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Synthesis of Sago Starch Laurate in Densified Carbon Dioxide

Henky Muljana
Francesco Picchioni?

,! Cynthia Irene,' Vina Saptaputri,’ Ernest Arbita," Asaf K. Sugih,’ Hero J. Heeres,?

"Department of Chemical Engineering, Parahyangan Catholic University, Ciumbuleuit 94,

Bandung 40141, Indonesia

2Department of Chemical Engineering, ENTEG University of Groningen, Nijenborgh 4,

Groningen 9747 AG, the Netherlands

Fatty acid starch esters are potential candidates for novel
biodegradable plastics. This work describes a systematic
study on the synthesis of starch laurate using sago starch
and vinyl laurate (VL) in densified CO, as a green solvent.
The phase behavior of the CO,-VL system was investigated
in a high pressure view cell and the critical point of the
CO,-VL mixtures was shown to increase with temperature.
Within the experimental window, sago starch laurate with a
maximum degree of substitution (DS) of 0.97 is obtained. To
the best of our knowledge, such high DS values have never
been reported before for reactions in densified CO,. More-
over, the presence of laurate chains in the starch backbone
has a profound influence on the degree of crystallinity, the
melt and crystallization temperature, and the degradation
temperature of the final products. POLYM. ENG. SCI., 58:291-
299, 2018. © 2017 Society of Plastics Engineers

INTRODUCTION

Global demand for plastics is growing with a rate of almost
20% per year, from 204 million tons in 2002 rose to 311 million
tons in 2014 [1]. Plastics waste, however, causes serious envi-
ronmental problems, because of high volume to weight ratio and
resistance to degradation. Another environmental issue is related
with the availability of crude oils as the major raw material for
commercial plastic production [1]. Crude oil is not-renewable
and its availability is depleting. To overcome these problems,
biodegradable plastics and particularly those based on sustain-
able renewable resources (mainly natural polymers or polymeris-
able materials from plants and microbes) are of high interest.

Indonesia is a tropical country with a large potential for the
production of commodity bioplastics. Starch, a typical natural
biopolymer used for biodegradable polymers applications, can
be obtained abundantly in Indonesia from various sources such
as tubers (cassava, arrowroot, sweet potato) and grains (job’s
tears, sorghum, and many types of cereals). However, the appli-
cation of starch as a raw material for biodegradable plastics is
still limited [2, 3] due to its brittleness, low hydrophobicity, and
low mechanical strength [4-6]. These drawbacks can be
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overcome by chemical modification of the starches to obtain a
thermoplastic material as end product.

Among others, the esterification of starch with fatty acid
esters such as fatty acid vinyl esters (FAVE), fatty acid methyl
esters (FAME), and fatty acid chlorides (see Fig. 1) in organic
solvents has resulted in products with improved thermoplastic
properties compared to those of their native counterparts [8—10].
However, their synthesis involve the use of organic solvent,
with a relatively high and negative environmental impact, and
product work-up is often cumbersome [2]. To overcome these
problems, supercritical CO, (sc CO,) as a solvent for starch
modification with fatty acid esters has been recently reported
[7]. The authors reported the successful esterification of potato
starch with FAVE, FAME, and fatty acid anhydride. However,
the degree of substitution (DS) of the products is still relatively
low (DS 0.01-0.3), thus resulting in less than optimal mechani-
cal properties [7].

This work explores the use of sago starch for novel starch
esters using vinyl laurate (VL) as the reagent. The application
of sago starch, displaying a type C crystallinity [11], was proven
to give higher reactivity with FAME compared to potato starch
(type B of crystallinity) [12]. However, products with a relative-
ly low DS range (0.034-0.45) was obtained. This work focuses
on the use of VL, which is known to be more reactive than
FAME, thus targeting final products with higher DS values. A
systematic study was conducted to determine the influence of
several process variables on the DS. In addition, to gain insights
in the phase behavior during the reaction, a number of experi-
ments were performed in a high pressure view cell. The molecu-
lar structure and relevant product properties were analyzed
using "H-NMR, Fourier transform infrared (FT-IR) spectrosco-
py, scanning electron microscope (SEM), X-ray diffraction
(XRD), thermal gravimetry analysis (TGA), and differential
scanning calorimetry (DSC).

MATERIALS AND METHODS

Materials

Sago starch was purchased from Bina Sago Lestari (Indone-
sia). The starch water content was determined by a gravimetric
method and shown to be 16.9% wt/wt. Analytical grade VL was
purchased from Fluka (Germany). Analytical grade salt catalysts
(potassium carbonate, sodium acetate, sodium sulfate) were pur-
chased from Merck (Germany). Dimethyl sulfoxide-dg (dime-
thylsulfoxide [DMSO]-ds) was obtained from Aldrich. Technical
grade methanol was purchased from Bratachem (Indonesia). All
chemicals were used as received without further purification.
High purity CO, (> 98% volume) and N, (> 98% volume)
were purchased from Sangkuriang (Indonesia).
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FIG. 1. Esterification of starch with various sources of fatty acid [7].

Experimental Setup

The high pressure reactor setup consists of a stirred reactor,
an electrical heating element with temperature controller, a high
pressure pump unit, and CO, and N, storage bottles. The reactor
has a capacity of 35 ml and may be operated in a temperature
range from 30°C to 300°C and a maximum pressure of 20 MPa.
The CO, is introduced to the reactor using a positive displace-
ment pump (Chrom Tech) equipped with an integrated cooling
system to eliminate cavitation issues in the pump. The pump
has a maximum flow rate of 24 ml/min and a maximum pres-
sure of 69 MPa.

A high pressure view cell was used to determine the phase
behavior of the system. It consists of a high pressure stirred
view cell (NWA GmbH, Lorrach, Germany), equipped with a
turbine type impeller, two stainless steel cartridge heaters (Con-
rad Electronic Benelux), a thermal controller, and a high pres-
sure pump (Lewa) with a capacity of 60 kg/h at a maximum
pressure of 35 MPa. The cell has a capacity of 60 ml and may
be operated at a maximum pressure of 40 MPa and a maximum
temperature of 200°C.

EXPERIMENTAL
Esterification of Sago Starch Using VL

The starch laurates were prepared by reacting native sago
starch with VL, using an alkaline salt as the catalyst. Native
sago starch (2.5 g, dry basis), VL, and the salt were charged to
the batch reactor. After flushing with N, to remove air (approxi-
mately 5 min), the reactor was pressurized with CO, and heated
to the desired temperature. CO, was added to increase the pres-
sure to the desired level. After reaction, the reactor was cooled
to room temperature and depressurized to atmospheric condi-
tions. The solid product was separated from the remaining liquid
VL, washed with methanol (approximately 0.5 1), filtrated and
dried in a vacuum oven at 70°C until constant weight [7].

Phase Behavior Study

To get insights in the reaction with sub/supercritical CO,,
phase behavior studies of VL-CO, mixtures were carried out in
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a high-pressure view cell. In particular, the critical points of the
VL-CO, mixtures were determined. The molar ratio of VL-CO,
(Eq. I) used in these experiments was similar to those used in the
actual esterification experiments. The critical point of the mixture
was visually determined and set at the point when the biphasic
mixture became a single (supercritical) phase and at the point
when the single phase become biphasic again after depressurization
according to a reported procedure. The critical points as deter-
mined by both methods are equal within 0.04 MPa. The VL mole
fraction (yyy) at the critical point was calculated by Eq. .

ey

_ VL, o
VL (nvL,0+nCOy,)
where 7y, is the initial molar intake of VL and nCO, ¢ the molar
intake of CO, at a given pressure and temperature. To determine
the molar intake of CO,, the density needs to be known at different
pressures and temperatures. These values were obtained from the
Span and Wagner Equation of State [13—15].

Analytical Equipment

"H-NMR spectra were recorded using a JEOL JNM-ECA
500 spectrometer operating at 500 MHz at an operating temper-
ature of 60°C Prior to the measurements, the starch sample was
dissolved in DMSO-d6 at a temperature of 90°C for 2 h. FT-IR
spectra were acquired on a FTIR Prestige 21 Shimadzu. TGA
measurements were performed on a TGA Mettler Toledo Type
TGA/SDTA 851. The samples were heated to 900°C in an inert
atmosphere at a heating rate of 10°C min~'. DSC analysis were
carried out using a Perkin Elmer DSC 8000. The samples (4 —
5 mg) were heated from 0°C to 200°C with a heating rate of
10°C min~'. XRD analyses were done in a diffractometer type
PW1710 BASED with Anode Cu. The morphology of native
starch and the starch fatty acid esters products were determined
using SEM (JEOL T330A).

Determination of the DS Values of the Products

The DS describes the number of substituents per anhydro-
glucose unit (mole/mole AGU). The DS values can vary from

DOI 10.1002/pen
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FIG. 2. Phase behavior of VL-scCO, mixtures at 50°C with pressure of 5 MPa (a), 12 MPa (b), 14 MPa (c), and 15
MPa (d). [Color figure can be viewed at wileyonlinelibrary.com]

0 to 3 as each AGU contains on average three hydroxyl group
[5, 16]. The DS values were determined using a hydrolysis
method according to a previously reported procedure [5]. A
starch sample (1 g) was placed in a 250 ml erlenmeyer flask
with stopper. RO water, that is, water purified through Reverse
Osmosis, (10 ml), 0.5 N NaOH (15 ml), and a few drops of
phenolphtalein were added. The mixture was subsequently
stirred gently at a temperature of 30°C for 4 h. Excess alkali
present in the mixture was titrated with 0.1 N (HCI) until the
red color of phenolphtalein disappeared. The DS was calculat-
ed using Egq. 2.

162 X (Nnaou X VNaor — Nuci X Vier)

DS=
(1000 X W) — 182 X (Nnaon X Vaon — Nuci X Vacr)

(@)

where Vaon is the volume of NaOH (ml), Vi is the titration
volume of acid (ml), Nnaon is the normality of NaOH solution,
Nucy is the normality of the HCI solution, W is the mass of the
fatty ester starch sample (g), 162 and 182 are the molecular
weight of AGU and laurate as substituent on the starch back-
bone, respectively.

RESULTS AND DISCUSSION

Starch esterification reactions in CO, are known to be affect-
ed by the temperature and pressure [7]. CO,, especially when in
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the supercritical state, is known to lead to swelling of the starch
granules and possibly act as a solvent for the reagents. Both fac-
tors facilitate transfer of substrates into the starch granule and
may thus lead to higher reaction rates. In this context, knowl-
edge of the phase behavior of starch, reagents and CO, is of
high relevance.

As such, the critical point of the VL-CO, mixtures at three
different temperatures (7 = 50°C, 100°C, and 120°C) and with
the same molar ratio between VL and CO, as used in the reac-
tions, were determined. The changes of the VL-CO, system
from gas liquid VL-CO, to supercritical phase with pressure
(from 5 to 15 MPa) at temperature of 50°C is clearly shown in
Fig. 2. The supercritical phase at 50°C is reached at critical
pressures of about 15-16 MPa with a VL mole fraction (yyy) of
about 0.06 (calculated by Eq. I). It is obvious that the critical

TABLE 1. Critical properties of VL -CO, binary mixtures at different
temperatures.

No Reagent T (°C) Critical region (MPa) YL
1 Vinyl Laurate 50 15-16 0.05
2 Vinyl Laurate 100 21-22 0.06
3 Vinyl Laurate 120 24-25 0.06

POLYMER ENGINEERING AND SCIENCE—2018 293



TABLE 2. Overview of experiments.

Reaction Type of VL intake K,COj5 intake
No T (°C) P (MPa) time (h) catalyst (mol/mol AGU) (mol/mol AGU) DS
1 100 8 1.5 NaOAc 3 0.1 0.06
2 100 8 1.5 NaOAc 5 0.1 0.67
3 100 8 1.5 Na,SOy4 3 0.1 0.29
4 100 8 1.5 Na,SO, 5 0.1 0.81
5 80 8 1.5 K,CO; 3 0.1 0.16
6 80 8 1.5 K,CO; 3 0.4 0.22
7 90 8 1.5 K,CO; 3 0.1 0.31
8 90 8 1.5 K,CO; 3 0.2 0.46
9 90 8 1.5 K,CO; 3 0.4 0.56
10 100 8 1.5 K,CO; 3 0.1 0.52
11 100 8 1.5 K,CO; 3 0.2 0.69
12 100 8 1.5 K,CO; 3 0.4 0.82
13 100 8 2.5 K,CO; 5 0.1 0.85
14 100 10 1.5 K,CO; 5 0.1 0.84
15 100 20 1.5 K,CO; 5 0.1 0.78
16 100 8 3 K,CO; 5 0.1 0.88
17 100 10 3 K,CO; 5 0.1 0.97
18 100 20 3 K,CO; 5 0.1 0.79
19 120 20 5 K,CO; 5 0.1 0.74
20 120 20 10 K,CO; 5 0.1 0.95
21 80 10 10 K,CO; 5 0.1 0.73

parameters (7' and P) of binary VL-CO, mixtures are higher
than the one of pure CO, (T =31°C, P =7.38 MPa).

A similar behavior was observed at 100°C and 120°C (figures
not shown for brevity). However, the critical pressures are
somewhat higher compared with the one at 50°C (see Table 1).
This is not surprising and is related to the fact that the density
of CO, decreases with temperature and therefore a higher pres-
sure is required at higher temperature to reach a single supercrit-
ical phase.

A series of experiments was designed (Table 2) to evaluate
the influence of important process variables such as temperature,
pressure, K,COj; intake, and various types of alkaline salts
(NaOAc, K,CO3, and Na,SO,4) on the DS of the product. The

0.6
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0 0.3 4
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0.0

Type of Catalyst
@

experiments span a broad range of conditions and include both
the sub-and near-critical regime. After reactions and work-up,
products with a range of DS values (0.04-0.97, see Table 2)
were obtained.

Three different salt base catalysts (K,CO3, NaOAc, Na,SOy)
were used in this experiments. The effect of these salts on the
DS at two different VL intakes (3 and 5 mol/mol AGU) is
shown in Fig. 3a and b. In both cases, the use of NaOAc results
in the lowest DS value. It is clear that the salt catalyst plays an
important role in the reaction. The reactivity of the catalyst is
expected to be a function of its basicity and a maximum DS val-
ue is anticipated when using the base with the lowest pK,, value
[16].

1.0
Na SO,

09 pKb 12.04
0.8 - NaOAc

pKb 9.24

K,CO,
pKb 3.66

0.7
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805{
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FIG. 3. Effect of different types of catalyst on the DS at a VL intake of 3 mol/mol AGU (a) and 5 mol/mol AGU
(b). Conditions: 100°C, 8 MPa, 1.5 h, and a catalyst intake of 0.1 mol/mol AGU.
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FIG. 4. The effect of K,COj; intake and temperature on the DS. Condi-
tions: 8 MPa, 1.5 h, a VL intake of 3 mol/mol AGU.

As shown in Fig. 3, it is apparent that K,CO5 gives products
with the highest DS value. This is expected, as this salt has the
lowest pKy value. However, when comparing the performance
of Na,SO, and NaOAc, this trend is absent and Na,SO,, despite
being a weaker base than NaOAc, gives products with higher
DS values. A possible explanation may be related to different
salt effects on the gelatinization behavior of starch at elevated
pressures. After being pressurized at 350, 530, and 700 MPa for
15 min at 29°C, the presence of Na,SO,4 (0.07 M, similar to that

1.0
0.9-
0.8 -
0.7-
0.6-
0.5-
0.4-
03-
02-
0.1 -
0.0 -

Bl ish

3 h

DS

20

10
Pressure (MPa)

FIG. 5. The effect of pressure on DS at two different reaction time. Condi-
tions: 100°C, VL intake of 5 mol/mol AGU, and a catalyst intake of
0.1 mol/mol AGU.
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FIG. 6. FT-IR spectra of Native Sago Starch (a), starch laurate with a DS
of 0.06 (b), and starch laurate with a DS of 0.81 (¢).

in our experiments) is known to result in an increase in the
degree of gelatinization (DG) of potato starch to almost 90%
[17]. This effect is much more profound for Na,SO, than for
other salts such as NaCl and NaOAc. Thus, the unexpectedly
good performance of Na,SO, may be related to a higher DG,
which will lead to higher diffusivities of the reactants in the
swollen starch granules.

As K,COj; showed the highest reactivity among the basic cat-
alysts used in the experiments, it was selected for further inves-
tigations. The effect of K,CO; on the product DS was
investigated for three different feed compositions (0.1 mol/mol
AGU, 0.2 mol/mol AGU, 0.4 mol/mol AGU) and at two differ-
ent temperatures (80°C, 100°C).

The experimental results (Fig. 4) show that the DS values
increase with the K,COj intake until the upper experimental
limit of 0.4 mol/mol AGU. These findings are in line with stud-
ies on esterification of corn and Hylon VII using DMSO as the
solvent [18, 19]. Higher intakes of the base catalyst will lead to
a higher concentration of starch alkoxides in the mixture and
this will have a positive effect on the reaction rates with VL. As
a consequence, higher product DS value is attained at higher
catalyst intakes.

The effect of temperature was investigated at 90°C and
100°C (Fig. 4) at a constant pressure of 8 MPa, VL intake of
3 mol/mol AGU and 1.5 h reaction time. The positive influence
of temperature on the DS values is clearly shown in Fig. 4. The
same observations can be found in the literature, not only reac-
tions in densified CO, [7] but also in other solvents such as
DMSO [17] and ionic liquids [5].

Pressure has a more complex effect on the DS values
(Fig. 5). It is apparent that an optimum of DS is observed at

POLYMER ENGINEERING AND SCIENCE—2018 295
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FIG. 7. 'H-NMR analysis of native sago starch (a), sago starch laurate

with a DS of 0.81 (b).

10 MPa for a reaction time of 3 h. This trend is in line with pre-
vious results by us for the esterification of potato starch in CO,
[7]. Moreover, a different trend is shown at 1 h reaction time.
Here, the effect of pressure (from 8 to 10 MPa) is limited and
the DS values are about constant (Fig. 5).

The trend can be explained by the considering two opposite
effects. CO, is known to be a plasticizer for starch, leading to
higher diffusion rates of the VL inside the starch granules, ulti-
mately giving products with higher DS values. This effect is
expected to be more profound at higher pressures. However,
higher pressures also have a negative effect due to compression
of particles, which in turn decreases the free volume in the
starch matrices [20] and lowers the diffusion rate and eventually
results in products with a lower DS value.

The starch ester products were characterized using FT-IR,
'"H-NMR, SEM, TGA, and DSC and the results will be com-
pared with native sago starch.

The FT-IR spectra of native sago starch, sago laurate with a
DS of 0.04, and sago laurate with a DS of 0.79 are given in
Fig. 6. All spectra show an absorption band at 3,300-
3,600 cm™' and at 1,235-1,242 cm™!, corresponding to the
—OH stretching and bending band of starch, respectively [2, 21].

FIG. 8. SEM of native sago starch (a), sago starch laurate with DS of 0.06 (b), and sago starch laurate with DS of
0.16 ().
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FIG. 9. X-ray diffraction pattern of native sago starch (a), sago starch lau-
rate DS =0.73 (b), and DS = 0.95 (c).

The peak intensity of the —OH stretching band decreases
with higher DS value (Fig. 6) in agreement with the fact that
part of the OH groups are substituted by the laurate group. The
presence of the laurate group in the products can also be seen
from the increase of the peak intensity of —CH stretching band
at 2,800-3,000 cm ' at the higher DS values and the presence
of the carbonyl (— C = O) stretching band at 1,738 cm” ! [2, 5,
21].

Also the comparison of "H-NMR spectra of native sago
starch (Fig. 7a) and sago starch laurate with a DS of 0.81 (Fig.
7b) clearly indicates the occurrence of the reaction. Both spectra
show peaks at 6 3.6-5.6 ppm that correspond to the seven pro-
ton of the starch [19, 22].

The main difference between both spectra is the presence of
peaks at 6 0.8-2.5 ppm in the sago starch laurate (Fig. 7b),
which correspond to the protons of the fatty acid backbone [19].
This indicates that the reaction was successful. In addition, the
absence of peaks at 0 7-7.2 ppm reveals that the products is not
contaminated with the unreacted VL [7].

SEM analysis of the native sago starch and the products are
given in Fig. 8. It is clear that there is a significant difference
between the morphology of the native and the sago laurate
products.

The native sago starch granules show an oval shape (Fig. 8a)
with different particle sizes, in line with literature data [21]. The
granules of the starch laurates appear agglomerated (Fig. 8b)
and fused, particularly for the product with the higher DS value
(Fig. 8c) [21, 23]. This is not surprising when considering possi-
ble hydrophobic (van der Waals) interaction of the aliphatic side
chains, especially at relatively high DS values.

On the mesoscopic level, the esterification reaction are
expected to have an influence on the crystallinity of the product.
The diffraction patterns of three products (native sago starch,
sago laurate with a DS of 0.73, and sago laurate with a DS of
0.95), as measured by XRD analysis, are shown in Fig. 9. Typi-
cal C-type semi crystalline XRD patterns with a strong

DOI 10.1002/pen

diffraction peak at 20 values of 5.54°, 15.18°, 17.2°, 18.1°
23.1°, and 26.96° are obtained for native sago starch and for
sago laurate with a DS of 0.73 [11]. Conversely, the sago lau-
rate with a DS of 0.95 only shows a broad single peak at 23.1°,
indicating that this product has lost its crystallinity and become
fully amorphous.

The decrease in crystallinity of the product can be quantified
based on the ratio of the crystalline (A.) reflections and the
overall area (A,) [24]. The results are given in Table 3. It is
obvious that the degree of crystallinity is reduced from 34% for
native sago starch to 28% for a product with a DS of 0.73 and
with complete loss of crystallinity for a product with a DS of
0.95. This decrease in crystallinity is due a plasticizing effect of
CO, during reaction, inducing gelatinization of the starch par-
ticles and leading to a reduction in the crystallinity of the prod-
uct [20, 25]. The changes in the molecular as well as meso-
structure of the starch on derivatization with laurate chains has
a clear influence on the final properties.

The TGA thermograms of native sago starch and the deriva-
tives are shown in Fig. 10a. The curves for the sago starch sam-
ples show two distinct decomposition steps. The degradation/
decomposition temperature of the sago starch laurate (240°C) is
lower than that for native sago starch (290°C). This may be the
result of disruption of hydrogen bonds in the starch at higher
DS values and loss of crystallinity [2]. Moreover, the sago
starch laurates show a second degradation peak at higher values
than for native sago starch (Fig. 10a), indicative for higher ther-
mal stability of the starch laurate derivatives.

The TGA data for sago starch and laurate derivatives were
compared with those for native potato starch and laurate deriva-
tives (Fig. 10b and c). Both native potato and sago starch show
the same degradation profile. The derivatives (Fig. 10c), howev-
er, show different degradation profiles. Evidently, sago starch
laurate has a slightly lower degradation temperature than that of
the potato starch analog. This is possibly related to differences
in pressure resistance for both starches [20]. Potato starch, with
a B type crystalline structure, is known to be more pressure
resistant compared with sago starch (C- type crystalline
structure).

Thermal properties of the products and starting material were
determined and shown to differ considerably. The melting (7,)
and crystallization temperature (7.) of native sago starch and
the products were measured by DSC and the results are shown
in Table 4. The T,, and T, of the products are not a strong func-
tion of the product DS (Table 4). The products have lower tran-
sition temperatures (7, and 7.) compared with native sago
starch, suggesting that the crystallinity of native sago starch is
significantly reduced. This is in line with the decrease in melt-
ing enthalpy (AH,,) and crystallization enthalpy (AH.) at higher

TABLE 3. Crystallinity data.

Degree of Relative
crystallinity crystallinity
No Sample DS (% xc) (Xrc)
1 Native — 0.34 1
2 Sago Laurate 0.73 0.22 0.67
3 Sago Laurate 0.95 0 0
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FIG. 10. TGA Analysis on sago starch and sago starch derivatives (a), native sago and native potato starch (b),

sago and potato starch laurates (c).

DS values (Table 4). The decrease in crystallinity is also con-
firmed by the XRD analysis (see above).

Another important finding is that the transition temperatures
of the products are mainly determined by the properties of the
laurate side chains as the transition temperatures of the products
are not far off from the ones of pure VL (T, of 5.76°C and T,
of —10.72°C).

TABLE 4. Thermal properties of the products as measured by DSC.

T, T AH, AH,,
No Sample DS (°C) (°C) J/g) J/g)
1 Native — nd* nd* nd* nd*
2 Sago Laurate 0.73 —13.57 2.03 14.84 12.23
3 Sago Laurate 0.95 —13.63 2.65 5.44 2.65

“Not detectable.
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CONCLUSIONS

The potential application of densified CO, as a solvent for
the synthesis of sago starch laurates was investigated. The intro-
duction of fatty acid chains was successful using the selected
synthesis method as was evident from changes in the FT-IR and
"H-NMR of the products compared with to virgin sago starch.
The reactivity is a strong function of temperature, the basicity
of the catalyst, and the catalyst intake and, within the investigat-
ed experimental window, a maximum product DS of 0.97 was
achieved. This is prominently higher than found for related
esterification reactions in CO,. The use of reactive fatty acid
derivatives as well as fine tuning of the experimental conditions
constitutes pivotal elements in achieving this.

In addition, the product crystallinity decreases with the DS
as confirmed with XRD and DSC analysis. This indicates that
the final product crystallinity may be tuned by the process con-
dition. The thermal properties (degradation temperature, melting
and crystallization temperature) of the products are considerably

DOI 10.1002/pen



different from those fort native sago starch. The products have a
higher thermal stability and a lower melting and crystallization
temperature, which will have a positive effect on the suitability

of

the products to be used as thermoplastic materials.
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