angle of water on the samples was measured by using an auto-contact
angle/surface tensiometer (DSA 10, Kriiss, Montreux, Switzerland). An aliquot of a water
drop was poured onto the WTB surface to sustain until the water drop did not move for at
least 1 min. The image of the water drop was recorded and analyzed with data acquisition
software (Model: Simage Standard 100 ver 1.01). Then, the contact angle was measured by
drawing a line at the edge of the water drop. This measurement was performed three times
per one WTB.

2.9. Measurement of Long-Term Stability

A long-term stability experiment was performed according to a previous report [16].
In short, ten WTBs were settled on a sheet at room temperature (20~27 °C, a relative
humidity 20-30%). An aliquot of a water droplet was poured onto each WTB every half year to
measure the contact angle in the air. The contact angle was measured three times per one WTB.
Afterwards, the water droplet was eliminated by a piece of paper. WTB cracking was ruled
out to monitor the survival ratio of WIBs. Then, the remaining WTB [%] = 100 x (10 — n)/10,
where 71 is the number of cracked WTBs. It was noted that the contact angle and remaining ratio
of WTBs were continuously measured as in previously published reports [16].

3. Results
3.1. Simultaneous Polymerization Reaction with Emulsification

In the first series of experiments, we prepared the polymer particles to improve the
hydrophobicity of the WTB surface. Three physicochemical properties are shown in Table 1.
Styrene (logP = 2.95), methyl methacrylate (MMA; logP = 1.38), vinyl acetate (VA; logP = 0.73),
and L-lactic acid (LA; logP = —0.62) were used as the monomers to give a change in hydrophobicity.
The logP value, defined as a partition coefficient in biphasic octanol-water systems, represents the
lipophilicity of chemical compounds (the affinity of a molecule for a lipophilic environment) [38],
and a high logP value represents high hydrophobicity. The smaller the entanglement molecular
weight (M) of the polymer, the more entangled it is. Since all polymers are below 18,700 g/mol,
considerable entanglement is possible. Also, the softening temperature of each polymer (T5) is
also a useful index. A temperaute below the T value is considered to be the surface condition of
polymer particles for their adhesion. Therefore, the selected polymers in this study are considered
to favor adhesion to WTB surfaces.
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3.1.1. Styrene

The formation of an O/W emulsion with styrene as a monomer was first attempted by
using a capillary-type flow system. The O/W emulsion was then observed with cryogenic
transmission electron microscopy (cryo-TEM). Figure 2a shows the successful formation
of an O/W emulsion using styrene in the absence of AIBN. The contrast of a cryo-TEM
image depends on the electron density of the chemical compounds [39]. Since styrene
bears a benzene ring with rich electron density, the oil (styrene) phase gave high contrast
to the water phase. Thus, the use of the capillary-type flow system under hydrothermal
conditions made it possible to yield an O/W emulsion of styrene, as well as typical oil
phases such as decane and octanoic acid [28,29].
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Figure 2. (a) Cryo-TEM images of O/W emulsion of styrene. (b) TEM image of nanoparticles made
of PS. (c) Time course of mean diameter for PS particles. Samples at t = 0 and t > 0 represent O/W
emulsion without AIBN and after polymerization reaction, respectively. (d) Diamter distribution of
PSggo, PSp19, and PSs3y. (e) Comparison of diameter of O/W emulsion with that of polymer particles.
PSxx indicates PS with xx nm of final mean diameter.

The formation of polymer particles is considered to be driven by the hydrothermal
emulsification of an O/W emulsion in the presence of the polymerization initiator AIBN.
Typical TEM images are shown in Figure 2b. A polystyrene particle, dispersed in water,
was observed. The diameter of polystyrene the particles was indicated to be 100-200 nm.
The size dependency of polymer particles was next examined by altering the initial size
of the O/W emulsion. The flow rate of Solution II was altered while keeping the flow
rate of Solution I (0.30 mL/min) to control the size change of the O/W emulsion. A flow
rate ratio of Solutions I and II = 1:2 yielded the minimum size of the emulsion without
AIBN (58-120 nm). The larger flow rate ratio favored the large mean diameter of the
O/W emulsion. Fixing the flow rate ratio of Solutions I and II (1:2), the polymerization
reaction of O/W emulsions with different sizes were then monitored as a function of the
polymerization time (Figure 2c). In the case of the O/W emulsion with 100 to 200 nm
of diameter, the mean diameter of polystyrene (PS) particles slightly altered into 30 and
210 nm, respectively. Polystyrene particles of a mean diameter of r nm were termed PS,.
The size distribution of PSsy, PSy19, and PSgq indicated a single peak (Figure 2d). The mean
diameter of the O/W emulsion was roughly correlated with that of the polymer particles,
as shown in Figure 2e. Therefore, the O/W emulsion was likely to act as the template for
the formation of polymer particles. The final size of the polymer particles was likely to be
controlled by the flow rate ratio of Solutions I and II.
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3.1.2. Other Monomers

VA, MMA, and LA were used as monomers. The O/W emulsions were observed
(black arrows in Figure 3a). Small aggregates other than the O/W emulsion were likely
to be a frost genereted during the setting of the cryo-sample into the TEM chamber, from
the previous study [40]. The addition of AIBN induced a polymerization reaction as well
as styrene. Figure 3b indicated the formation of polymer particles using these monomers.
Figure 3c shows the typical result of the time-course of the diameter in the polymerization
process. The increase in particle size is attributed to adhesion by the entanglement between
the polymer particles. On the other hand, PMMA tended to decrease, which may be due to
the removal of water from the polymer particles during the polymerization reaction. It is
noted that there was sometimes a blockage in the microcapillary during the polymerization
of LA. Furthermore, a rough correlation between the mean diameter of the O/W emulsion
without AIBN and that of polymer particles was observed (Figure 3d), which is in agreement
with Figure 2e. Therefore, O/W emulsions of VA, MMA, and LA also appeared to act as
templates for polymer particles, as well as styrene.

Mean diameter [nm]

5000 ---- PVA
e
0 PMMA
Polymerization time [min]
— 6000 R?=0.837
(d) € o
= A7 Re=0954
S 8 4000 N D‘,,,«-;_
g = ///‘_,,-D::,/‘/R2=0.988
§ S 2000 N Oé]@ OMMA )
o e & PLLA A ————
s E 2 PVA O —ooe-
] B 0 AN | ) |
=2a 0 2000 4000

Mean diameter of O/W emulsion [nm]

Figure 3. (a) Cryo-TEM images of O/W emulsions of MMA, VA, and LA. Black arrows represent
O/W emulsion. (b) TEM images of polymer particles made of PMMA, PVA, and PLLA. (c) Typical
time-course of polymerization of O/W emulsions. Flow rate ratio of Solutions I (0.30 mL/min) and II
(0.60 mL/min) was 1:2. (d) Comparison of diameter of O/W emulsion with that of polymer particles.

3.2. Coatings by Polymer Particles

WTBs were first prepared by using compression molding (see Section 2.3). Coating
with polymer particles was thereafter performed on the WIBs. Our previous study demon-
strated that the microfibrillar structure of cellulose I exists on the surfaces of WIBs, and
that lignin favors remaining on the surface. [19]. The composition ratio of the ternary
lignin/cellulose/water system to prepare the WTBs was selected to have the highest value
of the water contact angle, an idex of water repellency, according to our previous study [16].
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3.2.1. Surface Observation

Surface observation using SEM and AFM gives qualitative information about the
coating of polymer particles on WTBs [19]. We observed the surfaces of WTBs to confirm
the influence of physical modification with polymer particles, by using SEM. The surfaces
of bare WTBs were then observed (Figure 4a). The microfibrillar structures of cellulose I
were observed. The surface roughness of the bare WTBs indicated Ryms = 114 nm, which is
in agreement with the literature [19].
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Figure 4. (a—e) SEM and (f-h) AFM images of bare WTB and WTBs coated by polystyrene particles
with different diameters at two volume fractions (¢ = 0.005 and 0.020). (f’~h’) Both side and top
views of each AFM image. White and black arrows mean the step on the surface. Lines 1-1/,2-2/, ...
and 7-7' mean the step.

First, the effect of the volume fraction of polymer particles on the surface structure of WIBs
was examined. The surfaces of WTBs immersed in PSgyy were compared by using ¢ = 0.020
and 0.005. The surface obtained in the case of ¢ = 0.020 involved steps like 1-1/, 2-2/, and
3-3', and four layers (four terraces) between the steps were observed, which was similar to the
formation of a multilayered deposition of latex particles (polystyrene) [29,30]. In contrast, the
surface obtained from immersion in PSgy at ¢ = 0.005 gave no definite terrace on the surface
(Figure 4c). Therefore, the volume fraction of the polymer particles made an impact on the
surface. Alternatively, regarding the effect of the mean diameter of the polymer particles, the
surface states of WTBs were compared with ¢ = 0.020. The surface in the case of PSs (Figure 4e)
gave no definite terrace structure different from PSg (steps 44’ and 5-5' in Figure 4d). The
formation of terraces appeared to depend on the size and volume fraction of the polymer
particles.



Appl. Sci. 2024, 14, 11326

9 of 14

For further investigation, AFM observation was performed. The surfaces of WTBs im-
mersed in PSgy at ¢ = 0.020 indicated a conspicuous undulating structure of Ryms = 83.5 nm
(Figure 4f). This surface morphology might result from the terrace structure as illustrated in
Figure 4f. Decreasing ¢ to 0.005, the AFM image showed a clear undulating structure of
Rims = 531 nm (Figure 4g), which possibly resulted from the exposure of bare WTBs. It was
likely that PSgyy could not considerably coat the WTB surfaces (Figure 4g’). Furthermore,
in contrast to PSggg at ¢ = 0.020, the size of the PS decreased to 30 nm. Thereby, the AFM
image of the surfaces of WTBs immersed in PS3g at ¢ = 0.020 indicated a terrace structure
at the nanoscale of Ryms = 18.1 nm (steps 66’ and 7-7' in Figure 4h,h’), although no definite
terrace structure at the microscale was observed (Figure 4e). It is noted that the Ryyns value
strongly depends on the bare WTB surface before adhesion.

3.2.2. Water Repellency

The water contact angle under the air condition was measured to evaluate the influence
of terrace formation on the WTB surface. In the case of water droplets used as liquid
droplets, the contact angle, 6, is considered the index of water repellency. Figure 5 shows
the contact angle for each board immersed in each polymer at ¢ = 0.005 and 0.020. Bare
boards had the smallest contact angles (55 deg) of the boards tested here. Overall, coating
the WIBs improved water repellency, especially in the case of PS-, -PMMA-, and PVA-
particles.

= Contact angle
- % $=882§ /\9 4//Water droplet
w6 120 : I
S 5 WTBs
= H
— 100 5
2 = T
» % i ix n
& 60 = - ==
9] =
8 a0
c
S 2
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Bare PS PMMA PVA PLLA

’

Figure 5. Box plots of contact angles for WTBs coated by polymer particles at two ¢ values. “Bare”
means the WIB without surface modification of polymer particles.

3.2.3. Comparison of Polymer Particles on Water Repellency

The water repellency depended on the surface roughness to some extent [19]. From
Figure 4, the surface roughness resulted from the coating of oplymer particles with different
size. Accordingly, the water repellency was compared with the size of the polymer particles.
Any contact angle surpassed that of bare WTBs, regardless of the ¢ value (Figure 6). The water
contact angle was negatively correlated with the size of the polymer particles at ¢ = 0.020. The
contact angle at ¢ = 0.020 was fitted to an exponential relaxation: 8 = Oyt + (Opimit — Opare)e P,
where d, D, Bp,re, and Byy,;; are the mean size of the polymer particles, a constant, the contact
angle for bare WIBs, and the contact angle estimated at d = 0, respectively. The Oy value
is also termed the contact angle limit. The 6}, value was proportional to the logP value for
each monomer (Figure 6e), suggesting water repellency depended on the hydrophobicity of the
polymers. In the case of PS, PMMA, and PVA, the improved effect of water repellency using
polymer particles was higher than those using polymer membranes (dipping). The same was
true for the plastic surface of each polymer. In contrast, in the case of PLLA, its polymer particles
had water repellency comparable to its polymer membranes. From the rough surface of the
PLLA membrane, these results suggested that the improved effect of water repellency resulted
not only from the hydrophobicity of polymers but also from the surface roughness.
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Figure 6. A comparison of the contact angle of the WTB surface with the mean diameter of the
polymer particles: (a) PS; (b) PMMA; (c) PVA; and (d) PLLA. White and gray keys represent WTBs
modified at ¢ = 0.020 and 0.005, respectively. (e) The relationship between the contact angle limit of
WTBs and logP values for each monomer. Dashed curve in (a—d) is a curve fitted with exponential
relaxation.

3.3. Long-Term Stability

A comparison of surface modifications of WIBs with PSs of different mean diameters
was examined. Figure 7a shows the long-term stability concerning water repellency. Ini-
tially, the contact angle was 120 deg, 105 deg, and 93 deg for PS3y-, PSs15-, and PSggg-coated
WTBSs, respectively. PSs15- and PSggp-coated WTBs indicated a decrease in water repellency
and eventually the same level as bare WTBs (53 deg). In contrast, PS3g-coated WTBs indi-
cated a constant contact angle (120 deg). Therefore, the long-term stability depended on
the mean diameter of the PS.

Next, the effect of the hydrophobicity of the polymer on long-term stability was
examined. In this trial, polymer particles with 30~50 nm of diameter were used. A coating
of PS3) indicated the highest value of the contact angle of polymers. The water repellency
for PS- and PMMA-coated WTBs and bare WTB remained almost constant for six years. The
PVA- and PLLA-coated WTBs indicated a slight reduction in water repellency (Figure 7b).

Together with this, the survival of WTBs is monitored in Figure 7c. First, the order of
decremental numbers of WTBs was bare > PLLAs > PVAs > PMMA > PS. Second, 90%,
80%, 60%, 60%, and 30% of WTBs coated with PS, PMMA, PVA and PLLA and bare WTBs
survived more than six years, respectively.
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Figure 7. Long-term stability of WTBs. (a) WTBs modified with PS of different diameters and (b) four
kinds of polymer particles. (c) Remaining ratio of WIBs. Initially, ten WTBs were prepared. Standard
errors were calculated from four different experiments for each WTB.

Thus, the coating of WTBs with polymer particles gave an impact on not only water
repellency but also the stability of the WTBs. The water repellency depended on the
diameter of the polymer particles and the logP value of the monomers.

4. Discussion

In this study, hydrothermal emulsification allowed us to form an O/W emulsion made
of a monomer to obtain polymer particles initiated through a polymerization reaction by
AIBN. The size of O/W emulsion was comparable to the size of the polymer particles, for
which the O/W emulsions acted as the template. Thereafter, the coating of WTBs was
tested by using the polymer particles. The size of the polymer particles likely determined
the water repellency, as well as the hydrophobicity at the surface, which is herein discussed.

The size control of the polymer particles is first discussed. As mentioned in Section 3.1.1, the
final size of the polymer particles was likely to be affected by the flow rate ratio of Solutions I and
II. This was because of the controllable size distribution of O/W emulsions as a template for the
polymer particles, as shown in Figure 2e). 2D simulations giving the velocity vector around the
THunction [41] demonstrated that the fluid was squeezed by the strong shear stress occurring at
the surface of the fluid injected through the Tjunction. The strength of the vortex field depended
on the flow rate ratio of Solutions I and II. A large flow rate ratio such as 1:3 and 1:4 might induce
weak shear stress around the THunction, making the O/W emulsion reduce its size.

The size of the polymer particles can qualitatively affect the surface roughness (Figure 4).
The formation of terraces on the surface enables us to give the surface roughness. From the plots
of the mean diameter of the polymer particles and their contact angles (Figure 6a—d), a coating
of polymer particles of small size was subject to yield a high contact angle; i.e., the contact angle
limit of WTBs coated by polymer particles was strongly correlated with the hydrophobicity
of the monomer (logP value), as shown in Figure 6e. However, the correlation in Figure 6e
depends on the method of surface modification. This resulted from the hydrophobicity of the
polymers used as polymer particles. Alternatively, a decrease in the size of the polymer particles
elevated the contact angle up to 120 deg, regardless of the type of polymer, strongly suggesting
the contribution to the contact angle of the surface roughness originated from the polymer
particles adsorbed on the surface of the WTBs. It is noted that the contact angle should be,
ideally, negatively correlated with the surface roughness [42,43].

Next, how the surface roughness of WTBs coated with polymer particles was generated is
discussed. As seen in Figure 4, PS3) gave a flattened surface as compared with the surface coated
by PSgpo. This trend was in agreement with a report that a coating of polystyrene latex particles
with diameters of 309 and 2106 nm induced smooth and rough surfaces, respectively [29]. The
softening temperature of polymers, T, is also a key factor. The T value for each polymer is
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summarized in Table 1. The drying temperature for a coating of WIBs with polymer particles
was set 100-120 °C, which was higher than that of lignin (T ~ 60 °C) and lower than that of
cellulose (Ts ~ 240 °C). The T values for the polymers used in this study were lower than the
drying temperature, as seen in Table 1. It was considered that polymers other than cellulose
became softened during the drying process. It was considered that the convective self-assembly
of polymer particles occurred in the drying process. The dispersion state originating from the
convective self-assembly appeared to depend on the volume fraction of the polymer particles
(Figure 4f-h). Convective self-assembly resulting from polymer—polymer and polymer-lignin
(or cellulose) adhesion might be induced due to the entanglement of the polymers. As the size
of polymer particles became smaller, the surface became more smooth, as shown in Figure 4e h.
If the size of the polymer particles was extrapolated to zero, the contact angle limit
estimated in Figure 6a—d was proportional to the hydrophobicity (Figure 6e). Even in the
case of PS-coated WTBs, the contact angle limit was 125 deg. This value was lower than
the superhydrophobicity (161 deg) achieved by a PS-tuned thermoplastic surface based on
the annealing temperature [44]. Also, the fine roughness gives superhydrophobicity with a
high contact angle, which is called the lotus effect or petal effect [32,45]. Other surface states
based on dipping and plastic gave contact angles lower than the corresponding contact
angle limit. It was therefore suggested that the improvement of water repellency requires
not only hydrophobicity but also the surface morphology to exert the lotus effect and petal
effect. If so, the correlation between the contact angle limit and logP in Figure 6e can be
regarded as the boundary of the contribution to hydrophobicity and surface roughness.
Finally, the long-term stability of polymer particle-coated WTBs (Figure 7) is discussed.
The adhesion of polymer particles based on their entanglements was considered to contribute
to the improved effect of the long-term stability of WTBs. For long-term stability, PLLA-coated
WTBs indicated the fewest remaining WTBs among the tested ones (Figure 7c). Mathew et al.
have reported that microcrystalline cellulose indicated poor adhesion with PLLA [32]. The
water repellency of PLLA-coated WTBs and their remaining WTBs in the long term (Figure 7b,c)
can be then attributed to their poor adhesion property. From the aforementioned discussion, it
was considered that the softening of polymer particles at a temperature above T during coating
favored entanglement enough to stabilize the adhesion of polymer particles to WTB surfaces.

5. Conclusions

It is likely that the use of a capillary-type flow system under hydrothermal conditions
allowed us to form a finely dispersed O/W emulsion. Furthermore, a simultaneous poly-
merization reaction over the emulsification provided polymer particles with less than 30 nm
in diameter. Thus, the combination of hydrothermal emulsification and polymerization
made it possible to yield polymer particles. These polymer particles gave an improved
effect on water repellency (contact angle limit ~120 deg) as compared with the bare WTB
(50 deg). The present improved effect of water repellency resulted mainly from the hy-
drophobicity of the polymer particles. Interestingly, a terrace-like surface was observed,
which probably resulted from the convective self-assembly of polymer particles on the
WTB surface. Finally, the coating of polymer particles above the softening temperature was
useful for the improved effect of water repellency and long-term stability. The present find-
ings give better insight into the design of functional and environmentally benign polymers
and the convective self-assembly of polymer colloidal particles on solid surfaces.
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