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ABSTRACT: Biodegradable plastics were synthesized for
the effective use of sago starch-extraction residue, which
has been discarded as a waste. Two types of esterified
sago starch-extraction residue, P-SP and L-SP, were
obtained. It had black color for P-SP160 (esterified by palm
oil) to light yellow color for L-SP80 (esterified by lauric
acid) and showed high carbon content, ranging from 399.3
to 537.1 g kg�1. Biodegradable plastics from the residue,
which had high esterification degree showed thermoplas-
ticity and slower decomposition in Andisols in Japan and
Inceptisols in Philippines. The esterification degrees of
P-SP160 and L-SP were 3.23 and 2.95 to 5.18 mmol g�1,
respectively. In addition, L-SP80 exhibited the most appro-

priate thermal softening behavior by heating. The cumula-
tive decomposition of P-SP160 in Andisols and Inceptisols
showed 16.7 and 32.8% of total carbon during 31 day of
the incubation. On the other hand, the decomposition rates
of L-SP80 in Andisols and Inceptisols were less than 10%
of total carbon during 31 day of the incubation. The addi-
tion of triacetin as plasticizer to P-SP160 and L-SP80

remarkably influenced the decomposition rate of both
molded P-SP160 and L-SP80. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 119: 3145–3151, 2011
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INTRODUCTION

The sago palm, Metroxylon sagu, grows in lowland in
Southeast Asia and Pacific Ocean within 10 degrees
north and south from the equator.1 It can accumu-
late starch in its trunk, which has been estimated to
be more than 200 kg of starch per palm as a staple
food. The residue is produced in the sago starch-
extraction process and partly used for the medium
of mushroom, compost and feeding materials for
cattle.2 However, there is no suitable way to utilize
until now. On the other hand, palm oil also pro-
duced in Southeast Asia. The amount of production
of palm oil was increasing year by year in Malaysia
and Indonesia. The amount of palm oil production
in Malaysia and Indonesia was 1.65 million ton and
1.69 million ton in 2007, respectively.3 Palm oil, the
ester of glycerol and several fatty acids, can be used
for food, detergent, and plasticization.

Funakoshi et al.,4 Kiguchi,5 Shiraishi,6 and Hassan
et al.7 have made biodegradable plastics from
woody materials and bagasse fiber. Watanabe et al.8

started the study on production of biodegradable

plastics by esterification of sago starch-extraction
residue using palm oil. Sasaki et al.9,10 and Okazaki
et al.11 developed the biodegradable plastics produc-
tion from the sago starch-extraction residue by sev-
eral kinds of esterification. Recently Igura et al.12

estimated the tensile strength of biodegradable plas-
tics made from sago starch-extraction residue.
There are several methods to evaluate the decom-

position of plastics such as ISO 14,851, 14,852,
14,855, and 17,556. For example, ISO 17,556 sug-
gested the evaluation of carbon dioxide emission
from soils. EU and USA also proposed the evalua-
tion methods for biodegradation of plastics using
carbon dioxide emission.
The objective of this study is to evaluate biodegra-

dation of two types of plastics made from the sago
starch-extraction residue from the view point of car-
bon dioxide emission. Biodegradable plastics, which
produced by esterification using palm oil (Palm oil-
sago plastics, P-SP) and lauroyl chloride (lauroyl
chloride-sago plastics, L-SP) were used.

MATERIALS AND METHODS

Production of biodegradable plastic (P-SP)
by esterification using palm oil

In previous research, in which the production of bio-
degradable plastic using commercialized palm oil
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produced in Malaysia was performed.12 The sago
starch-extraction residue was cut into small frag-
ments by a grinder. To remove lipid, the residue
was refluxed in the mixture of ethanol and benzene
(1: 2) with a Soxhlet’s extractor for 24 h. Ten grams
of the lipid removed residue (hereafter this is called
the Unesterified) was esterified by 120 g of palm oil
with 7.5 mL of 1.0 mol l�1 hydrochloric acid (HCl)
using oil bath at 160�C for 2 h, and then unreacted
oil was removed by the mixture of ethanol and hex-
ane (9 : 1).10 This sago biodegradable plastic
obtained by this procedure was called P-SP160.

Production of biodegradable plastic (L-SP) by
esterification using lauroyl chloride

After the removal of lipid from the Unesterified, the
mixture of ethanol and benzene (1: 2) was refluxed
in a Soxhlet’s extractor for 24 h. According to the
production methods of Ohmi et al.,13 10 g of the
Unesterified was esterified by 300 mL of lauroyl
chloride (CH3(CH2)10COCl) with 150 mL of pyridine
(C5H5N) and 150 mL of N,N-dimethylformamide
(C3H7NO) using a water bath at 40, 60, and 80�C for
2 h. The lauric acid is one of the fatty acids, which
are contained in the palm oil, coconut oil, and palm
kernel oil. Then, unreacted lauroyl chloride and or-
ganic solvent were removed by the mixture of etha-
nol and hexane (9 : 1). These sago biodegradable
plastics esterified by lauroyl chloride at 40, 60, and
80�C were called L-SP40, L-SP60, and L-SP80,
respectively.

Evaluation of the plastic characteristics of
P-SP and L-SP samples

Infrared microspectrometric analysis

Fourier transform infrared (FTIR) analysis was car-
ried out for the confirmation of ester carbonyl group
in esterified samples using the infrared microspec-
trometric apparatus (FT/IR-4100 type A and IRT-
3000, JASCO Co.,). In this analysis, the Unesterified,
P-SP160 and L-SP80 were used. The circular KBr plate
(1 cm in diameter) of each sample was prepared for
infrared microspectrometric analysis. The measure-
ment range of wavenumber was 600 to 4000 cm�1.

Measurement of esterification degree (Ed)

Although the esterification degree (ester value) has
been provided for chemical products by Japan
Industrial Standard (JIS K0070),14 the method of
Sasaki was suitably used for plant residue deriva-
tives. In this study, the esterification degree was
determined according to the methods of Sasaki,
which modified the methods of Browning.15,16

The mixture of 0.3 g of the plastic sample and 25
mL of 0.5 mol L�1 KOH in ethanol was refluxed at
60�C in a water bath for 1 h. After cooling, 25 mL of
0.5 mol L�1 HCl and several drops of phenolphthal-
ein were added to the flask. The amount of fatty
acids that were generated by saponification were
determined by titration using 0.5 mol L�1 NaOH.12

The esterification degree (Ed) was calculated using
the formula:

Ed ¼ 0:5� f � ðN1 �N0Þ=W

where Ed, esterification degree (mol g�1); N0, mL of
0.5 N NaOH for titration of the blank; N1, mL of 0.5
N NaOH for titration of the sample; W, mass of
sample (g).

Thermogravimetry (TG)

The thermogravimetric (TG) behavior of the Unes-
terified, P-SP160 and L-SP80 were evaluated from
room temperature to 600�C using a thermogravimet-
ric analyzer (Shimadzu TG-20). The samples were
first dried in a vacuum drying oven at 60�C for
24 h. After sieving through a 60 mesh sieve, about
10 mg of each sample was used for TG analysis. The
test was performed under a helium atmosphere
(50 mL min�1), with the temperature increasing at
10�C min�1. A TG curve was obtained for each sam-
ple. The thermal degradation point was obtained
from the intersection of the baseline and the tangent
of the curve.

Thermal softening point

The thermal softening point (Ts) of the Unesterified,
P-SP160 and L-SP80 were investigated using a pene-
tration test in a thermomechanical analyser.16 Each
sample was dried in a vacuum drying oven for 24 h
at 60�C. After sieving through a 60 mesh sieve, the
sample was filled into a 7 mm diameter glass tube
in the mantle heater. The glass pin of 4 mm in diam-
eter was placed on the sample, and the penetration
of the pin was measured on a dial gauge.12 The mea-
surement was performed in air, at atmospheric pres-
sure, with the temperature increasing at a rate of
3�C min�1. From the thermal softening curves of
each sample obtained, the thermal softening point
was calculated from the intersection of the baseline
and the tangent of the thermal softening curve. The
percent penetration was calculated using the
formula:

Penetrationð%Þ ¼ P=h� 100

where P, the distance that the pin penetrated; h, the
height of the sample in the glass tube.
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Soil burial test of P-SP160 and L-SP samples

The decomposition rate of the Unesterified, P-SP160

and L-SP80 samples were evaluated by a soil burial
test. In addition, the soil burial tests of the molded
P-SP160 or L-SP80 were also performed for the evalu-
ation of the influence of plasticizer. According to the
molding methods of Igura et al.,17 P-SP160 or L-SP80

were used to mold small seedling pots in a hot press
at 140�C, 215 kPa for 1 h with 50 percent (w/w) of
1,2,3-propanetriol triacetate (triacetin) as a plasti-
cizer.17 Both plastic pots were ground into powder
and these were called P-SP160-T and L-SP80-T,
respectively. P-SP160-T and L-SP80-T were also used
for decomposition test.

The soil samples were collected from Hachioji, Ja-
pan for Andisols and Leyte, Philippine for Incepti-
sols. The pH of the soil samples was 6.30 for Andi-
sols in Japan and 5.96 for Inceptisols in Philippines
(Table I). Carbon content in Andisol and Inceptisol
used in this study was 35.6 to 10.3 g kg�1 (Table I).

The Unesterified, P-SP160 and L-SP80 samples were
buried in soils in the laboratory, and each sample
was evaluated the biodegradation. Ten grams of air-
dried soil was put into a glass bottle (volume: 140
mL) and the moisture was maintained in 55% of the
maximum water holding capacity of each soil. Then
each plastic sample was ground by a mortar and a
pestle. These powdered samples were added to soil
and mixed well in the glass bottle, and duplicate set-
tings were prepared.

The glass bottle was sealed with a cap after the
each sample was added and the gas of inside was
collected by a syringe immediately after sealing. The
carbon dioxide concentration in these gas phases
was determined by a gas chromatograph (Shimadzu
GC-8A) with thermal conductivity detector (TCD).
After 3 h, the gas of inside glass bottle was collected
by a syringe again and measured the carbon dioxide
concentration of these gases. The determination of
carbon dioxide concentration was continued at 25�C
for 31 days later. The carbon dioxide concentration
was determined using the standard gas of carbon
dioxide (99.9%) and the obtained carbon dioxide
concentration was designated as m3 m�3. The carbon
dioxide emission rate was calculated using the
difference of carbon dioxide concentration between

initial time and 3 h later. The carbon dioxide emis-
sion rate (g kg�1 h�1) was calculated as follows:

P ¼ p� DC=Dt� V=M� 273=ð273þ TÞ � 1000

where P, CO2 emission rate (g kg�1 hr�1); p, The
density of CO2 in 273 K (kg m�3) ¼ 44/22.4 ¼ 1.96;
DC/Dt, The rate of change in the concentration of
CO2 in glass bottle (m3 m�3 hr�1); V, Internal
capacity of glass bottle used for the cultivation (m3);
M, The dry weight of soil used for the cultivation
(kg); T, Temperature (�C).
The net carbon dioxide emission rate was given

from the difference between carbon dioxide emission
rates of the sample-added glass bottle and glass bot-
tle without plastics sample (control).
The total amount of carbon dioxide emission (mg

kg�1) was calculated from net carbon dioxide emis-
sion rate. Decomposition rate (D), which is the rate
of carbon released as CO2 in the total carbon of the
sample,18 was calculated as follows.

D ¼ 100� ½ðCO2Þs� ðCO2Þc�=ðCO2ÞTh
where D, Decomposition rate (%); (CO2)s, The
amount of CO2 emission in glass bottle with sample
(mg kg�1); (CO2)c, The amount of CO2 emission in
glass bottle without sample (mg kg�1); (CO2)Th, The
amount of theoretical CO2 emission (mg kg�1).
The amount of theoretical carbon dioxide emission

was calculated as follows:

ðCO2ÞTh ¼ M� C� ð44=12Þ=S

where M, The sample weight that was added to
glass bottle (mg); C, The rate of total carbon weight
to sample weight; 44, The molecular weight of car-
bon dioxide (g mol�1); 12, The atomic weight of car-
bon (g mol�1); S, The weight of soil that was added
to glass bottle (kg)

RESULTS AND DISCUSSION

Appearance of P-SP160 and L-SP samples

The color of the original sago starch-extraction resi-
due consisting of starch, cellulose, hemicellulose,

TABLE I
Physical and Chemical Properties of Soil Samples

pH
EC

(mS m�1)

Total
carbon
(g kg�1)

Total
nitrogen
(g kg�1)

MWHCa

(g g�1)

CO2

emission
(g kg�1)

Andisols 6.30 6.39 35.6 3.2 1.03 1.40
Inceptisols 5.96 4.89 10.3 1.2 1.17 1.23

a MWHC, Maximum water holding capacity
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and lignin,16 was light yellow-orange (7.5YR 8/3) to
dull orange (7.5YR 7/4).19 On the other hand, the
color of P-SP160 was black (7.5YR 1.7/1).12 The color
of L-SP40, L-SP60, and L-SP80 were pale yellow (2.5Y
8/3), pale yellow (2.5Y 8/4), and light yellow (2.5Y
7/4), respectively (Table II). The addition of triacetin
did not change the color of the plastics.

The color of original plastics produced is impor-
tant for making various kinds of daily necessities.
P-SP and L-SP were characterized by volume
increase compared to the Unesterified.

Infrared microspectrometric characteristics
of P-SP and L-SP

Figure 1 shows the FTIR spectra of the Unesterified,
P-SP160, L-SP80. P-SP160, and L-SP80, which showed
relatively high adsorption peak at 1730 cm�1, which
derived from the ester carbonyl group (C¼¼O)
absorption, compared with the Unesterified. The
absorbance intensity (peak height) of ester linkage at
1730 cm�1 was the following sequence, Unesterified
< P-SP160 < L-SP80. Therefore, the ester groups were
introduced into P-SP160 and L-SP80 by esterification.
On the other hand, L-SP80 showed the remarkable
increase of the adsorption peak in the range of 2800–
3000 cm�1, which derived from aliphatic CAH
stretching (ACH2A and ACH3) adsorption. However,
P-SP160 showed a little increase in the adsorption

peak of 2800–3000 cm�1. Therefore, it showed that
much more fatty acid esters were formed in L-SP80 in
comparison with P-SP160.

Esterification degree (Ed) of P-SP and L-SP

Figure 2 shows that the esterification degree (Ed) of
the Unesterified was 1.84 mmol g�1 and esterified
samples varied from 2.95 to 5.18 mmol g�1. The
esterification gave high Ed values to P-SP160,

12

L-SP40, L-SP60 and L-SP80, compared with the Unes-
terified, suggesting that the Unesterified sample
originally held ester bonding. When the esterifica-
tion temperature increased, the Ed of L-SP tended to
increase gradually. L-SP80, which had the highest Ed
of all the L-SP samples, was used for the following
further thermal analysis and soil burial test.

Thermal characteristics of P-SP and L-SP

Thermal degradation point (Td) and thermal
softening point (Ts)

Figure 3 and Table III show the thermogravimetric
curves of the Unesterified, P-SP12

160 and L-SP80. The
thermal degradation points (Td) for the Unesterified,
P-SP160, and L-SP80 were 259.6�C, 228.3�C, and
228.5�C, respectively. P-SP160 showed almost similar
Td value to L-SP80.
Figure 4 and Table III show the thermal softening

curves of the Unesterified, P-SP12
160 and L-SP80. The

thermal softening points (Ts) were 259.3, 220.1, and
115.1�C, respectively. L-SP80 exhibited the lowest Ts

in all samples. L-SP80 exhibited the appropriate ther-
mal softening value for the plastics in all samples.
The remarkable decrease in thermal softening point
suggested the thermoplastic characteristics of the
material.
The thermal softening point of P-SP160 was

slightly lower than thermal degradation points. This
suggests that thermal softening occurred in P-SP160

before it was carbonized. P-SP160 showed slight ther-
mal softening. On the other hand, Ts and Td of the
Unesterified (259.3 and 259.6�C) occurred at much

TABLE II
Color of the Unesterified Sago Starch-Extraction Residue

and Sago Biodegradable Plastics Made from Sago
Starch-Extraction Residue by Esterification

Sample Color

Unesterifieda Dull orange (7.5YR 7/4)
P-SP160 Black (7.5YR 1.7/1)
L-SP40 Pale yellow (2.5Y 8/3)
L-SP60 Pale yellow (2.5Y 8/4)
L-SP80 Light yellow (2.5Y 7/4)

a The unesterified sago starch-extraction residue

Figure 1 FTIR spectra of the unesterified sample, P-SP160

and L-SP80. I: the unesterified sago starch-extraction resi-
due, II: P-SP160, III: L-SP80.

Figure 2 The esterification degree of P-SP160 and L-SP
samples.
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the same temperature. Thus, the residue did not
exhibit thermal softening. The Ts of L-SP80 was
much lower than Td of that. Therefore, L-SP80 exhib-
ited better thermal softening behavior than P-SP160

and the Unesterified. The addition of lauric ester
groups to a polymer can be expected to reduce
the softening point of the material due to the long
(C11) alkyl chain presented in the compound,
which can act as an internal plasticizer for the
polymer. The high esterification degree of the L-SP80

by lauroyl chloride, therefore, can be expected
to lower the softening point, compared to other
samples, as the product has the highest degree of
substitution.

Decomposition characteristics of sago
biodegradable plastics

Decomposition characteristics of P-SP160

Carbon content in Andisol and Inceptisol used in
this study was 35.6 to 10.3 g kg�1, which was a basic

background value for carbon dioxide emission from
soil. Andisol had higher carbon content compared
with Inceptisol but the carbon dioxide emission in
Andisols was similar to that in Inceptisols (Table I).
Large amount of carbon dioxide emission from
Inceptisol seemed to be derived from easily decom-
posable organic carbon content and the difference of
microbial activities.
A-1 and B-1 in Figure 5 show the decomposition

rate of P-SP160 and the Unesterified that calculated
from the CO2 emission. During the period of 31 days,
the decomposition rates of P-SP160 reached 16.7% of
added plastics carbon in Andisol and 32.8% in Incep-
tisol. P-SP160 was decomposed much more quickly in
Inceptisol than in Andisol, as shown in Figure 5.
Dřı́mal et al.20 reported that the poly-b-hydroxybu-

tyrate (PHB) as commercial biodegradable plastics
reached almost 70% of decomposition rate (about
30 days) by gas chromatograph analysis. The degra-
dation rate of P-SP160 in Inceptisols was less than half
value compared with PHB. The degradation rate of P-
SP160 in Andisol showed almost half value of P-SP160

in Inceptisol. The degradation rates of P-SP160 were
clearly different in Andisol and Inceptisol.
Palm oil consisted of esters with glycerol and sev-

eral saturated fatty acids; lauric acid (C11H23COOH,
0.1–1.0 %), myristic acid (C13H27COOH, 0.9–1.5 %),
palmitic acid (C15H31COOH, 41.8–46.8 %), stearic
acid (C17H35COOH, 4.2–5.1 %), arachidic acid
(C19H39COOH, 0.2–0.7 %), and unsaturated fatty
acids; Oleic acid (C17H33COOH; 37.3–40.8 %), linoleic
acid (C17H31COOH; 9.1–11.0 %), linolenic acid
(C17H29COOH, 4.2–5.1 %).21 Therefore, P-SP160 was
composed of starch, cellulose, hemicellulose, and lig-
nin esterified by several fatty acids.
Most of fungi can decompose biodegradable plas-

tics made by the esterification.9,22 Esterified cellulose
is a major component of these plastics,16 and is pos-
sible to be degraded by bacteria and Actinomyces,23

Figure 3 Thermogravimetric curves of the unesterified
residue, P-SP160 and L-SP80. I: the unesterified sago starch-
extraction residue, II: P-SP160, III: L-SP80. Arrow shows
thermal degradation point.

TABLE III
Physical and Chemical Properties of the Unesterified Sago Starch-Extraction Residue, P-SP160 and L-SP80

Sample Symbol

Esterification
temperature

(�C)

Esterification
degree

(mmol g�1)

Molding
temperature

(�C)

Total
carbon
(g kg�1)

Total
nitrogen
(g kg�1)

Td
d

(�C)
Ts

e

(�C)

Unesterified Unesterified a – 1.84 – 379.6 3.3 259.6 259.3
Esterified P-SP160 160 3.23 – 399.3 3.3 228.3 220.1

L-SP40 40 2.95 – 467.9 2.6 226.4 183.3
L-SP60 60 3.03 – 510.3 2.8 227.7 149.3
L-SP80 80 5.18 – 537.1 2.5 228.5 115.1

Molded P-SP160-T
b – – 140 449.2 3.4 – –

L-SP80-T
c – – 140 545.3 3.1 – –

a Thermal degradation point.
b Thermal softening point.
c The unesterified sago starch-extraction residue.
d P-SP160-T: the molded P-SP160 which contain triacetin as plasticizer.
e L-SP80-T: the molded L-SP80 which contain triacetin as plasticizer.
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and so on. Therefore, the difference of decomposi-
tion rate in each soil rate seemed to be based on the
different microbial communities.

Decomposition characteristics of L-SP80

A-2 and B-2 in Figure 5 show the decomposition
rate of L-SP80 and the Unesterified that calculated
from the CO2 emission. During the period of 31
days, the decomposition rates of L-SP80 reached
6.7% in Andisol and 9.3% in Inceptisol. The decom-

position rate of L-PS80 during 31 days of soil burial
test showed lower decomposition rate than P-SP160

and provided the similar decomposition rate in
Andisols and Inceptisols. The errors of the results of
carbon dioxide emission of L-SP80 were smaller than
that of P-SP160 and their standard deviation ranged
from 0.4 to 0.6. A part of L-SP80 seemed to be
decomposed by microorganisms during the test
period. Therefore, it is expected that L-SP80 can be
applied for plant seedling pots for wood, which can
decompose in relatively long time.

Influence of the presence of plasticizer
for decomposition rate

The decomposition rate of P-SP160-T in Andisols and
Inceptisols showed 26.5 and 40.6% of total carbon
during 31 days of the incubation, respectively (Fig.
5). P-SP160-T consisting of 1 : 1 mixture of P-SP160

and triacetin (1,2,3-propanetriol triacetate), which
was one of the most important component in the
early stages of decomposition, was made by a hot
press at 140 degree. On the other hand, the decom-
position rate of L-SP80-T in Andisols and Inceptisols
showed 15.6 and 29.1% of total carbon during 31
days of the incubation, respectively. The addition of

Figure 4 Thermal softening curves of the unesterified res-
idue, P-SP160 and L-SP80. I: the unesterified sago starch-
extraction residue, II: P-SP160, III: L-SP80. Arrow shows
thermal softening point.

Figure 5 Decomposition rate of the unesterified sago starch-extraction residue, P-SP160 and L-SP80 in soil. A-1, A-2:
Decomposition rate in Andisol B-1, B-2: Decomposition rate in Inceptisol P-SP160-T, L-SP80-T: the molded P-SP160 and
L-SP80 which contain triacetin as plasticizer.
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triacetin (50% (w/w)) remarkably accelerated the
decomposition rate of the biodegradable plastics,
P-SP160 and L-SP80 during the study. However,
L-SP80-T revealed lower decomposition rate than
P-SP160 in both Andisols and Inceptisols. Therefore,
it seemed that the decomposition rate of the mixture
of plastic and triacetin could be controlled by the
amount of the added triacetin.

CONCLUSION

Sago starch-extraction residue can be used as a raw
material for biodegradable plastics, which is one of
the effective uses. P-SP160 showed slight thermal soft-
ening behavior and relatively high decomposition rate.
P-SP160 can be applied for agricultural pots which can
decompose in a short time. L-SP80 could be expected
the better thermal softening behavior than the other
samples as the products has highest degree of substi-
tution. L-SP80 could be expected to have better thermal
softening behavior than the other samples because of
the highest degree of substitution. Furthermore, L-SP80
was characterized by lower decomposition rate com-
pared with P-SP160. It is suggested that the thermal
characteristics of L-SP80 were similar to the commer-
cial plastics. Then, it is concluded that L-SP80 can be
applied for wood plant seedling pots which can be
decomposed in relatively long period of time.

The authors are grateful to Professor emeritus Ryunosuke
Hamada, Tokyo University of Agriculture and Technology,
for critical review.
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