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ABSTRACT: In this work, nanocomposites of poly(methyl methacry-
late) (PMMA) with cellulose nanofiber (CNF) were prepared by a
solution casting technique. CNF was modified by propionic anhydride
(PA) to form surface-propionylated CNF (CNFp) to improve its
compatibility with the PMMA matrix. CNF, CNFp, and acetylated CNF
were compared with respect to their influence as fillers in PMMA
composite films by ultraviolet—visible transmittance, haze values, tensile
strength testing, and water contact angle measurement. It was
demonstrated that 1 wt % of CNFp has good compatibility and uniform | Et0€Q  OCOEt
dispersion in the PMMA matrix, as demonstrated by the formation of a
smooth surface composite film with good transparency, enhanced tensile
properties, improved toughness, and lower wettability. Therefore,
PMMA/CNFp composite films have great potential for use in several
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applications such as lightweight transparent materials, window substitutes, and see-through packaging.

1. INTRODUCTION

In recent decades, various transparent polymers such as
poly(methyl methacrylate) (PMMA), polystyrene (PS), and
polycarbonate (PC) have gained attention because of their
excellent optical clarity. As one of the transparent polymers,
PMMA is an important material with good processability that
has been used for several applications such as windows, lenses,
and optical devices. Also, PMMA is often used as a substitute
for glass material because of its high mechanical—dynamical
properties and optical transparency. However, the applications
of PMMA are limited owing to its insufficient mechanical
strength and impact resistance, which limit its efficiency in
engineering applications.l Therefore, some research has been
conducted to overcome these limitations by preparing
composites of PMMA via reinforcement with nanosized and
microsized fibers.”~* Cellulose is a great candidate as a filler to
counter the drawbacks of PMMA due to its high mechanical
strength and biodegradability.®

Then, cellulose has been widely studied for use in
composites and has been incorporated with various polymers
such as polyurethane (PU), poly(e-caprolactone) (PCL),
poly(ethylene glycol) (PEG), PS, and polypropylene
(PP).°~ Many attempts have been made to prepare PMMA
composites with various types of cellulose. For instance, Erbas
Kiziltas et al. prepared PMMA/cellulose composites by varying
the type of cellulose (cellulose nanofiber (CNF), CNC, and
bacterial cellulose (BC)) and studied their effect on the
properties of the composites.'” They managed to slightly
improve the physical properties of PMMA; however, its
transparency was significantly reduced even with the addition
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of a low amount of fillers. In 2017, Anju and Narayanankutty
tried to improve the adhesion of PMMA and microcrystalline
cellulose (MCC) by adding bis-(3-triethoxysilylpropyl)-
tetrasulfide as a coupling agent.'" Due to chemically bonded
PMMA and MCC, the physical properties were greatly
improved; however, they did not mention the optical
properties of the product.

There have been reports that the mechanical properties and
transparency of composite materials can be enhanced with the
introduction of cellulose nanomaterials (CNMs), such as CNF
and cellulose nanowhiskers (CNW), compared to microscale
cellulose.'”"* However, hydrophilic CNMs as fillers aggregate
in the hydrophobic polymer matrix, and then the transparency
of the CNM composite is reduced. Therefore, it is necessary to
overcome these drawbacks by chemically modifying the CNF
itself to obtain new functional groups depending on its
applications."*™"” As an example, in 2015, Dong et al. covered
CNF with surface carboxylic acid groups to improve its
interfacial interaction with the PMMA matrix and produced a
homogeneous dispersion of CNF in toughened PMMA
nanocomposite films.'® However, carboxylate species have
higher interaction with water and easily form hydrogen bond.
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(a) CNF (hydroxyl group)

(b) CNFa (acetyl group)

(c) CNFp (propionyl group)
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Figure 1. Chemical structures of (a) CNF, (b) CNFa, and (c) CNFp.

In other cases, the CNF was surface modified with polymerized
methyl methacrylate (MMA) to prepare homogenized nano-
composite with PMMA."” Acylation is another example of
CNF modification that can alter its hydrophilicity and prevent
the wetting behavior of CNF. Hence, it is expected to improve
compatibility with hydrophobic polymer matrices. In the past
year, research on thermoplasticization and acylation of several
types of cellulose has been widely conducted by numerous
methods, mainly for improving its water repellency without
any specific applications.”’”** However, very limited research
has been reported on using acylated CNF as a reinforcement
material in the PMMA matrix.

In this study, PMMA composites reinforced with surface-
acylated CNF are presented. The objective of this work is to
evaluate the dispersion improvement of CNF in the PMMA
matrix while maintaining its high transparency by surface-
modified CNF. Previously, we demonstrated that poly(lactic
acid) (PLA) composites reinforced with surface-acetylated
CNF (CNFa) show good mechanical strength and trans-
parency due to the improvement of compatibility between PLA
and CNF.”* These results indicated that the acetyl group on
the surface of the CNF improved the compatibility with the
ester, and it is considered that it can be applied to PMMA.
Here, CNFa and surface-propionylated CNFs (CNFp) were
prepared and their dispersibility in PMMA was evaluated
(Figure 1). The PMMA and CNFa composites were also
expected to improve transparency, mechanical strength, and
wettability. Comparing CNF, CNFa, and CNFp, aggregation
was observed in CNF, whereas the dispersibility of CNFa and
CNFp in PMMA was improved by surface modification.
Furthermore, in the comparison between CNFa and CNFp,
the hydrophobicity composites were improved using CNFp
with a long alkyl chain length.

2. RESULTS AND DISCUSSION

2.1. Surface Modifications of CNF. Attenuated total
reflection infrared (ATR-IR) was used to observe the
substitution of acyl/acetyl groups at the hydroxyl groups of
CNF after modification. Figure 2 shows a new peak appearing
at around 1730 cm™' after acylation by IR measurement,
corresponding to the C=0O stretching vibration modes of the
carbonyl group between the CNF and propionic anhydride
(PA). This indicates that the propionyl group from PA is
incorporated into the CNF to become CNFp. Moreover, the
change in the intensity of the carbonyl peaks based on different
reaction times provides some insight into the acylation process.
A longer reaction time produces a higher carbonyl peak
intensity, which demonstrates that the acylation process
increases with the reaction time.

2.2. Degree of Substitutions. Although the specific depth
of modified CNFs is difficult to be acquired, SEM and
electron-dispersive X-ray (EDX) analyses can estimate their
depth. EDX spectroscopy showed a probed depth of 1—3 ym,

Cc=0
stretch,
~1730 cm*!

Abs. intensity (a.u.)

2200 1700 1200 700
Wavenumber (cm-1)

Figure 2. ATR-IR spectra of (a) CNF, (b) CNFp (1 h), (c) CNFp (2
h), and (d) CNFp (4 h).

while the average diameter of our CNF was about 69 + 21
nm.'® EDX indicates the composition of each element and
therefore the degree of substitution (DS) of the CNF and
modified CNF can be calculated. Based on this, the ratios of C
and O of the CNF were 47.3% and 52.7%, respectively. As
shown in Table 1, the CNF mass ratio from our study was very

Table 1. DS of CNFp Based on Reaction Time

mass concentration

(%)
species C (¢} ratio (C:0) modify % (DS)
CNF 47.7 52.3 091 0 (0)
CNFa 49.7 50.3 0.99 29.4 (0.88)"
CNFp (1 h) 512 48.8 1.05 20.8 (0.62)
CNFp (2 h) 52.5 47.5 111 30.7 (0.92)
CNFp (4 h) 55.0 45.0 1.22 51.8 (1.55)

“DS of CNFa is calculated using different equations due to its
different molecular weights.

close to the theoretical value. Therefore, the results are
significant for use in this study. After acylation, the ratio of C
increased with an increase in the reaction time. The results
showed that 51.8% acylation occurred with a DS of 1.55 after 4
h of the reaction time. There was an approximately 21.1%
increase in acylation compared to that after 2 h of the reaction
time. As expected, the 1 h reaction time had a lower DS (0.62),
with only 20.8% of acylation occurring. The EDX results
further confirm that the propionyl group was chemically
bonded on the CNF and that the acylation increased with the
reaction time.

2.3. Morphologies of PMMA Composites. CNF fillers
resulted in different physical properties for the PMMA matrix
in comparison with CNFa and CNFp fillers, especially on the
surface, because of the differences in their compatibility. As
shown in Figure 3a, the PMMA/CNF composite film has a
rough surface, and it is clear that CNF fillers cause
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Figure 3. SEM images of (a) PMMA/CNF, (b) PMMA/CNFa, (c)
PMMA/CNFpl, and (d) PMMA/CNFp2 composite films.

agglomeration on/in the PMMA matrix. Hence, the PMMA/
CNF composite film shows a lumpy surface with clear white
agglomerations. In contrast, the PMMA/CNFa composite film
(Figure 3b) exhibits a flat and smooth surface, similar to that
found in the PMMA/CNFp composite films with 1 wt %
(Figure 3c) and 2 wt % (Figure 3d) CNFp. CNFa and CNFp
were expected to have higher compatibility with PMMA owing
to their hydrophobicity, while the hydrophilic CNF was
expected to have less compatibility with PMMA. The scanning
electron microscopy (SEM) images show that the CNFp filler
is scattered on the surface but barely observed in the PMMA/
CNFpl composite film. This indicates that the compatibility
between the PMMA matrix and CNFp filler is improved. The 2
wt % CNFp is more observable, mainly due to its higher
concentration, which led to the agglomeration of the filler.
Likewise, the CNFa filler scattered on the PMMA matrix is
difficult to see in the PMMA/CNFa composite film. These
results demonstrate that acetylation and acylation can change
the compatibility of CNFs with the PMMA matrix. Thus, the
agglomeration of CNFs can be avoided using CNFa or CNFp
instead of unmodified CNFs.

2.4. Optical Transmittances of PMMA Composites.
Figure 4 shows the photographs of PMMA composite films
with different concentrations and types of fillers. The patterns
in the background can be observed clearly through the films,
demonstrating that all films maintain the transparency of
PMMA. However, the black-colored background clearly shows
the white agglomeration of CNF fillers on the PMMA/CNF
composite film (Figure 4b). Agglomeration of CNFa and
CNFp in the matrix was confirmed to be minimal as the black
background can still be observed clearly without any
precipitation of fillers. Some white agglomerations observed
on the PMMA/CNFp2 composite film (Figure 4e) are due to
the high concentration of the CNFp filler. As previously
mentioned, CNFa and CNFp have high compatibility with
PMMA because of their similar hydrophobicity. For this
reason, the PMMA/CNFa and PMMA/CNFp composite films
have better transparency compared to the PMMA/CNF
composite film.

2.5. Light Transmittances of PMMA Composites.
Ultraviolet—visible (UV—vis) spectroscopy was carried out to
compare the transparency among PMMA composite films by
calculating the percentage of UV—vis transmittance. The
transmittance spectra of PMMA composite films in the visible
wavelength region (400—800 nm) are shown in Figure S. The
average transmittance values, summarized in Table 2, were
used as relative values for comparison. The neat PMMA film
shows 79.6% transmittance, which is the highest among all the
PMMA composite films. The heterogeneous nature of the
PMMA/CNF composites reduces their transmittance to
66.2%, lower because of agglomeration, which results in the
diffraction and scattering of light during UV—vis analysis. The
composite films of PMMA with modified CNF fillers have
better transmittances of 73.5% (CNFa), 71.6% (1 wt %
CNFp), and 69.9% (2 wt % CNFp). These results can be

Figure 4. Photographs of (a) neat PMMA, (b) PMMA/CNF, (c¢) PMMA/CNFa, (d) PMMA/CNFpl, and (e) PMMA/CNFp2 composite films.
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Figure 5. UV—vis transmittance of PMMA composite films.

attributed to the better and uniform dispersion of the modified
CNF in the PMMA matrix instead of the unmodified CNF.

2.6. Haze Transmittances of PMMA Composites. Table
2 summarizes the haze values, including the intensities of the
whole transmitted light (T.T.) and parallel light (P.T.) of the
PMMA composite films. Neat PMMA gave the lowest haze
value among the films at 8.39%. After the addition of CNF
fillers, the haze value increased to 25.5%. This is because the
CNF fibers agglomerate during the composite film preparation,
increasing the amount of reflected and scattered light. In
comparison with the PMMA/CNF composite film, the haze
values of the PMMA/CNFp composite films significantly
decrease to 16.7% and 16.1% for 1 wt % and 2 wt % of CNFp,
respectively. The compatibility and dispersion of the CNFp
filler in the PMMA matrix are the key factors for achieving a
lower haze value compared to the PMMA/CNF composite
films. The PMMA/CNFa composite film shows a slightly
lower haze value of 15.5% due to its better transparency. The
film thickness was calculated to confirm its effect on the optical
properties of the films. The results in Table 2 clearly show that
thickness had no significant impact on the UV—vis trans-
mittances or haze values.

2.7. Mechanical Properties of PMMA Composites.
Table 3 shows the mechanical property values of the films,
which are obtained from stress—strain curves (Figure S3). The
neat PMMA film exhibits a tensile strength of 33.1 & 0.5 MPa,
and the CNF in the PMMA matrix does not cause any increase
in tensile strength. The PMMA/CNF composite film’s tensile
strength is 31.3 + 10.5 MPa owing to the incompatibility of
PMMA and CNF, also indicated by the large standard
deviation value. Certain regions in the film had lower tensile
strength than neat PMMA, while other areas had higher values,
confirming the inhomogeneity of the CNF in the PMMA
matrix. In contrast, CNFa and CNFp in the PMMA matrix
show an increase of approximately 20—28% compared to the
neat PMMA because of better compatibility between the
components. The tensile strength values for PMMA/CNFa,

PMMA/CNFpl, and PMMA/CNFp2 are 40.0 + 7.7, 41.2 +
2.9, and 42.3 + 5.9 MPa, respectively. It is interesting to note
that the tensile strength is increased slightly when CNFp2 is
added compared to PMMA/CNFpl. This is because the
higher concentration of CNFp leads to inhomogeneity of the
filler with the PMMA matrix. Therefore, the increment
recorded in PMMA/CNFp2 is lower by the less uniformity
of the matrix and filler. In general, the product of solution
casting possesses lower tensile strength compared to the melt
blend method, which explains why the tensile strength of
PMMA in this research is lower than that of pure
commercialized or industriall PMMA.”* The neat PMMA
exhibits Young’s modulus of 0.89 + 0.13 GPa. Based on the
same reason as that for tensile strength, the addition of the
CNF filler slightly reduces the modulus to 0.85 + 0.09 GPa,
while CNFa and CNFp fillers enhance the modulus to 1.04 +
0.03 and 1.26 + 0.07 GPa, respectively. As for the strain to
failure, the PMMA composite films show no significant
difference in the strain percentage for all films, which ranges
from 3.5% to 4.4% with a standard deviation of 0.2—1.0.
Furthermore, the toughness of the neat PMMA film seems to
increase by 78% when CNFa was added as a filler. PMMA/
CNFpl and PMMA/CNFp2 composite films recorded an
increment of 62% and 121%, respectively. It was proven that
the compatibility of modified CNFs with the PMMA matrix
leads to the increment of PMMA'’s toughness. However, the
PMMA matrix with unmodified CNF fillers has no significant
improvement in toughness.

2.8. Wettability of PMMA Composites. As summarized
in Table 4, neat PMMA shows an average water contact angle
(WCA) of 83.0°, whereas those of the PMMA/CNF
composite film are 81.2°. It was demonstrated that CNF
fillers have higher wettability due to CNF hydrophilicity.
However, the CNFa and CNFp fillers have higher WCAs of
84.1°, 85.3°, and 86.2° for PMMA/CNFa, PMMA/CNFpl,
and PMMA/CNFp2 composite films, respectively. These
observations are attributed to a change from the hydrophilic

Table 2. Haze Values, Average Thickness, and Transmittances of PMMA Composite Films

composite films transmitted light, T.T. (%) parallel light, P.T. (%)

Neat PMMA 91.9 83.7
PMMA/CNF 88.5 66.0
PMMA/CNFa 90.2 76.2
PMMA/CNEFpl 90.2 75.2
PMMA/CNFp2 90.3 75.7

10755

haze values (%) average thickness (um) average transmittance (%)

8.9 235 79.6
28.5 194 66.2
158.5 189 73.5
16.7 206 71.6
16.1 203 69.9
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Table 4. Wettability of PMMA Composite Films

composite films water contact angle (degree)

neat PMMA 83.0 + 0.7
PMMA/CNF 812 + 0.9
PMMA/CNFa 84.1 + 34
PMMA/CNFpl 853 + 0.4
PMMA/CNFp2 86.2 + 1.0

CNEF to the hydrophobic CNFa and CNFp. The substitution
of acetyl and propionyl groups at the hydroxyl groups of the
CNF is the main reason for this hydrophobicity. Hydrogen
bonding of the CNF is reduced and hydroxyl groups are
substituted by hydrophobic acetyl and propionyl groups.
Therefore, the wettability of PMMA composite films can also
be reduced by introducing hydrophobized CNF instead of
unmodified CNF fillers. CNFp fillers provided slightly higher
hydrophobicity than CNFa because the alkyl chain is slightly
longer in the propionyl group of CNFp than in the acetyl
group of CNFa, which slightly improves the hydrophobicity.

3. CONCLUSIONS

CNF was successfully modified into CNFp by substituting the
hydroxyl group of CNF for a propionyl group from PA. By
increasing the reaction time to 4 h, the DS of CNFp was
improved to a value of 1.55 (51.8% acylation). PMMA
composite films with CNF, CNFp, and CNFa as fillers were
successfully fabricated by the solution casting technique.
Comparison of transparency between composites with fillers
showed that CNFp and CNFa have better compatibility with
the PMMA matrix. The results obtained from images, UV—vis
transmittance, and haze values confirmed that the PMMA
matrix transparency was maintained. In comparison with neat
PMMA and PMMA/CNF composite films, the mechanical
properties of PMMA/CNFa and PMMA/CNFp were
enhanced. The uniform dispersion of the CNFp and CNFa
in the PMMA matrix is a key factor for this enhancement.
Furthermore, the wettability of the PMMA composite films
was reduced by the introduction of CNFp, resulting in a higher
WCA for the PMMA/CNFp composite films. In general, the
influence of CNFp and CNFa as fillers on the PMMA matrix
was not very different and the transparency of the PMMA/
CNFp composite films was slightly lower. Meanwhile, its
mechanical and wettability properties were slightly enhanced
compared to those of the PMMA/CNFa composite film. In
conclusion, the incorporation of CNFp with PMMA improved
the properties of the composite films, including transparency
(compared with PMMA/CNF composite film), better
mechanical properties, and lower wettability. Therefore, these
newly developed PMMA composite films with PA-modified
CNFs can serve as promising transparent reinforced plastic
nanomaterials.

4. EXPERIMENTAL SECTION

4.1. Materials. MCC was obtained from Merck Japan Ltd.
(Tokyo, Japan). N,N-Dimethylformamide (DMF) was pur-
chased from Kanto Chemical (Tokyo, Japan). PA, acetic
anhydride (AA), chloroform >99.0%, and acetone >99.0%
were obtained from Wako Pure Chemical Industries (Osaka,
Japan) and used without treatment. PMMA (M,, = 125,000)
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Water was treated using a model III instrument from Organo

Corporation (Tokyo, Japan) to produce deionized water (DI-
H,0).

4.2. Fibrillation of MCC. Fibrillation of MCC was
conducted using a stone grinding machine (Masuko Sangyo,
Saitama, Japan) without other chemical treatments. Details on
the fibrillation of MCC to form CNFs are reported in our
previous work.'® Briefly, MCC (40 g) was soaked and stirred
in water for 2 days to produce a suspension of 2 wt % MCC.
Then, the MCC suspension was ground at 1500 rpm for five
cycles with a stone grinder grit size of 80 (ultrafine). MCC
automatically exited the chute as the fiber size decreased, in the
form of CNF. Each cycle was repeated when the hopper was
almost empty by transferring the product of the previous cycle
back into the hopper. After five cycles, the suspension of CNF
(1.57 wt %) in water was stored in a glass bottle and kept in a
refrigerator (<4 °C).

4.3. Surface Modification of CNF. First, 0.81 g of CNF in
water (1.57 wt %) was homogenized with 80 mL of DMF. The
CNF suspension in this mixed solvent was transferred to a
rotary evaporator to remove the water from the system. The
mixture was then transferred into a round-bottomed flask
connected to a reflux condenser, on a hotplate heated to 110
°C using silicon oil, and simultaneously, PA (0.5 mol) was
added. The acylation reaction time was varied from 1 to 4 h to
study the acylation process. Then, the solution was quenched
in an ice bath followed by the addition of acetone (50 mL).
The solution was then centrifuged and washed several times
with acetone to remove unreacted chemicals and DMF.
Finally, the medium was exchanged with chloroform to obtain
CNFp in chloroform. The products were stored in a
refrigerator (<4 °C) before the preparation of the PMMA
composite films. For CNFa, PA was substituted with AA and
the acetylation process duration was fixed at 4 h.

4.4, Preparation of PMMA Composites. The solution
casting method was used to prepare PMMA composites. First,
a dispersion of CNF, CNFa, or CNFp in chloroform (0.02 g or
0.04 g of solid content for 1 wt % or 2 wt %, respectively) was
poured into a beaker, and chloroform was added to reach 50 g
in total weight. Next, 2 g of PMMA were added and the
mixture was stirred for 1 h at room temperature. The mixture
was then poured into a Petri dish and left overnight in a
bioshaker at 25 rpm and 40 °C to evaporate the chloroform.
The samples were denoted as neat PMMA (without filler),
PMMA/CNF, PMMA/CNFp, and PMMA/CNFa composite
films. Throughout this study, CNFp and CNFa with a 4 h
reaction time were used as fillers. Also, preparation of the film
using CNF without the PMMA matrix will form fiber
aggregates, instead of a film due to the incompatibility between
CNF and chloroform.

4.5. Characterizations. An ATR-IR instrument (iD5
ATR, Thermo Scientific, Waltham, MA, USA) was used to
observe functional groups after modification. EDX spectros-
copy was carried out to calculate the DS of CNFp produced
using a Miniscope TM3000/SwiftED3000, Hitachi, Tokyo,
Japan. For the DS calculation in this research, C and O
elements, but not H, were included. After acylation, the mass
ratio of C was expected to increase relative to O due to
increased C species from the propionyl groups that substitute
for H in the hydroxyl groups of CNF (Figure S1). Equations 1
and 2 were derived and further used for the calculations:

A= 200(10B — 9)
"~ 3(9 — 4B) (1)
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where A is the percentage of acylation (%) and B is the mass
ratio of C to O (C:O) for CNFp. The derivations for eqs 1 and
2 are shown in eq S1. The morphology of the PMMA
composite films was observed with an SEM instrument
(SU3500, Hitachi, Tokyo, Japan) using an Au—Pd sputter to
increase the sample’s surface conductivity. The samples were
cut and attached to circular SEM plates (25 cm). For surface
morphology, magnification at 100X (500 pm scale) was used
to provide a wide area of the film’s surface. The transmittance
of the composite films was determined using a UV-—vis
spectrophotometer (U-2810 spectrophotometer, Hitachi,
Tokyo, Japan) in the visible region (200—800 nm) scanned
at a rate of 800 nm/min. A haze meter (NDH 4000, Nippon
Denshoku) was employed to calculate the haze values of the
PMMA composite films. The haze value was measured using
eq 3:
T.T. — P.T.
Haze = ——— X 100
T.T. &)
The mechanical properties of the composite films were
investigated using a universal testing machine (EZ Graph,
Shimadzu, Kyoto, Japan) following the JIS K6251-8 standard.
Each sample was cut into dumbbell shapes for at least five tests
and dried in an oven at 80 °C before analysis to remove any
remaining solvent and moisture. The crosshead speed was 50
mm/min with a load cell of 100 N. Tensile toughness was also
measured by calculating the area under stress—strain curves
(Figure S3). The wettability of the films was studied with a
WCA test using a Drop Master DM300, Kyowa Interface
Science, Tokyo, Japan, with the FAMAS basic software. Each
sample was dried in an oven at 80 °C before analysis, measured
for at least six specimens, and four of the least deviated values
were used to calculate the average WCA.
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