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Abstract

An acylation reaction was performed on the crystalline surface of cellulose in a composite
consisting of microfibrillated cellulose (MFC) and hydroxyapatite (HAP) with an inorganic
weight fraction of 68%. The composite was acylated using acetic anhydride, propanoic
anhydride, and butanoic anhydride in pyridine in the presence of potassium carbonate at
120 ◦C for 1 h. The formation of ester linkages was confirmed by infrared spectroscopy, and
X-ray diffraction analysis showed that the crystalline structure of cellulose was retained after
acylation. From the intensity of the carbonyl stretching vibration in the infrared spectra, the
degree of substitution of the acetylated sample was estimated to be approximately 0.2. The
acylated MFC–HAP composites were uniaxially hot-pressed at 120 ◦C and 300 MPa, and
the resulting molded specimens were subjected to three-point bending tests. A yield point
appeared at a bending strain of 1.1–1.4%, followed by plastic deformation and final fracture,
indicating that they exhibited ductile fracture. The elastic moduli were 5.9 GPa (acetyl),
7.6 GPa (propanoyl), 7.4 GPa (butanoyl), 3.6 GPa (hexanoyl), and 7.1 GPa (before acylation),
indicating that acyl groups with medium chain lengths did not reduce the rigidity of the
composites. When the molded specimens were immersed in water at room temperature for
24 h, the water absorption ratios were 29% (acetyl), 24% (propanoyl), 17% (butanoyl), and
18% (hexanoyl), demonstrating that water resistance improved with increasing acyl chain
length. In summary, propanoylation and butanoylation improved the water resistance of
the composites without compromising their rigidity in the dry state.

Keywords: hydroxyapatite; cellulose; mechanical properties; water resistance; porosity;
acylation

1. Introduction
Bioceramics such as bone and teeth possess characteristic properties including light

weight, high stiffness, high toughness, and low environmental impact [1–9]. The mechanical
properties of bone span a wide range, from 2 to 35 GPa for elastic modulus, from 30 to
320 MPa for bending strength [10–13], and from 200 to 6200 J/m2 for work of fracture [14].
However, no method has yet been established to synthesize materials with performance
comparable to bioceramics on a large scale. Bone is a composite consisting of approximately
70 wt% carbonate apatite, 20 wt% collagen, and 10 wt% water [15–18]. Collagen is a protein,
and its use in large quantities as a structural material is costly. If cellulose, a biomass-
derived material, could be used in place of collagen, it would represent a step toward the
development of practically applicable materials [19–22].
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Composites of microfibrillated cellulose (MFC) and hydroxyapatite (HAP), prepared
via the crystallization of hydroxyapatite in an aqueous dispersion of microfibrillated cellu-
lose, exhibited elastic moduli of 7.0–8.7 GPa, bending strengths of 60–98 MPa and work of
fracture values of 227–560 J/m2. The composites contained 42–62 wt% of HAP. Within this
range of inorganic weight fraction, an increase in the inorganic content resulted in a higher
elastic modulus and a lower work of fracture. It demonstrates that stiffness and toughness
are mutually incompatible, such that improving one property necessarily entails a com-
promise in the other. Another notable characteristic of the composites of MFC and HAP is
that they do not undergo brittle fracture. The fracture surfaces of molded composites of
hydroxyapatite with starch [23], carboxymethyl cellulose [24], and poly(vinyl alcohol) [25]
observed in bending tests were smooth, indicating brittle fracture behavior. Composites
with TEMPO-oxidized cellulose nanofibers likewise fractured in a brittle manner when the
nanofibers were well dispersed, whereas composites prepared from partially aggregated
nanofibers did not exhibit brittle fracture [26]. These results indicate that when the organic
phase possesses a fibrous structure at the micrometer to nanometer scale, mechanical energy
can be efficiently absorbed, thereby suppressing brittle fracture.

One of the issues of the composites of MFC-HAP is that the composites adsorbed a
significant amount of water when immersed in water, and the compacts lost rigidity and
cannot retain their shape. Water absorption in the composites is considered to occur through
several pathways, including absorption into the voids between hydroxyapatite particles
and cellulose particles, absorption by the cellulose phase, and adsorption at the interfaces
between cellulose and hydroxyapatite. Masuhara and coworkers reported that the CNC–
HAP composite becomes hydrophobic upon the addition of chitosan [27]. Extensive studies
have been conducted on the hydrophobization of cellulose [28,29], and hydrophobizing
cellulose within a composite may improve the water resistance of the composite material. It
was demonstrated that acylation of the cellulose nanofibers–HAP [30] and starch–HAP [31]
composites with vinyl carboxylates [32] imparted hydrophobicity and improved their
water resistance. In the study, we found that choice of the acyl groups affected water
resistance and rigidity of the composites: upon the introduction of aliphatic acyl groups,
increasing the acyl chain length improves water resistance, while reducing the rigidity
of the composites [30,31]. In this paper, we attempted to clarify the effects of the chain
length of linear aliphatic acyl groups on the mechanical properties and water resistance
of the composites. We also reported that benzoylation of MFC-HAP with vinyl benzoate
afforded water-resistant and rigid composites, which exhibited ductile fracture [33]. The
reaction temperature above 110 ◦C was necessary to sufficiently benzoylate the composite.
Because of the elevated reaction temperature, the application of this reaction to short-chain
vinyl carboxylates with low boiling points presents significant challenges, particularly
in large-scale operations. Therefore, the exploration of alternative acylating agents is
highly desirable. Acylation of cellulose with carboxylic anhydrides is a well-studied
reaction [34–41]. The boiling points of acetic anhydride and propanoic anhydride are 140 ◦C
and 168 ◦C, respectively, much higher than vinyl acetate (72 ◦C) and vinyl propanoate
(95 ◦C), allowing reactions to be conducted at higher temperatures. In this paper we
performed acylation of microfibrillated cellulose–hydroxyapatite composites with acid
anhydrides with short-chain acyl groups. We investigated the effects of acyl chain lengths
on the stiffness and water resistance of the resulting composites.

2. Experiment
2.1. Materials and Instrumentation

Microfibrillated cellulose, 10 wt% in water, Celish KY100G, was provided by Daicel
Corporation, Tokyo, Japan. Calcium chloride dihydrate, disodium hydrogen phosphate,
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sodium hydroxide, acetic anhydride, methanol, pyridine, and acetone were purchased
from FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan. Propanoic anhydride,
butanoic anhydride, and vinyl hexanoate were purchased from Tokyo Chemical Industry,
Co., Ltd., Tokyo, Japan.

Thermogravimetric and differential thermal analysis (TG-DTA) was performed with a
Shimadzu DTA-60 thermal analysis instrument (Kyoto, Japan). The sample was heated in
an alumina pan from 30 ◦C to 100 ◦C at a rate of 20 ◦C/min, kept at 100 ◦C for 10 min, heated
to 1000 ◦C at a rate of 20 ◦C/min, and kept at 1000 ◦C for 10 min. Powder X-ray diffraction
(XRD) of the composite powder was recorded on a Rigaku SmartLab diffractometer (Tokyo,
Japan) with Cu-Kα radiation. Fourier transform infrared (FT-IR) spectra were recorded as
KBr pellets on a JASCO FT/IR-4600 spectrophotometer (Tokyo, Japan). Scanning electron
microscopy (SEM) observations and energy dispersive X-ray spectroscopy (EDS) were
carried out with a Hitachi TM3030Plus microscope (Tokyo, Japan). Three-point bending
test was carried out using a bending testing machine MZ-603, Maruto Instrument Co., Ltd.,
Tokyo, Japan.

2.2. Preparation of MFC-HAP with a Feed Weight Ratio of 30:70 (MFC:HAP)

An aqueous dispersion of 10 wt% MFC 23.3 g was placed in a 500 mL Erlenmeyer flask,
and 0.2 M Na2HPO4 (162 mL) and 1 M NaOH (43.57 mL) was added. The dispersion was
stirred at 50 ◦C for 15 min and at 70 ◦C for 15 min. Then 0.2 M CaCl2 270.4 mL was added
dropwise at 70 ◦C, and the mixture was stirred for 1 h at 70 ◦C. The reaction mixture was
cooled to room temperature and the white powder was collected by suction filtration. The
powder was washed with acetone (200 mL), water-acetone (1:1, v/v, 1 L) and acetone (1 L).
The composite powder was dried in vacuo at 50 ◦C for 2 h, and pulverized in a mortar.

2.3. Acetylation of the MFC-HAP Composite

The MFC-HAP composite powder (1.5 g), K2CO3 (13.8 g), acetic anhydride (2.36 mL),
and pyridine (50 mL) were placed in a round bottom flask and heated at 120 ◦C for 1 h.
After the mixture was cooled to room temperature, the powder was collected by suction
filtration, and washed with acetone (400 mL). The powder was washed with water until the
filtrate was at a neutral pH. The powder was dried in vacuo at 50 ◦C for 2 h, and pulverized
in a mortar.

2.4. Propanoylation of the MFC-HAP Composite

The MFC-HAP composite powder (1.5 g), K2CO3 (13.8 g), propanoic anhydride
(3.22 mL), and pyridine (50 mL) were placed in a round bottom flask and heated at 120 ◦C
for 1 h. After the mixture was cooled to room temperature, the powder was collected by
suction filtration, and washed with acetone (400 mL). The powder was washed with water
until the filtrate was at a neutral pH. The powder was dried in vacuo at 50 ◦C for 2 h, and
pulverized in a mortar.

2.5. Butanoylation of the MFC-HAP Composite

The MFC-HAP composite powder (1.5 g), K2CO3 (13.8 g), butanoic anhydride
(4.07 mL), and pyridine (50 mL) were placed in a round bottom flask and heated at 120 ◦C
for 1 h. After the mixture was cooled to room temperature, the powder was collected by
suction filtration, and washed with acetone (400 mL). The powder was washed with water
until the filtrate was at a neutral pH. The powder was dried in vacuo at 50 ◦C for 2 h, and
pulverized in a mortar.
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2.6. Hexanoylation of the MFC-HAP Composite with Vinyl Hexanoate

The MFC-HAP composite powder (1.5 g), K2CO3 (0.5 g), vinyl hexanoate (1.98 mL),
and DMF (50 mL) were placed in a round bottom flask and heated at 100 ◦C for 4 h. After
the mixture was cooled to room temperature, the powder was collected by suction filtration,
and washed with methanol (1 L). The powder was dried in vacuo at 80 ◦C for 2 h, and
pulverized in a mortar.

2.7. Inorganic Contents of the Composite

To determine the inorganic contents (IC) of the composites, the composite powder was
subjected to TG-DTA analysis. The sample was heated in an alumina pan in air from room
temperature to 100 ◦C at a rate of 20 ◦C/min, kept at 100 ◦C for 10 min, heated to 1000 ◦C
at a rate of 20 ◦C/min, and kept at 1000 ◦C for 10 min. The sample was cooled to 100 ◦C at
a rate of 100 ◦C/min. The weight% of inorganic components was calculated as a ratio of
the final weight to that at 100 ◦C in the first heating.

2.8. Densification of the Acylated MFC-HAP Composite Powder and Three-Point Bending Test

The acylated MFC-HAP composite powder was placed in a tungsten carbide mold
of 4 mm × 13 mm, and uniaxially pressed at 300 MPa at 120 ◦C for 5 min to obtain the
molded composites of 4 mm × 13 mm × 1.5–1.8 mm. The bulk density of the compacts
(dbulk) was determined from the ratio of the sample weight to the volume of the rectan-
gular parallelepiped. A three-point bending test was conducted immediately after the
compression molding process. The load is applied to the sample with a cross-head speed
of 0.5 mm/min. Stress P was calculated by

P =
3FL
2wt2 (1)

where F is the load (N), L is the length between the supporting points (8 mm), w is the
breadth (4 mm) and t is the thickness (1.5–1.8 mm) of the specimen. Strain ε was calculated
according to

ε =
6ts
L2 (2)

where s (m) is the displacement of the crosshead. Bending elastic modulus, Eb, was
calculated from the slope of the stress–strain line according to

Eb =
∆P
∆ε

(3)

The work of fracture [42] of the composite (Wf) was measured by determining the area
under the load (F)-displacement (s) curve and dividing by the area of the fracture surface
using the following equation.

W f =
1

wt

∫ ∞

0
Fds =

L
9

∫ ∞

0
Pdε (4)

The work required to reach the yield point (W′
f) was determined using the

following equation.

W ′
f =

1
wt

∫ sb

0
Fds =

L
9

∫ εb

0
Pdε (5)

where sb and εb represent the displacement and strain at the yield point, respectively.
The mechanical properties were generally presented as the mean values and standard

errors of the mean obtained from three to four measurements. Although the L/t ratio was
smaller than the value of 15 recommended for a standard three-point bending test, bending
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tests of specimens with a molded thickness of 0.5 mm could not be performed successfully
using our apparatus, owing to a relatively large strain at the yield point.

2.9. Porosity of the Molded Composite

The molded composite was assumed to consist of pores with a volume fraction of ϕ

and composite particles with a volume fraction of 1 − ϕ. The porosity, ϕ, was determined
as follows. Let dbulk denote the density of the molded body and dmax the maximum density
of a hypothetical fully dense body without pores. For a molded body with a unit volume,
its mass is given by (1 − ϕ) dmax. Accordingly, dbulk can be expressed in terms of dmax and
the porosity ϕ as

dbulk = (1 −∅)dmax (6)

By rearranging this equation, the porosity can be expressed as

∅ =

(
1 − dbulk

dmax

)
(7)

The density of the hypothetical pore-free composite, dmax, was determined based
on the following assumptions. Let χ be the volume fraction of HAP in the composite
particle and (1 − χ) the volume fraction of cellulose. Let dHAP denote the density of HAP
(3.16 g/cm3) and dcellulose the density of cellulose (1.63 g/cm3). In a composite with a
unit volume, the mass of HAP is χdHAP, and the mass of cellulose is (1 − χ) dcellulose. The
total mass of the composite is therefore given by χ dHAP + (1 − χ) dcellulose, and hence the
maximum theoretical density without pores is expressed as

dmax = χdHAP + (1 − χ)dcellulose (8)

On the other hand, the inorganic weight fraction of the composite, IC, is given by

IC =
χdHAP

χdHAP + (1 − χ)dcellulose
(9)

By eliminating χ from these two equations, the maximum density can be expressed as

dmax =
dHAP dcellulose

dHAP(1 − IC) + dcellulose IC
(10)

The value of IC was obtained from thermogravimetric analysis of the acylated samples,
and the maximum density was calculated using Equation (10).

2.10. Water Absorption Ratio

The potential water adsorption sites in the composite are considered to be: (1) the
pore regions of the composite, (2) the cellulose phase, (3) the HAP phase, and (4) the
interfacial regions between cellulose and HAP. The water absorption ratio, assuming that
water adsorption occurs exclusively within the pores of the composite, was estimated as
follows. We assumed that water penetrates only into the pores, that no water is absorbed
by the composite particles themselves, and that the porosity does not change upon water
immersion. Under these assumptions, the water absorption ratio, ∆w/w (pore), can be
determined as follows. Assuming that the volume of the molded body is unity, the mass
of the dry specimen is equal to dbulk. When the specimen is immersed in water and the
pores are completely filled with water, the pore volume is equal to the porosity ϕ, and the
mass of absorbed water is given by ϕdwater, where dwater (1.0 g/cm3) is the density of water.
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Since the water absorption ratio is defined as the mass of absorbed water divided by the
mass of the dry specimen,

∆w
w

(pore) =
∅dwater

dbulk
(11)

By substituting the expression for porosity Equation (7), the water absorption ratio
can also be expressed as

∆w
w

(pore) =
(

1
dbulk

− 1
dmax

)
dwater (12)

3. Results and Discussion
3.1. Preparation of MFC-HAP Composite and Acylation

The composites of MFC and HAP were prepared by the crystallization of hydroxyap-
atite in an alkaline aqueous dispersion of MFC at 70 ◦C [43]. The inorganic content of the
composite determined by thermogravimetric analysis was 68 wt%. The MFC-HAP com-
posite powder was acylated using acetic anhydride, propanoic anhydride, and butanoic
anhydride at 120 ◦C for 1 h in pyridine in the presence of K2CO3 (Scheme 1). Hexanoylation
was performed with vinyl hexanoate at 100 ◦C for 4 h in DMF. The inorganic contents of
the acylated composites were 58 (acetylated), 62 (propanoylated), 64 (butanoylated), and
54 wt% (hexanoylated), showing that the fraction of the organic phase increased owing to
acylation. As shown in Figure 1, IR spectra of the acylated composites showed the ester
carbonyl stretching at 1746 (acetylated), 1747 (propanoylated), 1744 (butanoylated), and
1741 cm−1 (hexanoylated). The acetylated composite showed the characteristic ester C-O
stretching at 1246 cm−1 and the methyl in-plane bending at 1374 cm−1. They also exhibited
characteristic signals of HAP, the O-P-O bending vibrations at 604 cm−1 and 564 cm−1 and
the OH libration mode at 638 cm−1 (shoulder). The degree of substitution of acetyl groups
was estimated to be 0.2 from the ratio of absorbance at 1747 cm−1 to that of 3400 cm−1 ac-
cording to Hurtubise [44]. Based on the absorbance of the carbonyl stretching vibration, the
degrees of substitution of the propanoylated, butanoylated, and hexanoylated composites
were estimated to be 0.24, 0.37, and 0.04, respectively (see supporting information).

Scheme 1. Acylation of MFC-HAP composites with carboxylic anhydrides and vinyl hexanoate.

X-ray diffraction patterns of the acylated MFC-HAP composites are shown in Figure 2.
The diffraction peak at 22.7◦ 2θ (200), which was also observed in the starting MFC, is
attributed to the cellulose I crystal structure. The peak at 21.7◦ 2θ [(200), (1–10)] was also
observed as a minor peak for acetylated, propanoylated and butanoylated composites,
indicating that some crystalline region was transformed into the cellulose III phase upon
acylation [45]. The diffraction peaks of HAP were also observed to be sharp, and the
diffraction pattern was almost unchanged compared with that before acylation (Figure S1),
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indicating that acylation using carboxylic anhydrides caused little to no decomposition of
the HAP crystals or reduction in their crystallinity.

Figure 1. IR spectra of acylated MFC-HAP composites. The absorbance was normalized so that the
intensity of the O–P–O bending vibration of hydroxyapatite at 564 cm−1 was set to unity.

Figure 2. Powder X-ray diffraction patterns of acylated MFC-HAP composites. The major peaks of
HAP are indexed.

3.2. Densification of the Composites and Three-Point Bending Test

The composite powder was uniaxially pressed at 120 ◦C at 300 MPa to prepare the
compacts for a three-point bending test. Representative stress–strain curves are shown
in Figure 3. All composites showed a yield point at the strain of ca. 1%, and after the
yield point plastic deformation followed, and the stress gradually decreased to zero. These
stress–strain curves indicate that the composites are not fragile but ductile. The mechanical
properties are summarized in Table 1. In Figure 4 shows the relationship between elastic
modulus and work of fracture versus the number of carbon atoms in the acyl groups. The
elastic moduli of the acetylated and hexanoylated composites were smaller than that of the
unacylated MFC-HAP composite (7.1 GPa), whereas the elastic moduli of the propanoylated
and butanoylated composites were larger. In general, acylation is expected to reduce
the elastic modulus because the inorganic weight fraction decreases upon modification;
however, we demonstrated that the introduction of acyl groups with intermediate chain
lengths does not necessarily lead to a reduction in elastic modulus. Because both the
cellulose and the hydroxyapatite constituting this composite are intrinsically rigid, it is
possible that flexible acyl groups with an appropriate chain length fill the interfacial region
between the rigid organic and inorganic phases, thereby enhancing the overall stiffness of
the composite. Work of fracture of the butanoylated and propanoylated composites were
larger than acetylated and hexanoylated composites, showing that propanoylation and
butanoylation improved toughness of the composite.
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Figure 3. Stress–strain curves of three-point bending test of acetylated MFC-HAP, propanoylated
MFC-HAP, and butanoylated MFC-HAP. To confirm reproducibility, the bending test was conducted
three times.

Table 1. Mechanical properties of acylated MFC-HAP composites a.

Elastic Modulus,
GPa

Bending
Strength, MPa

Strain at Yield
Point, %

Work of Fracture
(Wf), J m−2

Work of Fracture
(W ′

f), J m−2

Acetylated 5.9 ± 0.4 41 ± 4 1.11 ± 0.02 370 ± 30 180 ± 20
Propanoylated 7.6 ± 0.2 78 ± 3 1.4 ± 0.1 580 ± 30 360 ± 30
Butanoylated 7.4 ± 0.2 68 ± 2 1.27 ± 0.03 400 ± 20 300 ± 10
Hexanoylated 3.6 ± 0.4 29 ± 2 0.8 ± 0.1 --- b 110 ± 70
MFC-HAP 7.1 ± 0.3 89 ± 5 1.54 ± 0.08 --- b 650 ± 70

a Averages and standard errors of mean are calculated based on at least three independent bending
tests. b Not determined.

Figure 4. Plot of elastic modulus (red line) and work of fracture (black line) against the number of
carbon atoms in the acyl groups.

Because the inorganic contents of the composites ranged from 54 to 68%, the effects
of the inorganic contents on the mechanical properties should be taken into consideration
to discuss the effects of acyl chain length. The elastic modulus, bending strength, and
work to fracture of the MFC–HAP composites with inorganic contents of 44% and 62%
were 7.9 and 8.4 GPa, 98 and 66 MPa, and 560 and 250 J/m2, respectively [43]. While
the elastic modulus increased only slightly with increasing inorganic weight fraction, the
flexural strength and work of fracture decreased markedly as the inorganic weight fraction
increased. The decrease in bending strength and work of fracture upon acylation may be
partly attributable to the concomitant decrease in inorganic weight fraction. In contrast,
the increase in elastic modulus observed upon propanoylation and butanoylation, despite
the decrease in inorganic weight fraction, is contrary to what would be expected from the
decrease in inorganic content. Interestingly, despite exhibiting the highest porosity, the
propanoylated composite possesses the highest elastic modulus.

Figure 5 shows SEM images of the fracture surfaces after bending tests. All samples
exhibit a fibrous structure on the fracture surfaces, indicating that the cracks do not prop-
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agate linearly. The fracture surface exhibited features similar to those of bovine femoral
bone [46]. In addition, the results of elemental analysis of the fracture surfaces by EDS
are summarized in Table 2. The propanoylated composite exhibits the highest C/Ca ratio,
indicating that fracture preferentially occurs in the cellulose fiber regions. As shown in
Figure S3, for the propanoylated and butanoylated samples, the carbon content at the
fracture surface is higher than that calculated from the stoichiometric composition, whereas
the phosphorus and calcium contents are lower than the corresponding calculated values.
These results indicate that, in these composites, the cellulose phase is preferentially exposed
at the fracture surface.

Figure 5. SEM images of the fracture surface and elemental mapping with energy-dispersive X-ray
spectroscopy at an acceleration voltage of 15 kV (calcium in blue and carbon in red). (a) Acetyl,
(b) propanoyl and (c) butanoyl composites.

Table 2. The compositions (in at.%) of the fracture surface measured by EDS.

Samples C O P Ca C/Ca

Acetylated 30.0 53.7 5.6 10.7 2.8
Propanoylated 34.5 50.5 5.5 9.5 3.6
Butanoylated 34.2 49.4 5.4 11.0 3.1

3.3. Water Absorption Test

The compressed composites were immersed in water at room temperature for 24 h.
The compact of the unacylated composite collapsed when immersed in water, while the
compacts of the acylated composites retained their shape. Water absorption ratios, ∆w/w,
bulk densities, and porosities, calculated according to Equation (7), are listed in Table 3.
The water absorption ratios decreased as the chain length of the acyl groups increased.
Assuming that water is adsorbed only in the pore, we calculated water absorption ratios,
∆w/w (pore), according to Equation (11). As shown in Table 3, for the acetylated sample
the water absorption ratio, ∆w/w, was larger than ∆w/w (pore). This indicates that water
adsorption occurs not only in the pores but also in the cellulose phase or at the cellulose–
hydroxyapatite interface, or that the porosity changes upon immersion in water [47]. In
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contrast, for the acylated samples other than the acetyl derivative, ∆w/w is equal to or
smaller than ∆w/w (pore), suggesting that water adsorption is limited to the pores.

Table 3. Water absorption ratios, ∆w/w, water absorption ratios, ∆w/w (pore), porosity, and bulk
densities of acylated MFC-HAP compacts after immersion in water at room temperature for 24 h a.

Samples ∆w/w, % ∆w/w (Pore), % Bulk Density, g/cm−3 Porosity, %

Acetylated 29 ± 2 22 ± 2 1.66 ± 0.04 27 ± 2
Propanoylated 24 ± 1 29.2 ± 0.4 1.58 ± 0.01 32.3 ± 0.3
Butanoylated 17 ± 1 22.3 ± 0.4 1.73 ± 0.01 22.3 ± 0.3
Hexanoylated 18 ± 1 18.0 ± 2

a Averages and standard errors of mean are calculated based on at least three independent
bending tests.

Table 4 lists the mechanical properties of the compacts after immersion in water. The
elastic moduli of the compacts were reduced to 0.2–1.4 GPa, and stiffness was significantly
affected. Figure 6 shows the stress–strain curves of the compacts of the propanoylated
composite after immersion in water. The elastic modulus and flexural strength decreased
after immersion in water. Water acted as a plasticizer, and the flexural strain reached 10%.
The rigidity and water resistance of the composites were found to depend strongly on the
carbon chain length of the acyl groups.

Table 4. Mechanical properties of acylated MFC-HAP compacts after immersion in water at room
temperature for 24 h a.

Samples Elastic Modulus,
GPa

Bending
Strength, MPa

Strain at Yield
Point, %

Work of Fracture
(Wf), J m−2

Work of Fracture
(W′

f), J m−2

Propanoylated 0.23 ± 0.03 6.3 ± 0.4 3.1 ± 0.1 240 ± 10 92 ± 9
Butanoylated 0.7 ± 0.1 15.3 ± 1 2.6 ± 0.2 250 ± 20 190 ± 20
Hexanoylated 1.4 ± 0.2 12.8 ± 0.8 1.1 ± 0.2 --- b 70 ± 20

a Averages and standard errors of mean are calculated based on at least three independent bending
tests. b Not determined.

Figure 6. Stress–strain curves of three-point bending test of propanoylated MFC-HAP after im-
mersion in water at room temperature for 24 h. The results of three point bending tests are
shown superimposed.

4. Conclusions
The acylation of the cellulose crystal surfaces in MFC–HAP composites containing

68 wt% HAP was carried out, and the dependence of stiffness and water resistance of the
molded composites on the chain length of the aliphatic acyl groups was investigated. All
of the acylated composites did not exhibit brittle fracture. In addition, the elastic moduli of
the propanoylated and butanoylated composites were comparable to, or slightly higher

https://doi.org/10.3390/jcs10090472
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than, those before acylation. The water absorption rates of the propanoyl and butanoyl
derivatives were significantly lower than that of the unacylated sample. After immersion
in water at room temperature for 24 h, the elastic modulus of the butanoylated composite
decreased from 7.4 GPa to 0.7 GPa, indicating that challenges remain in terms of mechanical
performance after immersion in water.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jcs10090472/s1, Figure S1: XRD pattern of MFC-HAP
composite with 68 wt% HAP; Figure S2: TG curves of acylated and unacylated MFC-HAP composites;
Figure S3: Comparison of the atomic compositions determined by EDS and those calculated from
the chemical formula, [C6H7O2(OH)3−x(OCO(CH2)nCH3][Ca10(PO4)6(OH)2]y where x is the degree
of substitution of the acyl group, n is the number of methylene groups in the acyl groups and y is
determined based on the inorganic contents of the composites. The value of x was assumed to be 0.2
for all composites. Table S1: Evaluation of the degree of substitution of the acylated composites. The
Supplementary Information (SI): TG of acylated and unacylated MFC-HAP composites; XRD pattern
of unacylated MFC-HAP composite; atomic compositions of the fracture surface of the composites;
the degree of acylation determined from the IR spectra.
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