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Abstract
Biomass plastics with biodegradability and suitable mechanical performance are needed to replace persistent synthetic
plastics derived from fossil fuels. Lignocellulosic agricultural wastes, such as sugarcane bagasse, are promising renewable
resources that offer better thermal processability when their abundant hydroxy (OH) groups are substituted with acyl groups,
particularly those with longer chain lengths. However, excessive chemical modification can impair the inherent
biodegradability of lignocellulose and weaken the resulting plastics. In this study, the acyl group was optimized to a
decanoyl (De, C=10) group, which was the most effective in lowering the melt flow temperature of the fully substituted
bagasse monoester to improve thermal moldability. The bagasse decanoate (BagDe) series were synthesized using different
amounts of vinyl decanoate (VDe) ranging from 3 to 0.4 molar equivalents to the total OH content of bagasse, and their
thermal/mechanical properties and degradability in soil were examined. BagDe synthesized with more than 0.6 equivalents
of VDe could be hot-press molded, while the increased residual OH content improved the water uptake, degradation rate,
and tensile strength. These findings indicate the potential applications of lignocellulose-based biodegradable plastics, such as
agricultural mulch films.

Introduction

Plastics are one of the most widely used materials and have
significantly improved quality of life and revolutionized
agriculture and other industries since the 1940s. Mulch
films have been used in agricultural fields to improve crop
yields and traits [1]. Traditional petroleum-based mulches
(e.g., those made from low-density polyethylene) are

predominantly used because of their low cost, ease of
processing, and good mechanical performance [2]. How-
ever, they are not biodegradable in soil and present several
economic and environmental drawbacks, particularly their
removal and final disposal after the crop cycle [3]. Hence,
biodegradable mulch has received considerable attention for
sustainable agricultural development.

Biodegradable mulch films can be classified into two
categories depending on the source of the raw materials:
plant-based and animal-based. Plant-based sources mainly
include starch, seaweed, and lignocellulose, whereas
animal-based sources include gelatin from animal tissues
[4]. Among these natural sources, lignocellulose is the most
abundant biomass on Earth and does not compete with food
production; it is available from trees, grass, crop residues,
and agro-industrial waste. Substantial amounts of agri-
cultural wastes, such as sugarcane bagasse, are generated
annually but are usually burned or dumped, which has
negative impacts on the environment, economy, and
society. Lignocellulosic wastes are composed of cellulose,
hemicellulose, and lignin, which endows them with sig-
nificant potential for conversion into high-value-added
products such as biomass-based thermoplastics.
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The thermoplasticization of lignocellulose has been stu-
died since the 1970s. This can be achieved via the chemical
modification of hydroxy (OH) groups with new functional
groups, such as acyl groups [5, 6]. In this process, efficient
homogeneous reactions can be ensured via the use of ionic
liquids with a powerful lignocellulose dissolution ability.
Our previous study demonstrated the facile production of
lignocellulose-based plastics from sugarcane bagasse via
homogeneous transesterification using vinyl esters in a
mixed solvent system of 1-ethyl-3-methylimidazolium
acetate (EmimOAc) and dimethyl sulfoxide (DMSO) [7].
In this synthetic method, vinyl esters are used as stable and
easy-to-handle acyl reagents instead of classical reagents
(e.g., acid chlorides or acid anhydrides), which have higher
reactivity but are corrosive and easily hydrolyzed. Fur-
thermore, the degree of bagasse acylation can be easily
controlled by the loading of vinyl esters, and fully sub-
stituted bagasse mixed esters exhibit excellent thermo-
plasticity without any external plasticizers [8, 9]. These
lignocellulose-based plastics have also been produced from
other sources, such as spruce sawdust and sisal fibers, which
exhibit good thermal/mechanical properties depending on
their substitutes [10–12]. However, in contrast to cellulose-
based plastics [13], few studies have reported on the
degradability of lignocellulose-based plastics in soil, and
the correlation between their degradability and chemical
characteristics, such as the type and degree of substitution
(DS), remains unclear.

Here, we investigated the degradability of lignocellulose-
based thermoplastics in soil and their correlation with the
chain length and DS of their fatty acyl groups, where the DS
corresponds to the conversion rate (%) of OH groups in
lignocellulose derivatives. The shorter chain length and
lower DS of the acyl groups in lignocellulose esters would
lead to better degradability in soil, similar to the behavior of
conventional cellulose esters [14–16]. To verify this
hypothesis, bagasse monoesters with different acyl chain
lengths and DSs were synthesized via homogeneous trans-
esterification in EmimOAc/DMSO (Scheme 1), where the
monoester means that a single type of ester group is sub-
stituted with bagasse-OH groups, and their hot-pressed
films were subjected to soil burial tests for up to 3 months.

The degradability of each sample in the soil was evaluated
in terms of weight loss, and the associated changes in the
mechanical properties were also monitored. These attempts
aimed to assess the feasibility of using lignocellulose-based
plastics as agricultural mulch films, which require multi-
functional properties such as ease of melt-molding, appro-
priate mechanical properties during use, and degradability
in soil after use.

Materials and methods

Materials

Sugarcane bagasse was supplied by Okinawa Powder Foods
Co., Ltd (Okinawa, Japan). It was milled using a grinder mill
(Y-308B, Osaka Chemical Co., Ltd, Osaka, Japan) and sifted
to sort particles smaller than 250 μm. The obtained bagasse
powder was vacuum dried at 70 °C for 24 h to reach a constant
weight. It contains 50.6% cellulose, 20.2% hemicellulose, and
21.4% lignin. The total OH content ([OH]Bagasse) was esti-
mated as 13.4mmol g−1 based on the hypothesis that the
hemicellulose was composed entirely of xylan and that the OH
content of lignin was 4.5mmol g−1 [17].

EmimOAc (≥95%; initial water content, 0.05 wt%) was
obtained from Nippon Nyukazai Co., Ltd (Tokyo, Japan)
and used without further purification. DMSO (anhydrous,
≥99.9%) was purchased from Sigma‒Aldrich Co., LLC (St.
Louis, MO, USA). Vinyl hexanoate (VHe, >99.0%), vinyl
n-octanoate (VOc, >99.0%), vinyl decanoate (VDe,
>99.0%), and vinyl laurate (VLa, >99.0%) were purchased
from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). All
other chemicals were commercially available and used as
received unless stated otherwise. The bacteria and soil
mixture used for burial tests were provided by IRIS
OHYAMA Inc. (Sendai, Japan), and those mixtures contain
microorganisms often used for agricultural soil reformers in
Japan. The bacteria included a mixture of several micro-
organisms: yeast, Bacillus spp., Pseudomonas spp., fila-
mentous fungi, and lactic acid bacteria, which express de-
esterase and cellulase for the degradation of lignocellulose
ester.
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Scheme 1 Transesterification of dried bagasse with various vinyl esters in EmimOAc/DMSO-mixed solvent system to yield acylated bagasse (i.e.,
bagasse monoester) as a mixture of acylated cellulose, hemicellulose, and lignin with different DSs
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Synthesis of bagasse monoesters

Dried bagasse powder (6.0 g, 6 wt%/EmimOAc) in Emi-
mOAc (100 g) was vacuum-dried at 80 °C for 24 h. DMSO
(150 mL) was added to the mixture under an Ar atmosphere,
and the bagasse was dissolved at 110 °C for 16 h under
stirring. Vinyl esters (VEs; [VE]/[OH]Bagasse= 0.4, 0.6, 0.8,
1, and 3; mol/mol) were then added to the homogeneous
solution and reacted at 80 °C for 1 h under stirring. The
resulting viscous mixture was poured into distilled water
(6 L) at room temperature (RT, 25 °C) to precipitate the
product while an oil layer formed on the water surface. The
oil layer, consisting of excess VE, was carefully removed
from the solution. The precipitate obtained was vacuum-
filtered and repeatedly washed with distilled water. Finally,
the product was vacuum-dried at 70 °C for 24 h to yield
bagasse monoester, abbreviated as BagR (R corresponds to
the acyl group).

Fourier transform infrared (FT-IR) spectroscopy

The FT-IR spectra of the samples were recorded on a
Thermo Fisher Scientific Nicolet iS10 spectrophotometer
(Thermo Fisher Scientific, Inc., Tokyo, Japan) equipped
with an attenuated total reflection (ATR) unit. The mea-
sured wavenumbers ranged from 400 to 4000 cm–1, and
64 scans were accumulated per spectrum. A resolution of
4 cm–1 was maintained throughout the measurements, with a
signal-to-noise ratio (S/N) of 35,000:1.

Thermal analyses

Thermogravimetric analysis (TGA) was performed using
DTG-60AH/FC-60A/TA-60 (Shimadzu Co., Kyoto, Japan)
at a temperature range of 100–500 °C, employing a heating
rate of 10 °C min–1 under a N2 flow rate of 50 mLmin–1. For
these measurements, 10 mg of each sample was dried at
120 °C for 2 h. The thermal decomposition temperature (Td-
5%) was determined as the temperature at which significant
(≥5%) weight loss was measured.

A capillary rheometer (melt-flow tester, CFT-500EX;
Shimadzu Corp., Kyoto, Japan) was used to determine the
temperature at which the samples began to melt-flow (Tflow).
All the samples were vacuum-dried at 70 °C for 24 h, and 1 g
of the dried sample was then loaded into a barrel and roughly
pressed with a piston (diameter: 10 mm). After preheating at
50 °C for 300 s, a constant pressure of 4.9MPa was applied
to the piston at a heating rate of 3 °Cmin–1. Tflow is the
temperature at which the sample was extruded from the die
(diameter: 1.0 mm, length: 10 mm) attached to the barrel, and
the temperature at which the piston moved downward by
5 mm owing to the melt flow was defined as Toffset.

Hot-press molding of films

The bagasse monoester was vacuum dried at 70 °C for 24 h to
remove moisture before use. After preheating the kneader at a
predetermined temperature of Tflow+ 10 °C, each sample was
compounded in a twin-screw extruder (DCM Xplore MC5,
Xplore Instruments BV, Sittard, The Netherlands) and
kneaded at 60 rpm for 5 min. The kneaded sample was
extruded in a rod-like shape (diameter: 2–3 mm). The first
eluted sample was discarded to prevent contamination by the
residues from the previous kneading. The latter samples were
collected and cut into pellets ~ 5 mm in size.

The prepared pellets were vacuum-dried at 70 °C for 24 h
and molded into films through hot pressing. The dried
pellets (2 g) were placed on the aluminum plate of a hot-
press machine (IMC-180, Imoto Co., Ltd, Kyoto, Japan).
After the sample was sufficiently melted at a predetermined
temperature of Tflow+ 10 °C within 5 min, it was pressed
under a constant pressure of 40 kN for 3 min. In accordance
with JIS K 7139, the resulting film was cut into dumbbell-
shaped specimens using a punching machine (IMC-1948,
Imoto Co., Ltd, Kyoto, Japan).

Tensile testing in dry and wet states

The mechanical properties of dry bagasse monoesters as
dumbbell-shaped specimens were investigated through
tensile testing using a universal testing machine (AG-5kNX,
Shimadzu Corp., Kyoto, Japan). The test was conducted at a
crosshead speed of 5 mmmin–1 with an intergrip distance of
58 mm. The test was repeated five times, and the tensile
properties were evaluated as the average of at least
three tests.

The dumbbell-shaped specimens of bagasse monoester
were soaked in 100 mL of distilled water at RT for 3 days.
After wiping the water from the sample surface, the
dimensions of the wet specimens were measured using a
micrometer (MDC-25MX, Mitutoyo Co., Ltd, Kanagawa,
Japan) and then subjected to tensile testing to investigate
their mechanical properties in the wet state.

Degradation test in soil

The beds used for the soil burial tests consisted of three
layers. A mixture of perlite (300 g) and water (600 mL) was
used for the upper and lower layers. For the middle layer, a
mixture of perlite (500 g), soil (1000 g), and water (500 mL)
was prepared, and the microbial mixture was added and
mixed thoroughly. The middle layer was gently layered
onto the lower layer, and the specimens were buried.
Finally, the upper layer was overlaid and allowed to stand at
RT for up to 3 months.
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After 1 and 3 months of testing, the specimens were
carefully washed with distilled water and vacuum-dried for
1 day. The dried specimens were weighed to determine the
weight loss percentage to examine their degradability in the
soil. These specimens were further analyzed via tensile
testing and ATR-mode FT-IR spectroscopy to investigate
the effects of degradation on their mechanical strength and
chemical structure.

Results and discussion

Effects of acyl chain length and residual OH content
on the thermal moldability of bagasse monoesters

The FT-IR spectra (Fig. S1) of bagasse monoesters syn-
thesized with different types of VEs exhibited a sharp band
at 1740 cm−1, which was attributed to C=O stretching of
the acyl groups. No bands corresponding to O–H stretching
were observed at 3460 cm−1 [18]. These results indicate that
almost all OH groups in the bagasse monoesters were
substituted with acyl groups. The product masses and iso-
lated yields are listed in Table 1. The mass yields of bagasse
monoesters synthesized with excess VEs ([VE]/[OH]

Bagasse= 3) increased with increasing acyl chain length.
Theoretical yields were calculated when all OH groups in
the bagasse were replaced by VE-derived acyl groups,
assuming that the composition of the original bagasse
remained constant. The isolated yields, which ranged from
83 to 93%, were calculated by dividing the product mass by
the theoretical yield. These values were acceptably high,
although they did not reach 100%; this may be due to
undesired losses during the recovery process, such as pre-
cipitation in water and subsequent filtration, rather than
synthetic issues.

For the bagasse decanoate (BagDe) series, the product
mass decreased with decreasing VDe amount used for the
synthesis; however, the isolated yields were as high as those
of the fully substituted bagasse monoesters (Table 1). The
FT-IR spectra of the BagDe series (Fig. S1) showed two
sharp bands at 1740 and 2920 cm−1, which corresponded to
C=O stretching and C-H stretching in the methyl and
methylene groups of the De groups, respectively [18].
Furthermore, a broad O-H stretching band with higher
intensity was observed with lower VDe amounts ([VDe]/
[OH]Bagasse ≤ 1), suggesting that partial decanoylation
occurred.

The residual OH content of the BagDe series was
quantified via 31P NMR analysis after phosphytilation
(Fig. S2 and Table S1), according to our previous study
[8], and the DS was estimated as the degree of OH con-
version from the original [OH]Bagasse. BagDe-3 exhibited a
DS of 91 mol%, whereas those of BagDe-0.8 and -0.6 were
77 mol% and 60 mol%, respectively. These results indicate
that BagDe-3 was almost fully acylated, whereas the latter
two were partially acylated. Typically, the hemicellulose
backbone in bagasse is formed by β-(1→4)-D-xylopyr-
anosyl units with a certain number of acetyl (Ac) groups,
and the Ac content was determined to be 8.7% in a pre-
vious study [19]. The Ac content of BagDe-3 was subse-
quently quantified via 1H NMR analysis (Figs. S3–S4),
revealing that only 6.7% of the acyl groups in BagDe-3
were Ac groups. This result suggested that the
hemicellulose-derived Ac groups were retained even after
the acylation of bagasse.

For the bagasse monoesters listed in Table 1, Td−5% was
measured through TGA, whereas Tflow and Toffset were
determined using a melt-flow tester (Figs. S5–6 and
Table S2). As shown in Fig. 1, the Td−5% of fully substituted
bagasse monoesters decreased as the carbon number of the
acyl groups increased. Furthermore, the melt-flowability
improved, as indicated by the decreases in Tflow and Toffset.
However, both parameters were slightly greater for BagLa-3
(C=12) than for BagDe-3 (C=10). A similar phenomenon
has been reported for fully substituted cellulose esters when
the carbon number of the acyl groups exceeds 10 or 12 [20].
Consequently, BagDe-3 exhibited the largest thermal pro-
cessing window of 108 °C (difference between Td−5% and
Toffset). The effectiveness of the De group in imparting
thermal moldability is consistent with previous reports on
bagasse and cellulose mixed esters, which were substituted
with various long-chain acyl (C=6–18) groups combined
with rich Ac (C=2) groups [8, 21].

In the BagDe series (Fig. 1), Td−5% increased, whereas
Tflow and Toffset decreased proportionally with increasing
VDe amounts used for the synthesis. BagDe-0.4, which was
synthesized with the lowest amount of VDe, exhibited the
highest Toffset, resulting in the narrowest thermal processing

Table 1 Yields of bagasse monoesters

Product [VE]/[OH]Bagasse Yield

(mol/mol) (g)a (%)b

BagHe-3 3 12.2 88

BagOc-3 3 14.9 92

BagDe-3 3 17.1 93

BagDe-1 1 15.0 82

BagDe-0.8 0.8 13.5 85

BagDe-0.6 0.6 12.0 89

BagDe-0.4 0.4 9.2 84

BagLa-3 3 17.2 83

aMass yield (g) of bagasse monoesters synthesized from 6 g of bagasse
bIsolated yield (%)= product mass/theoretical yield × 100, where the
theoretical yield was calculated when all OH groups in bagasse were
substituted with acyl groups
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window and the greatest difficulty in hot-press molding. In
contrast, other BagDe series were suitable for kneading and
subsequent hot-press molding into dark-brown and trans-
lucent films at Tflow+ 10 °C, indicating a favorable effect of
decanoylation on thermal moldability.

Wettability and wet-to-dry strength ratio of bagasse
monoesters

Dumbbell-shaped hot-pressed bagasse monoester films in
the dry state were subjected to tensile testing (Fig. S7). The
average tensile strength, elongation at break, and Young’s
modulus are shown in Fig. 2. For the fully substituted
bagasse monoesters, as the carbon number of the acyl
groups increased from 6 to 10, both the tensile strength and
modulus decreased, whereas the elongation at break
increased. This result could be attributed to the decreased
glass transition temperature as the length of the flexible n-
alkyl side chains of the acyl groups increased [21]. How-
ever, further increasing the carbon number to 12 yielded the
opposite result (Fig. 2). The increase in tensile strength and
decrease in elongation at break may be attributed to the
enhanced interaction between the La groups, similar to the

suppressed melt flowability (Fig. 1). A comparison of the
BagDe series indicated that a higher residual OH content
resulted in an increase in the tensile strength and modulus
and a decrease in the elongation at break. This result indi-
cates that the enhanced hydrogen bonding due to the
increased OH content may have improved the stiffness of
BagDe in the dry state.

The wet-to-dry strength ratio of plastic materials is cru-
cial for outdoor applications, such as their use as agri-
cultural mulch films [22]. The dumbbell-shaped hot-pressed
bagasse monoester films were then soaked in water for 3
days, and the wet specimens were subjected to tensile
testing (Fig. 3). The water uptake of the fully substituted
bagasse monoesters ranged from 2–5 wt% (Fig. S8), and
their tensile strengths and moduli in the wet state were
lower than those in the dry state (Figs. 2 and S7). In con-
trast, the elongation at break increased. However, the
resulting wet-to-dry strength ratio ranged from 0.76 to 0.88
(Table 2). These values suggest an acceptably high water
resistance in terms of strength retention, possibly owing to
the hydrophobic fatty acyl groups [23].

The higher content of hydrophilic OH groups in the
BagDe series resulted in a higher water uptake of up to 8 wt

Fig. 1 Thermal processing
window (ΔTd−5%−Toffset or
Tflow) of bagasse monoesters: ×,
Td−5%; ∘, Toffset; �, Tflow. The
effects of the carbon numbers of
acyl groups in fully substituted
bagasse monoesters (left) and
the VDe amount used for the
synthesis of the BagDe series
(right) on the thermal properties

Fig. 2 Tensile properties of
bagasse monoesters in dry
states, measured via tensile
testing (N= 3) for a dumbbell-
shaped specimens of hot-pressed
films. Correlation between the
average tensile strength and
elongation at break (left) and
Young’s modulus (right)
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% (Fig. S8) and a decrease in the values of all the tensile
properties in the wet state (Fig. 3). Specifically, BagDe-0.6
presented the lowest wet-to-dry strength ratio of 0.50
(Table 2); this indicates that its water resistance is relatively
low, possibly due to the suppression effect of water
screening by the De groups [24]. However, it exhibited a
higher tensile strength in the dry state than the other BagDe
series did (Figs. 2 and S7), possibly owing to intermolecular
hydrogen bonding. Interestingly, with increasing residual
OH content, the water contact angle of the film surface
increased (Fig. S8). The BagDe-0.6 film presented the
highest value of 110° among all the bagasse monoesters,
suggesting its relatively high hydrophobicity. The
mechanism for this phenomenon is still under investigation;
however, this result implies that the BagDe-0.6 film surface
can repel raindrops and thereby suppress the moisture-
induced degradation of its mechanical performance during
outdoor use.

Degradability of bagasse monoesters in soil and
changes in tensile properties

Biodegradable plastics should have controllable biode-
gradation rates suitable for specific applications while

maintaining sufficient mechanical properties throughout
their usage [25]. Figure 4 shows the weight loss percentage
of bagasse monoesters after 1 and 3 months of soil burial
tests and the resulting tensile properties in the dry state
(Fig. S9). All the specimens exhibited weight losses in the
range of 1–10 wt%, indicating their potential degradability
in soil, regardless of the n-alkyl side chain length and DS of
the acyl groups. As hypothesized, the weight loss rate of the
BagDe series increased with decreasing DS. BagDe-0.6
resulted in the greatest weight loss, ~10 wt%, which was
correlated with the highest water uptake among all the
samples (Fig. S8); this suggests that greater water absorp-
tion may provide a more accessible environment for soil
microorganisms in bagasse monoesters.

In general, the extended acyl groups of polysaccharide
esters tend to prevent ready access to enzymes [13], thereby
decreasing the biodegradation rate [26]. In contrast, the
weight loss rate of bagasse monoesters in the soil burial
tests increased with increasing acyl chain length (Fig. 4).
Furthermore, the tensile strengths of all the specimens
increased as the weight loss percentage increased.

ATR-mode FT-IR analysis was performed on specimens
of BagDe-3, -0.8, and -0.6 before and after the soil burial
tests. The FT-IR spectrum of BagDe-3 after 3 months
(Fig. 5) revealed a slight decrease in the intensity of the
C=O and C-H stretching bands at 1740, 2850, and 2920 cm
−1 owing to the De groups. In contrast, the intensity of the
O-H stretching bands at 3300–3500 cm−1 increased. The
same trend was observed for the other fully substituted
bagasse monoesters (BagHe-3 and BagLa-3, Fig. S10).
These changes in the FT-IR spectrum were more pro-
nounced for BagDe-0.6 and BagDe-0.8 (Fig. 5), and local
whitening was observed on the sample surface (Fig. S11).
These results suggest that the weight loss of bagasse
monoesters was primarily due to deacylation in the soil.
Therefore, bagasse monoesters substituted with longer acyl
groups likely led to higher weight loss percentages in the
soil (Fig. 4) because of the higher molecular weight of the

Table 2 Average tensile strengths (N= 3) of bagasse monoesters in
dry and wet states

Product Tensile strength (MPa) Wet-to-dry strength ratioa

Dry Wet

BagHe-3 14.9 ± 0.8 12.2 ± 0.4 0.82

BagOc-3 14.5 ± 0.6 11.8 ± 0.4 0.82

BagDe-3 4.5 ± 0.3 3.4 ± 0.4 0.76

BagDe-0.8 10.1 ± 0.1 7.5 ± 0.4 0.74

BagDe-0.6 12.5 ± 0.3 6.3 ± 1.2 0.50

BagLa-3 4.5 ± 0.2 3.9 ± 0.2 0.88

aAverage tensile strength in the wet state divided by that in the dry
state

Fig. 3 Stress-strain curves of
bagasse monoesters fully
substituted with acyl groups of
different chain lengths (left) and
partially substituted with the De
group (right), measured via
tensile testing for dumbbell-
shaped specimens of hot-pressed
films in dry and wet states (solid
and dotted lines, respectively)
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leaving groups produced during deacylation. Furthermore,
the increased water absorbency of the specimens may pro-
mote deacylation, as it is a hydrolysis reaction; this was
demonstrated by the highest weight loss of BagDe-0.6,
which exhibited the highest water uptake (Fig. S8). More-
over, deacylation resulted in an increase in the number of
free OH groups in bagasse monoesters, increasing inter-
molecular hydrogen bonding, which could be the mechan-
ism of the improved mechanical properties after the soil
burial tests (Fig. 4).

These results indicate that, in both the partially and fully
substituted bagasse monoesters, the substituents first undergo
hydrolysis in the soil. Through gradual deacylation, their
semisynthetic chemical structures eventually become similar
to those of unmodified bagasse, and their biodegradation rate
is expected to increase over time. Therefore, bagasse
monoesters can be considered biodegradable plastics in soil.
Notably, for the initial 3 months, the partial biodegradation of
the bagasse monoesters improved their mechanical properties
rather than deteriorated them, which is significantly con-
ducive for their practical application. In this study, the late
stages of the soil burial tests were not monitored because of
the limitations of the testing period. However, the initial

degradation rate via deacylation can be regulated by adjusting
the n-alkyl side chain length and the DS of the fatty acyl
groups, making them suitable for various field applications
with different usage durations.

Conclusions

This study elucidated the effects of the acyl chain length
and residual OH content of bagasse monoesters on their
degradability in soil and the resulting mechanical properties.
Fully substituted bagasse monoesters with fatty acyl groups
of C6–C12 and partially substituted ones with different DSs
were synthesized using various amounts of VEs. The longer
acyl groups of the fully substituted bagasse monoesters
reduced the tensile strength in the dry state; however, the
dry-to-wet strength ratio remained constant at 0.8, indicat-
ing that their mechanical properties are insensitive to water.
In contrast, the higher OH content in the partially sub-
stituted BagDe resulted in higher dry strength, possibly due
to enhanced hydrogen bonding. However, as the water
uptake increased, the dry-to-wet strength ratio decreased to
0.5. In soil burial tests conducted for 1 and 3 months, the

Fig. 4 Weight loss (top) and the
associated changes in the tensile
strength of the dried specimens
(bottom) during the soil burial
test of bagasse monoesters.
Fully substituted bagasse
monoesters with different acyl
chain lengths and partially
substituted BagDe series were
compared
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higher OH content and water absorbency of partially sub-
stituted BagDe resulted in greater weight loss than those of
fully substituted bagasse monoesters. Notably, all bagasse
monoesters exhibited weight loss, indicating their potential
degradability in soil. Furthermore, FT-IR analysis revealed
that the initial weight loss was predominantly caused by the
hydrolysis of the acyl groups; therefore, the weight loss of
bagasse monoesters increased with increasing length of the
acyl substituents. Furthermore, the mechanical strength of
all the specimens improved with increasing weight loss.
This may be because gradual deacylation increased the
number of free OH groups, enhancing hydrogen bonding.
These results demonstrate that the wettability, mechanical
strength, and degradation rate of bagasse monoesters can be
controlled by adjusting the acyl chain length and DS (i.e.,
residual OH content), thereby ensuring their potential
application as lignocellulose-based plastics with degrad-
ability in soil and sufficient durability.
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(middle), and BagDe-0.6
(bottom) before and after soil
burial tests for 3 months. Each
spectrum was normalized by the
band intensity indicated by ▿
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