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Abstract: Nanofibrillated bacterial cellulose (NFBC), a type of cellulose nanofiber biosynthesized by
Gluconacetobacter sp., has extremely long (i.e., high-aspect-ratio) fibers that are expected to be useful
as nanofillers for fiber-reinforced composite resins. In this study, we investigated a composite of
NFBC and poly(methyl methacrylate) (PMMA), a highly transparent resin, with the aim of improv-
ing the mechanical properties of the latter. The abundant hydroxyl groups on the NFBC surface
were silylated using 3-(methacryloyloxy)propyltrimethoxysilane (MPTMS), a silane coupling agent
bearing a methacryloyl group as the organic functional group. The surface-modified NFBC was ho-
mogeneously dispersed in chloroform, mixed with neat PMMA, and converted into PMMA com-
posites using a simple solvent-casting method. The tensile strength and Young’s modulus of the
composite increased by factors of 1.6 and 1.8, respectively, when only 0.10 wt% of the surface-mod-
ified NFBC was added, without sacrificing the maximum elongation rate. In addition, the composite
maintained the high transparency of PMMA, highlighting that the addition of MPTMS-modified
NFBC easily reinforce PMMA. Furthermore, interactions involving the organic functional groups
of MPTMS were found to be very important for reinforcing PMMA.

Keywords: cellulose nanofiber; nanofibrillated bacterial cellulose; fiber-reinforced resin; poly(me-
thyl methacrylate); silane coupling agent; organosilanes; surface modification; nanofiller

1. Introduction

Poly(methyl methacrylate) (PMMA) is a widely used transparent thermoplastic ma-
terial known for its applicability to a variety of products, including car windows and
smartphone screens. PMMA has excellent properties; it is easy to shape, is 100% recycla-
ble, and is an excellent alternative to expensive and less-resilient glass [1]. On the other
hand, this material sometimes fractures or cracks during use due to mechanical strength
issues [1-3]. Many approaches for improving the physical properties of PMMA have been
explored [4]. A popular way of enhancing the mechanical properties of PMMA involves
producing composite materials with microfillers, such as glass [5], polyethylene [6], ara-
mid fiber [7], carbon fiber [8], silica or glass particles [8,9], and stainless steel mesh [10].
According to previous studies [5-10], these fillers slightly increase the flexural and impact
strengths of PMMA; however, their use is limited because the addition of the filler gener-
ally reduces the transparency of the polymer [9], which is one of the most important fea-
tures of PMMA resin. At the same time, the formation of a PMMA/filler interface often
reduces the tension strain limit owing to the effects of structural heterogeneity and inter-
facial adhesion [11-13]. Therefore, various types of micro- and nanofiber, including car-
bon, aramid, and ultra high-molecular-weight polystyrene, have been investigated as re-
inforcing fillers that enhance the mechanical properties of PMMA [7,8,14]. Unfortunately,
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these fillers absorb stress and energy inadequately, which leads to structural deficiencies,
a lack of rigidity, and inhomogeneous filler setting that, in turn, result in a fragile and
fractured composite [15].

Cellulose nanofiber (CNF) is a potential new filler for PMMA nanocomposites with
improved properties because of its large surface area and good stress-transfer features.
CNFs are normally obtained from wood pulp by intensive mechanical treatment, includ-
ing grinding and high-pressure homogenization [16-18]. Generally, CNF nanofibers are
several micrometers long and 3-100 nm wide; they are also sufficiently thin compared to
the wavelength of visible light. Hence, CNFs are expected to usefully reinforce transpar-
ent resins, including acrylic and epoxy resins, without scattering visible light and without
significant loss of transparency [16-18].

Bacterial cellulose (BC), which is biosynthesized by culturing cellulose-producing
bacteria of the Gluconacetobacter sp. genus in a medium containing D-glucose under static
conditions, forms CNFs that are different to pulp-derived CNFs. In general, BC is obtained
as a gel-like matrix of ~100 nm-wide cellulose fibrils that are three-dimensionally inter-
twined and contain large amounts of water [19-21]. The use of the swirling culture
method during BC synthesis has recently been reported to inhibit fiber formation due to
the generation of torque, resulting in a water-dispersed form of BC [22-24]. The obtained
cellulose fibers are approximately 20 nm wide, which is approximately one-fifth that of
the BC obtained by static culturing. This water-dispersible BC is referred to as nanofibril-
lated bacterial nanocellulose (NFBC). The formation of fibers that are more than 15 um
long with extremely high aspect ratios is one advantage of NFBC [22], which can possibly
be used as a fiber-reinforcing filler for resins, including PMMA [13,25].

The surface layers of NFBC and CNF contain large numbers of hydroxyl groups that
need to be considered when using these cellulosic nanofibers as fiber-reinforcing fillers
for resins; consequently, these surface hydroxyl groups need to be substituted with func-
tional groups that have high affinities for the resin to facilitate adhesion [18,25-27]. How-
ever, nanofibers tend to aggregate in the organic solvent in which most substitution reac-
tions involving cellulose are performed. In addition, hydrogen bonds form between nan-
ofiber surfaces as the cellulosic nanofibers are dried, resulting in inferior features. There-
fore, a silane-coupling reaction that proceeds in aqueous media is considered the most
effective method for modifying the surfaces of cellulosic nanofibers. A method for substi-
tuting the surface hydroxyl groups of NFBC with aminopropylsilyl groups through silane
coupling with 3-aminopropyltrimethoxysilane (APTMS) was recently reported [18]. Com-
positing PMMA with NFBC modified by APTMS led to superior tensile strengths while
maintaining the transparency of PMMA. On the other hand, the addition of the modified
NFBC led to lower tension strain limits and PMMA with inferior impact strengths.

In this study, the surface layers of NFBCs were treated with 3-(methacrylo-
yloxy)propyltrimethoxysilane (MPTMS), which is a silane coupling agent bearing meth-
acryloyl groups that are structurally similar to the side chains of PMMA (Scheme 1). This
treatment protocol is designed to enhance PMMA/NFBC interfacial compatibility by im-
proving structural similarity. PMMA composites containing the MPTMS-modified
NFBCs were prepared with the aim of improving the tensile mechanical properties of
PMMA, including its tensile stress limit, Young’s modulus, and tension strain limit. The
effect of the modified-NFBC concentration in the PMMA composite was evaluated in
terms of the transparency and tensile mechanical properties of the product, which con-
firmed that NFBC is a superior fiber-reinforced nanofiller. In addition, molecular-level
interactions between the methacryloyl groups on the modified NFBC and the PMMA
resin are discussed by comparing the results obtained in this study with previously re-
ported fiber-reinforcement data for APTMS-modified NFBC [18].
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Scheme 1. Scheme showing how the nanofibrillated bacterial nanocellulose (NFBC) surface is mod-
ified with 3-(methacryloyloxy)propyltrimethoxysilane (MPTMS). Surface hydroxyl groups are si-
lylated with MPTMS in aqueous solution to form 3-(methacryloyloxy)propyltrimethoxysilylated
nanocellulose (MPC).

2. Materials and Methods
2.1. Materials

The 1.0% (w/v) NFBC suspension in water was prepared according to a previously
reported method [23,24] and kindly provided by Kusano Sakko Inc., Ebetsu, Japan. The
precise concentration of the NFBC suspension is based on the dry weight determined for
a 10 mL NFBC suspension using an MS-70 infrared moisture meter (A&D Co., Tokyo,
Japan). MPTMS was purchased from Tokyo Chemistry Industry Co. (Tokyo, Japan).
PMMA (weight-average molecular weight: 120 kDa) was purchased from Sigma-Aldrich,
St. Louis, Missouri, USA. Other chemicals were very pure (analytical grade) and all solu-
tions were prepared using deionized water.

2.2. Modifying the Nanofibrillated Bacterial Nanocellulose (NFBC) Surface: Preparing 3-
(Methacryloyloxy)Propyltrimethoxysilylated Nanocellulose (MPC)

The 1.0% (w/v) NFBC suspension (300 mL, dry weight: 3 g; 19 mmol of anhydroglu-
cose units (AGU)) was concentrated by centrifugation at 9000 g for 20 min, after which the
pellet was suspended in water to a concentration of 2.0% (w/v). The pH of the suspension
was adjusted to 4 using 0.5 mol L-* HCl solution, after which 4.4 mL (19 mmol) of MPTMS
was added dropwise to the suspension over 15 min. The mixture was vigorously stirred
at 700 rpm at 30 °C for 4 h using a Teflon impeller, after which the product was collected
by centrifugation at 10,000 g for 20 min, washed three times with acetone and water, and
then freeze-dried to obtain MPC 1. MPC 2 and MPC 3 were similarly prepared by chang-
ing the amount of MPTMS to 13.2 mL (56 mmol) and 39.6 mL (167 mmol), respectively.

2.3. Structures and Morphologies of the MPC Samples
2.3.1. Fourier-Transform Infrared (FTIR) Spectroscopy
FTIR spectra of NFBC and MPC 1-3 were recorded on a Spectrum II FTIR spectrom-

eter (PerkinElmer, Inc., Waltham, MA, USA) at a resolution of 1 cm™! in the 4100-600 cm™!
range and averaged over 16 scans.

2.3.2. Solid-State 3C Nuclear Magnetic Resonance (NMR) Spectroscopy

Solid-state *C NMR spectra were acquired at 298 K on a Bruker AVIII500 spectrom-
eter equipped with a 4 mm magic angle spinning (MAS) probe (Bruker BioSpin GmbH,
Rheinstetten, Germany). The dipolar-decoupled MAS 13C NMR spectra of NFBC and MPC
1-3 were recorded by setting the MAS frequency, 3C excitation pulse length (flip angle of
30°), data acquisition time, and repetition time to 10 kHz, 1.35 ps, 15, and 30 s, respectively.
Chemical shifts were calibrated against the carbonyl signal (176.03 ppm) of an external D-
glycine standard.
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2.3.3. X-ray Diffractometry (XRD)

XRD patterns of NFBC and MPC 1-3 were recorded at 298 K on a Bruker D8 Advance
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) using Ni-filtered CuKa (A=
1.54056 A) radiation generated at 40 kV and 40 mA, and at scan rate of 1.000°/min in the
5-35° 20 range. The crystallinity indices (Cls) of these samples were calculated from the
areas of their crystalline cellulose peaks relative to the total areas of their crystalline +
amorphous cellulose peaks [18,25,28]. TOPAS software (Ver. 4.2, Bruker AXS GmbH,
Karlsruhe, Germany) was used to fit the X-ray diffractograms by using a non-linear least-
squares fitting [18].

2.3.4. Thermal Gravimetry (TG)/Differential Thermal Analysis (DTA)

TG/DTA traces were acquired on an EVO2 TG 8120 Plus thermogravimetric dynamic
thermal analyzer (Rigaku, Akishima, Japan) using an Al2Os crucible under a flow of nitro-
gen gas. Each sample weighed 7 mg. Thermograms were obtained in the 50-500 °C range
at 5 °C min.

2.3.5. Microscopy

Morphologies were examined by field-emission scanning electron microscopy (SEM;
JSM-7500F, JEOL Ltd., Akishima, Japan). A 50 pL aliquot of each 0.10 wt% MPC suspen-
sion in chloroform, or NFBC suspension in water, was dropped onto an aluminum SEM
grid. The solvent had evaporated at 40 °C for 30 min, after which the specimen was coated
with a 4 nm-thick platinum layer and then observed at an accelerator voltage of 5 kV.
Image] software (Ver. 1.53j13, Wayne Rasband, National Institutes of Health, Kensington,
MD, USA) was used to determine the width distribution of each sample, with each aver-
age width calculated using 100 randomly selected points on nanofibers in the correspond-
ing SEM image.

2.4. Transparency Testing

NFBC and MPC dispersions in water or chloroform (1 wt%, 10 mL) were homoge-
nized using a T25 digital Ultra-Turrax disperser (IKA-Werke GmbH, Staufen im Breisgau,
Germany) equipped with an 8G-ST stator shaft (diameter: 8 mm) at 15,000 rpm for 5 min.
After standing for 2 h, the transparency of the suspension was measured in the 340-750
nm wavelength range on an Evolution 201 UV-vis spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

2.5. Preparing Poly(Methyl Methacrylate) (PMMA)/MPC Composites and Measuring Their
Transparencies

PMMA (2.0 g) was dissolved in 20 mL of chloroform, after which 1.0, 2.0, 5.0, 10, 20,
or 40 mg of MPC 1 was added and completely dispersed using a Polytron P10-35G ho-
mogenizer (Kinematica AG, Malters, Switzerland) equipped with a PT-DA 12/2MEC-F154
generator shaft (diameter: 12 mm) at 30,000 rpm for 5 min. Each suspension (10 mL) was
cast onto a Teflon Petri dish (diameter: 6.0 cm), after which the solvent was evaporated at
25 °C for 24 h. The sheet was hot-pressed at 160 °C for 30 s with a clearance of 0.5 mm
using an H300-10D heat press apparatus (Asone Co., Osaka, Japan) to produce a
PMMA/MPC 1 composite film. Film transparencies were evaluated in the 340-750 nm
wavelength range using the aforementioned UV-vis spectrometer.

2.6. Tensile Mechanical Testing

Dumbbell test specimens (50 mm x 8.5 mm) were prepared by punching cast films
with a press-punching machine (Kobunshi Keiki Co., Kyoto, Japan). An AG-X plus 10kNX
(Shimadzu Corp., Kyoto, Japan) load frame equipped with a 500 N load cell was used
during uniaxial tensile testing. The dumbbell test specimens were subjected to tensile
loading at a crosshead speed of 3.0 mm/min.
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3. Results and Discussion
3.1. Characterizing the MPC Structures
3.1.1. FTIR Spectroscopy

Figure 1 shows FTIR spectra of MPC 1-3 and NFBC as starting materials. Compared
to the FTIR spectrum of NFBC, the spectra of the MPC samples exhibit additional adsorp-
tion bands at 1720, 1635, 1318, 942, and 820 cm™! that correspond to C=O stretching, C=C
stretching, Si-C bending, C=C out-of-plane bending, and Si-O stretching vibrations, re-
spectively [28,29]. These adsorption bands in the FTIR spectra of the MPC samples reveal
that the silane coupling reaction between NFBC and MPTMS proceeded in aqueous solu-
tion; the three methoxy groups of MPTMS were solvated by the acid catalyst, and the
formed silanol groups reacted with the hydroxyl groups of cellulose to modify the NFBC
surface. In addition, the intensities of the new absorption bands were observed to gradu-
ally increase as the amount of MPTMS used to prepare the MPC samples was increased,
which indicates that the degree to which the NFBC surface is chemically modified de-
pends on the MPTMS concentration in the reaction mixture.

NFBC

! 16l35 cm™? é42 cm™’

: 1318 cm™
1720 cm™

2000 1800 1600 1400 1200 1000 800 600
Wavenumber / cm™

Figure 1. Fourier transform infrared (FTIR) spectra of MPC 1-3 and NFBC.

3.1.2. Solid-State 3C Nuclear Magnetic Resonance (NMR) Spectroscopy

Figure 2 shows solid-state 3C NMR spectra of MPC 1-3 and NFBC along with reso-
nance assignments. In addition to the six resonances for the AGU of cellulose (carbons 1-
6 in Figure 3) [30], the ¥*C NMR spectra of the MPC samples show six resonances at 166,
136,124, 22,18, and 9 ppm that are assigned to carbons 10, 12, 11, 8, 13, and 7, respectively,
of the 3-(methacryloyloxy)propyl groups [25,28,31]. The 3C resonance of remaining car-
bon 9 overlaps with that of carbon 6 of cellulose at 63 ppm. The degrees of 3-(methacrylo-
yloxy)propylsilyl molar substitution in the MPC samples, which correspond to the aver-
age numbers of MPTMS reacted per cellulose AGU, were determined by inserting the
sums of the integral values of 3C resonances 7-13 (but not 9) relative to those of carbon 1
into the following equation (1):

. (sum of integral values of resonances 7,8, 10 - 13) M
- 6

The MS values of MPC 1-3 were determined to be 0.60, 1.1, and 1.8, respectively,
which indicate that MPC MS increases with increasing MPTMS used during MPC synthe-
sis.
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Figure 2. Solid-state *C NMR spectra of MPC 1-3 and NFBC.

3.1.3. X-ray Diffraction (XRD)

Figure 3 shows X-ray diffractograms of MPC 1-3 and the NFBC starting material. All
samples show characteristic crystalline cellulose I patterns with diffraction peaks at 26 =
14.4°,16.9°, and 22.8° that correspond to the (110), (110), and (200) crystal planes of cellu-
lose I, respectively [25]. Diffractogram curve-fitting enabled the amorphous region of each
sample (which corresponds to the area below each dotted line in Figure 4) to be deter-
mined. The amorphous areas of NFBC and MPC 1-3 were calculated to be 31%, 33%, 35%,
and 38% of the total diffracted area, respectively, providing CI values of 69%, 67%, 65%,
and 62%, respectively. No differences in the positions and half-widths of the crystalline
cellulose I peaks of the NFBC and MPC samples were observed, suggesting that the inner
cellulose structures of MPC 1-3 are the same following silane coupling, and that the reac-
tion proceeds on the surfaces of the CNFs. In addition, since the CIs of MPC 1-3 tend to
decrease with increasing sample MS, we conclude that the formed polysiloxane domains
on the nanofiber surfaces are structurally amorphous. Hence, the Cls of the MPC samples
decrease somewhat with increasing MS.
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Figure 3. X-ray diffraction (XRD) patterns of MPC 1-3 and NFBC.

3.1.4. Thermal Properties

Figure 4 shows TG/DTA data for MPC 1-3 and NFBC. As previously reported, NFBC
thermally decomposes through two weight-loss stages: the first (70-140 °C) involves the
vaporization of adsorbed water from cellulose chains, while the second (270-290 °C) in-
volves the pyrolytic dehydration and decomposition of cellulose molecules [13], and ex-
hibits a clear endothermic DTA peak at 280 °C. Although MPC 1-3 exhibit similar thermal
behavior to that of NFBC, they lose much less weight at 70-140 °C than NFBC, which is
consistent with MPC-surface hydrophobization resulting from silane coupling leading to
fewer interactions between water molecules and the surface. In addition, the MPC sam-
ples exhibit second weight losses due to cellulose pyrolysis that are shifted to higher tem-
peratures than that of NFBC. The decomposition temperature appears to increase with
increasing MS, as confirmed by a shift in the endothermic DTA peak to higher tempera-
tures. Moreover, the TG traces of the MPC samples show clear weight losses between 390
and 440 °C, with DTA endothermic peaks detected at 419 °C, which is believed to corre-
spond to the decomposition of the stable siloxane structure formed on the NFBC surface.
Based on these thermal analysis data, we conclude that the silane layer on the NFBC sur-
face blocks thermal conduction and increases the pyrolysis temperature of cellulose [13].
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Figure 4. Thermal gravimetry/differential thermal analysis (TG/DTA) data for MPC 1-3 and
NFBC.

3.2. MPC Sample Morphologies

Figure 5 shows SEM images of NFBC and MPC 1-3. Fine fibrillar structures were
observed after silane coupling with MPTMS. The MPC 1-3 fibers are 23.0 + 6.4, 23.9 + 6.3,
and 24.8 + 7.8 nm wide, respectively, while the NFBC fibers are 21.7 + 6.7 nm wide (Figure
6). Cellulose fibers have previously been reported to widen through silane coupling [25];
MPTMS treatment also resulted in MPC fiber diameters that slightly increased with in-
crease MS. These results are consistent with the formation of polysiloxane coatings on the
surfaces of the NFBC samples, as suggested by the thermal-analysis data.

¥

Figure 5. SEM images of NFBC and MPC 1-3.
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Figure 6. Fiber-width distributions (1 = 100) of NFBC and MPC 1-3 determined from the scanning
electron microscopy (SEM) images in Figure 5.

3.3. Dispersion States of the Silane-Modified NFBC Samples in Water and Chloroform

Figure 7a,b show the dispersion states of 1.0% w/v MPC 1-3 and NFBC in water and

(a)

NFBC MPC1 MPC2 MPC3

NFBC MPC1 MPC2 MPC3

(d)

chloroform. NFBC was well-dispersed in water but immediately aggregated in chloro-
form and clumped together in the upper layer due to the hydroxyl groups on its surface.
In contrast, MPC samples precipitated and became suspended in water but dispersed well
in chloroform. NFBC aggregated in chloroform even when its concentration was reduced
to 0.1% w/v (Figure 7c), while the MPC samples showed good dispersibilities.

(b)

- \ib"r/ @i’-"‘?/

NFBC MPC1 MPC2 MPC3

NFBC MPC1 MPC2 MPC3

Figure 7. Dispersion states of MPC 1-3 and NFBC: (a) 1.0% w/v in water, (b) 0.1% w/v in water, (c)
(¢) 1.0% w/v in chloroform, and (d) 0.1% w/v in chloroform.
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Visible-light transmittance data for MPC 1-3 dispersed in chloroform at 1.0 and 0.1%
w/v are shown in Figure 8; transmittances of 17-42% and 80-89% were observed at the
two concentrations, respectively. In addition, the samples tended to be less transmissive
at lower wavelengths. These observations reveal that MPC suspensions scatter light; how-
ever, because the MPC fibers are less than 50 nm wide (Figure 6), light scattering is likely
to be the result of MPC-fiber entanglement that is ascribable to their lengths (> 15 pum)
[22]. This conclusion is also supported by the observation that water-dispersed NFBCs are
not transparent (Figure 7a,b). When the data for the 1.0% w/v MPC 1-3 dispersions are
compared, transmittance was also observed to decrease with increasing MS, which is be-
lieved to be due to fiber diameter, which was observed to increase slightly with increasing
MS (Figure 6). On the other hand, the 0.1% w/v MPC 1-3 dispersions exhibited almost
identical transmittances across the entire visible-light region, although transmittance de-
creased slightly with increasing MS. These results indicate that all samples with MS values
greater than 0.60 show identical interactions between the MPC surface and chloroform,
and these MPC samples disperse well in chloroform.

100

90 ) 0.1% w/v
80 _///
70 — - MPC 1
- — MPC 2
60 1 —-MPC 3

50

409 eI )1.0% w/v

------

30 ozt e

Transmittance / %

- _Le®lle="T _Le-
----------

20 frloememt
107

0 FrTTTTT T T

350 400 450 500 550 600 650 700 750
Wavelength / nm

Figure 8. Transparencies of 0.1% w/v (solid lines) and 1.0% w/v (dotted lines) MPC 1-3 dispersed
in chloroform.

3.4. Composites with PMMA

PMMA composites were prepared with MPC 1 as the filler because it exhibited the
highest dispersibility in chloroform among the MPC samples prepared in this study (Fig-
ure 8). As shown in Figure 9, PMMA composite films blended with 0.05-2.0 wt% of MPC
1 were prepared by casting from chloroform solutions. No fiber agglomeration was visu-
ally observed in any of the prepared composite films; however, films containing 1.0% or
more MPC were slightly cloudy in appearance. The visible-light (350-750 nm) transmit-
tances of these composites and neat PMMA are shown in Figure 10. Compared to PMMA,
the transmittance of the composite was observed to decrease with increasing MPC con-
centration in the resin. MPC concentrations of 0.50 wt% or less resulted in composite trans-
parencies that were within 10% of that of PMMA, while 1.0 wt% or more interfered with
the transparency of PMMA. In other words, a low MPC concentration relative to the resin
(i.e., 0.50 wt% or less) is desirable for maintaining the transparency of the PMMA resin
when composited with MPC.
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Figure 9. Photographic images of ~0.5-mm-thick PMMA composite sheets containing 0.05, 0.10,
0.25,0.50, 1.0, and 2.0 wt% MPC 1, with neat PMMA as a reference, overlaid on the periodic table.
The perimeter of each sheet is indicated by a red circle.
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Figure 10. Transmittance spectra of ~0.5-mm-thick PMMA composite sheets containing 0.05, 0.10,
0.25, 0.50, 1.0, and 2.0 wt% MPC 1, with neat PMMA as a reference.

3.5. Mechanical Properties of the PMMA Composites

The mechanical properties of dumbbell-shaped specimens of PMMA composite films
containing 0.05-2.0 wt% MPC 1 were investigated by tensile stain—stress testing (Figure
11), with neat PMMA film as a reference. Representative tensile strain-stress curves for
these composites recorded at a uniform tensile-force rate are shown in Figure 12, with
tensile properties summarized in Table 1. Tensile mechanical properties, including the
tensile stress limits and Young’s moduli of PMMA composites with MPC 1 concentrations
below 0.50 wt% are higher than those of PMMA. Both the tensile stress limit and Young's
modulus increased with increasing MPC 1 concentration, with maxima observed at an
MPC concentration of 0.10 wt%. The tensile strength and Young’s modulus of the compo-
site containing 0.1 wt% MPC 1 were determined to be 56% and 82% higher than those of
neat PMMA, respectively. Further increases in MPC 1 concentration led to composites
with inferior tensile mechanical properties. As was observed for tensile strength, tensile
elongation was also observed to increase with increasing MPC 1 concentration to a value
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of 0.10 wt%, and decreased with further increases in concentration. A maximum tensile
elongation of 2.8% was observed for the composite containing 0.10 wt% MPC, while that
of neat PMMA is 2.3%. Therefore, the addition of MPC 1 clearly improves the Young’s
modulus and tensile stress limit of PMMA without decreasing its tensile elongation.

35 -
30
o 251 \ 0.10 wt%
a 0.25 wt%
= 201 “ 0.05 wi%
& 0.50 wt%
§ 15 N PMMA
o ] 1.0 wt%
10 2.0 wit%
5 .
< —
0 0.5 1.0 1.5 2.0 25 3.0

Strain / %

Figure 11. Tensile stress—strain curves for PMMA composites containing 0.05, 0.10, 0.25, 0.50, 1.0,
and 2.0 wt% MPC 1, with that for PMMA provided as a reference.

Table 1. Tensile mechanical properties of PMMA composites containing 0.05, 0.10, 0.25, 0.50, 1.0,
and 2.0 wt% MPC 1, with those of PMMA (0 wt% MPC 1) provided as a reference (1 =5).

APC 1 Concentration Tension Strain Limit Tension Stress Limit Young’'s Modulus

Iwt% /% /MPa /GPa
01 23+0.3 22.1+0.6 1.7+0.1
0.05 2.7+05 28.6£0.7 24 +0.2
0.10 28+04 34.2+09 3.1+0.2
0.25 24+04 31.2+1.1 29+0.2
0.50 23+04 24.0+1.0 21+0.2
1.0 22+05 19.8+0.6 1.6+0.1
2.0 1.9+0.7 16.2+1.4 14+0.2

1 PMMA reference.

3.6. Interaction between the MPC Surface and PMMA at the Molecular Level

In this study, MPC samples with MS values of 0.60 or higher were found to have suffi-
ciently modified surface layers because they all disperse well in chloroform (Figure 8). In
addition, the tensile mechanical properties of PMMA were dramatically enhanced by com-
positing MPC 1 with PMMA, without any significant loss of transparency (Table 1). Only
0.10 wt% MPC 1 is required to maximize the strength of the PMMA composite; therefore,
we conclude that MPC is uniformly dispersed in the PMMA, forming a network structure
that improves the mechanical properties of the PMMA composite. On the other hand, infe-
rior mechanical properties and transparencies were observed when 1.0 wt% or more MPC
1 was combined with PMMA, which we conclude to be due to significant differences in the
physical properties of MPC and PMMA, such as density, molecular orientation, crystal
structure, and crystallinity, which become more pronounced in composites with high MPC
1 concentrations. As a result, the addition of excess MPC resulted in a decrease in the
strength of the PMMA composite, as structural heterogeneity with PMMA counteracts the
increase in strength associated with the network structure of MPC [32-34].

A previous study reported that PMMA is reinforced by NFBC whose surface was
chemically modified with APTMS (APC) [13]. The maximum tensile stress limit and
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Young’s modulus of this composite were reported to be 105% and 155% higher than those
of PMMA, respectively, at an optimal APC concentration of 1.0 wt%. However, the addi-
tion of APC to PMMA resulted in a considerable decrease in the tensile elongation of the
composite, regardless of the APC concentration. On the other hand, the maximum tensile
stress limit and Young’s modulus of the PMMA composite reinforced with MPC are 58%
and 82% higher than those of PMMA, respectively, which are lower than those reported
for the optimal APC/PMMA composite; however, the use of MPC was found to increase
the tensile stress limit and Young’s modulus without lowering tensile elongation, which
is an advantage of MPC over APC [15]. The differences in the abilities of APC and MPC
to reinforce PMMA is likely to be due to differences in the organic functional groups on
their surfaces (Figure 12). In the case of the former, amino groups bonded to the NFBC
surface through the silane linkage can form up to two hydrogen bonds and one dipole-
dipole interaction with the acrylic groups of PMMA to provide strong NFBC/PMMA ad-
hesion [35,36]. On the other hand, the methacryloyl groups of MPC can only form up to
two dipole—dipole interactions with the acrylic groups of PMMA [36,37]; hence, the MPC
surface adheres less to PMMA than APC. However, the structural similarity between the
methacryloyl group of MPC and the PMMA molecule itself increases affinity at the
MPC/PMMA interface, leading to a maximum tensile strength at a concentration of only
0.1 wt% without any decline in the tensile elongation of the composite.

gy PMMA
"Oﬁ/g
~ ot -~
v N
MPC < ? APC — é
AN AN
o 5% 000

Figure 12. Differences in the molecular structures of NFBCs modified with MPTMS (left, MPC)
and APTMS (APC, right), and intermolecular forces formed with PMMA.

3.7. Applying NFBCs Surface-Modified with Organosilanes

The silane coupling reaction can be conducted in an aqueous solution, which is an
advantage of the MPTMS-modified NFBC. Drying the original suspension prior to surface
modification is important, since most CNFs are generally dispersed in water. Hydrogen
bonds are generally formed between nanofibers when CNFs are dried, which diminishes
the favorable properties of the CNFs. Therefore, the process used to chemically modify
the NFBCs with the silane coupling agents used in this study can be applied to CNF sus-
pensions in water, with the expectation that their surface properties can easily be modified
without fiber aggregation. Silane coupling agents bearing a variety of functional groups
are currently available, which facilitates CNF and NFBC surface modification for various
engineering, medical, and pharmaceutical applications [38-40].
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3.8. Silicon Atom States on the MPC Surface

MPTMS contains three hydrolyzable methoxy groups. Surface modification begins
with the solvolysis of these methoxy groups by an acid catalyst prior to any reaction with
the cellulose surface. The formed silanol groups then react with the hydroxyl groups of
cellulose to modify the cellulose surface. Consequently, silicon atoms can couple to cellu-
lose in four possible ways: monomerically, or through singly, doubly, or fully condensed
silicon atoms, which are referred to as TO, T1, T2, and T3, respectively (Figure 13). These
four silicon-atom states are distinguishable by solid-state 22Si NMR spectroscopy [41]. In
our previous study, in which we structurally characterized APC samples using this NMR
technique, TO was found to exist negligibly when the MS value of the APTMS of the APC
exceeded 0.27, with most silicon atoms existing in T1, T2, and T3 states that form pol-
ysiloxane phases on the NFBC surface [13]. In this study, the MS values of MPC 1-3 were
determined to be 0.60, 1.1, and 1.8, respectively (Figure 1), which suggests that most
MPTMS molecules bound to NFBC condense with each other to form polysiloxanes. The
formation of polysiloxanes on the NFBC surface is supported by higher average MPC fiber
diameters (Figure 6) and MPC dispersions transmittances in chloroform that slightly de-
crease with increasing MS (Figure 8). Moreover, the pyrolysis temperature of the cellulose
domain in the MPC sample was also observed to shift to higher temperature with increas-
ing MS (Figure 4), which also supports the conclusion that the NFBC surface is coated by
polysiloxanes.

TO ™ T2 T3
P Fr : ;
/Sii\ /Si\—O—Si Si-O-SIi—O—Si Si—O-Sli—O-Si R= \/\O)Y
O 0O 0O 0 (0] ?
Si
NFBC

Figure 13. Schematic showing monomeric (T0), singly (T1), doubly (T2), and fully (T3) condensed
silicon atoms on the NFBC surface.

Therefore, a di- or monoethoxysilane can be used instead of a triethoxysilane (such
as MPTMS) to minimize polysiloxane formation while ensuring a uniformly modified
NFBC surface [42]. The use of these silane coupling agents is expected to result in a smaller
increase in NFBC fiber diameter and improved interactions with the resin; it may also
contribute to reducing the amount of silane coupling agent used and to improving the
transparency of the composite. We will modify the surface layers of the composites with
various silane coupling agents and statistically evaluate their bonding states and physical
properties in future studies.

4. Conclusions

In this study, we found that NFBC surface-treated with MPTMS bearing methacry-
loyl groups enhances the tensile mechanical properties of PMMA at a concentration of
only 0.10 wt% while maintaining the transparency of PMMA. In addition, we found that
the usual decrease in tensile elongation associated with compounding, which is a disad-
vantage of PMMA, is ameliorated, with a higher tensile elongation than that of unmodi-
fied PMMA achieved. Therefore, we conclude that MPTMS-treated NFBCs are suitable
nanofillers for PMMA reinforcement applications. In addition, this study revealed that the
silane coupling agent used to treat the NFBC surface layer affects its interactions with the
resin, in turn affecting the physical properties of the resulting composite and the optimal
amount of NFBC required. Consequently, NFBCs are expected to be used as nanofillers
for a variety of resins through the judicious choice of silane coupling agent.



Nanomaterials 2022, 12, 537 15 of 16

Author Contributions: Conceptualization, H.K. and K.T.; methodology, H K. and H.T.; validation,
H.XK. and H.T.; formal analysis, H.K.; investigation, H.K. and H.T.; data curation, H.K.; writing—
original draft preparation, H.K.; writing—review and editing, H.K.; visualization, H.K.; supervi-
sion, H.K.; project administration, H.K. and K.T.; funding acquisition, H.K. and K.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Japan Society for the Promotion of Science (JSPS), grant
numbers JP19H02549 and JP21K05175 (H.K. and K.T.) and by JST-Mirai Program, grant number
JPMJMI21EE, Japan (HK. and K.T.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study supporting the results are available
in the main text. Additional data are available upon reasonable request from the corresponding
author.

Acknowledgments: The authors gratefully thank Tokuo Matsushima (Kusano Sakko Inc. Japan) for
generously providing NFBC.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Al U, Karim, KJ.B.A; Buang, N.A. A Review of the Properties and Applications of Poly (Methyl Methacrylate) (PMMA).
Polym. Rev. 2015, 55, 678-705, d0i:10.1080/15583724.2015.1031377.

2. Aldegheishem, A.; AlDeeb, M.; Al-Ahdal, K.; Helmi, M.; Alsagob, E.I. Influence of Reinforcing Agents on the Mechanical Prop-
erties of Denture Base Resin: A Systematic Review. Polym. 2021, 13, 3083, doi:10.3390/polym13183083.

3. Zafar, M.S. Prosthodontic applications of polymethyl methacrylate (PMMA): An update. Polymers 2021, 13, 3089.
https://doi.org/10.3390/polym13183083

4. Gad, M.M,; Fouda, S.M.; A Al-Harbi, F.; Ndpankangas, R.; Raustia, A. PMMA denture base material enhancement: a review of
fiber, filler, and nanofiller addition. Int. ]. Nanomed. 2017, 12, 3801-3812, doi:10.2147/ijn.s130722.

5. Jang, J.; Han, S. Mechanical properties of glass-fibre mat/PMMA functionally gradient composite. Compos. Part A: Appl. Sci.
Manuf. 1999, 30, 1045-1053, doi:10.1016/51359-835x(99)00021-4.

6.  Salih, S.I; Al.gabban, A.M.; Abdalsalam, A.H. Preparation and characterization of PMMA-HDPE and HDPE-PMMA binary
polymer blends. J. Eng. Technol. 2017, 35, 311-317.

7. He, X; Qu, Y,; Peng, J.; Peng, T.; Qian, Z. A novel botryoidal aramid fiber reinforcement of a PMMA resin for a restorative
biomaterial. Biomater. Sci. 2017, 5, 808-816, d0i:10.1039/C6BMO00939E.

8.  Tumnantong, D.; Rempel, G.L.; Prasassarakich, P. Preparation of poly(methyl methacrylate)-Silica nanoparticles via differential
microemulsion polymerization and physical properties of NR/PMMA-SiO2 hybrid membranes. Polym. Eng. Sci. 2018, 58, 759—
766, doi:10.1002/pen.24611.

9.  Wildner, W.; Drummer, D. The Mechanical and Optical Properties of Injection-moulded PMMA, Filled with Glass Particles of
a Matching Refractive Index. Polym. Polym. Compos. 2017, 25, 453-462, doi:10.1177/096739111702500604.

10.  Shimizu, K.; Malmos, K.; Holm, A.H.; Pedersen, S.U.; Daasbjerg, K.; Hinge, M. Improved Adhesion Between PMMA and Stain-
less Steel Modified with PMMA Brushes. ACS Appl. Mater. Interfaces 2014, 6, 21308-21315, d0i:10.1021/am5062823.

11. Kim, G.H.; Hwang, S.W; Jung, B.N.; Kang, D.; Shim, ] K.; Seo, K.H. Effect of PMMA/Silica Hybrid Particles on Interfacial Ad-
hesion and Crystallization Properties of Poly(lactic acid)/Block Acrylic Elastomer Composites. Polym. 2020, 12, 2231,
do0i:10.3390/polym12102231.

12. Yanli, C. Enhanced interfacial adhesion between PMMA and carbon fiber by graphene oxide coating. Compos. Interfaces 2019,
26, 41-51, doi:10.1080/09276440.2018.1467167.

13. Kono, H.; Uno, T.; Tsujisaki, H.; Matsushima, T.; Tajima, K. Nanofibrillated Bacterial Cellulose Modified with (3-Aminopro-
pyDtrimethoxysilane under Aqueous Conditions: Applications to Poly(methyl methacrylate) Fiber-Reinforced Nanocompo-
sites. ACS Omega 2020, 5, 29561-29569, doi:10.1021/acsomega.0c04533.

14. Karbhari, V.M.; Strassler, H. Effect of fiber architecture on flexural characteristics and fracture of fiber-reinforced dental com-
posites. Dent. Mater. 2007, 23, 960-968, doi:10.1016/j.dental.2006.08.003.

15. Uyar, T.; Cokeliler, D.; Dogan, M.; Kogum, 1.C.; Karatay, O.; Denkbas, E.B. Electrospun nanofiber reinforcement of dental com-
posites with electromagnetic alignment approach. Mater. Sci. Eng. C 2016, 62, 762-770, d0i:10.1016/j.msec.2016.02.001.

16. Park, S.Y.; Yook, S.; Goo, S.; Im, W.; Youn, H.J. Preparation of Transparent and Thick CNF/Epoxy Composites by Controlling
the Properties of Cellulose Nanofibrils. Nanomater. 2020, 10, 625, d0i:10.3390/nano10040625.

17. Barari, B.; Ellingham, T.K.; Qamhia, I; Pillai, K.M.; El-Hajjar, R.; Turng, L.-S.; Sabo, R. Mechanical characterization of scalable

cellulose nano-fiber based composites made using liquid composite molding process. Compos. Part B: Eng. 2016, 84, 277-284,
doi:10.1016/j.compositesb.2015.08.040.



Nanomaterials 2022, 12, 537 16 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Isogai, A. Cellulose Nanofibers: Recent Progress and Future Prospects. J. Fiber Sci. Technol. 2020, 76, 310-326, doi:10.2115/fi-
berst.2020-0039.

Wang, J.; Tavakoli, J.; Tang, Y. Bacterial cellulose production, properties and applications with different culture methods — A
review. Carbohydr. Polym. 2019, 219, 63-76, doi:10.1016/j.carbpol.2019.05.008.

Swingler, S.; Gupta, A.; Gibson, H.; Kowalczuk, M.; Heaselgrave, W.; Radecka, I. Recent Advances and Applications of Bacterial
Cellulose in Biomedicine. Polym. 2021, 13, 412, doi:10.3390/polym13030412.

PoddarM.K.; DikshitP.K. Recent development in bacterial cellulose production and synthesis of cellulose based conductive
polymer nanocomposites. Nano Sel. 2021, 2, 1605-1628, doi:10.1002/nano.202100044.

TajimaK.; TaharaK.; Ohba].; KusumotoR.; KoseR.; KonoH.; MatsushimaT.; FushimiK.; IsonoT.; YamamotoT.; et al. Detailed
Structural Analyses of Nanofibrillated Bacterial Cellulose and Its Application as Binder Material for a Display Device. Biom-
acromolecules 2019, 21, 581-588, d0i:10.1021/acs.biomac.9b01328.

TajimaK.; KusumotoR.; KoseR.; KonoH.; MatsushimaT'; IsonoT.; YamamotoT.; SatohT. One-Step Production of Amphiphilic
Nanofibrillated Cellulose Using a Cellulose-Producing Bacterium. Biomacromolecules 2017, 18, 3432-3438, doi:10.1021/acs.bi-
omac.7b01100.

KoseR.; SunagawaN.; YoshidaM.; TajimaK. One-step production of nanofibrillated bacterial cellulose (NFBC) from waste glyc-
erol using Gluconacetobacter intermedius NEDO-01. Cellul. 2013, 20, 2971-2979, doi:10.1007/s10570-013-0050-0.

KonoH.; UnoT.; TsujisakiH.; AnaiH.; KishimotoR.; MatsushimaT.; TajimaK. Nanofibrillated Bacterial Cellulose Surface Modi-
fied with Methyltrimethoxysilane for Fiber-Reinforced Composites. ACS Appl. Nano Mater. 2020, 3, 8232-8241,
d0i:10.1021/acsanm.0c01670.

MissoumK.; BelgacemM.N.; Bras]. Nanofibrillated Cellulose Surface Modification: A Review. Mater. 2013, 6, 1745-1766,
doi:10.3390/ma6051745.

TortorellaS.; BurattiV.V.; MaturiM.; SambriL.; FranchiniM.C.; LocatelliE. Surface-Modified Nanocellulose for Application in
Biomedical Engineering and Nanomedicine: A Review. Int. |. Nanomed. 2020, ume 15, 9909-9937, doi:10.2147/ijn.s266103.
KonoH.; TsukamotoE.; TajimaK. Facile Post-Carboxymethylation of Cellulose Nanofiber Surfaces for Enhanced Water Dispers-
ibility. ACS Omega 2021, 6, 34107-34114, doi:10.1021/acsomega.1c05603.

DelgadoA.H.S.; YoungA.M. Methacrylate peak determination and selection recommendations using ATR-FTIR to investigate
polymerisation of dental methacrylate mixtures. PLoS ONE 2021, 16, €0252999, doi:10.1371/journal.pone.0252999.

KonoH.; YunokiS.; ShikanoT.; FujiwaraM.; ErataT.; TakaiM. CP/MAS 13C NMR Study of Cellulose and Cellulose Derivatives.
1. Complete Assignment of the CP/MAS 13C NMR Spectrum of the Native Cellulose. J. Am. Chem. Soc. 2002, 124, 75067511,
doi:10.1021/ja010704o0.

Ek, S.; liskola, A.E.L; Niinistd, L.; Vaittinen, J.; Pakkanen, T.T.; Root, A. A 29Si and 13C CP/MAS NMR Study on the Surface
Species of Gas-Phase-Deposited y-Aminopropylalkoxysilanes on Heat-Treated Silica. J. Phys. Chem. B 2004, 108, 11454-11463,
doi:10.1021/jp048927z.

Sirovica, S.; Solheim, J.H.; Skoda, M.W.A.; Hirschmug]l, C.J.; Mattson, E.C.; Aboualizadeh, E.; Guo, Y.; Chen, X,; Kohler, A,;
Romanyk, D.L.; et al. Origin of micro-scale heterogeneity in polymerisation of photo-activated resin composites. Nat. Commun.
2020, 11, 1-10, doi:10.1038/s41467-020-15669-z.

Joyee, E.B.; Lu, L.; Pan, Y. Analysis of mechanical behavior of 3D printed heterogeneous particle-polymer composites. Compos.
Part B: Eng. 2019, 173, 106840, doi:10.1016/j.compositesb.2019.05.051.

Johanson, K.; Harper, L.; Johnson, M.; Warrior, N. Heterogeneity of discontinuous carbon fibre composites: Damage initiation
captured by Digital Image Correlation. Compos. Part A: Appl. Sci. Manuf. 2015, 68, 304-312, d0i:10.1016/j.compositesa.2014.10.014.
Bee, S.-L.; Abdullah, M.; Mamat, M.; Sin, L.T.; Hui, D.; Rahmat, A. Characterization of silylated modified clay nanoparticles and
its functionality in PMMA. Compos. Part B: Eng. 2017, 110, 83-95, doi:10.1016/j.compositesb.2016.10.084.

Chaijareenont, P.; Takahashi, H.; Nishiyama, N.; Arksornnukit, M. Effects of silane coupling agents and solutions of different
polarity on PMMA bonding to alumina. Dent. Mater. J. 2012, 31, 610-616, d0i:10.4012/dm;j.2012-040.

Chaijareenont, P.; Takahashi, H.; Nishiyama, N.; Arksornnukit, M. Effect of different amounts of 3-methacryloxypropyltri-
methoxysilane on the flexural properties and wear resistance of alumina reinforced PMMA. Dent. Mater. ]. 2012, 31, 623-628,
doi:10.4012/dmj.2012-056.

Zou, Y.; Zhao, J.; Zhu, J.; Guo, X.; Chen, P.; Duan, G.; Liu, X,; Li, Y. A Mussel-Inspired Polydopamine-Filled Cellulose Aerogel
for Solar-Enabled Water Remediation. ACS Appl. Mater. Interfaces 2021, 13, 7617-7624, doi:10.1021/acsami.0c22584.

Fatima, A.; Yasir, S.; Khan, M.S.; Manan, S.; Ullah, M.W.; Ul-Islam, M. Plant extract-loaded bacterial cellulose composite mem-
brane for potential biomedical applications. J. Bioresour. Bioprod. 2021, 6, 26-32, doi:10.1016/j.jobab.2020.11.002.

Deeksha, B.; Sadanand, V.; Hariram, N.; Rajulu, A.V. Preparation and properties of cellulose nanocomposite fabrics with in situ
generated silver nanoparticles by bioreduction method. J. Bioresour. Bioprod. 2021, 6, 75-81, doi:10.1016/j.jobab.2021.01.003.
Makils, E.; Bimbo, L.M.; Kaasalainen, M.; Herranz, B.; Airaksinen, A.; Heinonen, M.; Kukk, E.; Hirvonen, ]J.T.; Santos, H.A.;
Salonen, J. Amine modification of thermally carbonized porous silicon with silane coupling chemistry. Langmuir 2012, 28, 14045—
14054, doi:10.1021/1a303091k.

Xie, Y.; Hill, C.A.; Xiao, Z.; Militz, H.; Mai, C. Silane coupling agents used for natural fiber/polymer composites: A review.
Compos., Part A: Appl. Sci. Manuf. 2010, 41, 806-819, d0i:10.1016/j.compositesa.2010.03.005.



