
Formamide as the Plasticizer for Thermoplastic Starch

Xiaofei Ma, Jiugao Yu

School of Science, Tianjin University, Tianjin 300072, People’s Republic of China

Received 17 March 2003; accepted February 17, 2004
DOI 10.1002/app.20628
Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: As a novel plasticizer, formamide was tested
in thermoplastic starch (TPS), in which native cornstarch
granules were proved to transfer to a continuous phase by
scanning electron microscope (SEM) and the hydrogen bond
interaction between plasticizer and starch was proved by
Fourier transform infrared (FTIR) spectroscopy. Mechanical
tests showed that tensile strength and Young’s modulus of
formamide-plasticized TPS (FPTPS) were lower than glyce-
rol-plasticized TPS (GPTPS) and elongation at break and
energy break were higher. The effect of formamide and
glycerol on the retrogradation of TPS was studied using

X-ray diffractometry. Formamide could effectively restrain
the starch retrogradation at three different relative humidity
(RH) environments, because it could form the more stable
hydrogen bonds with the starch hydroxy group than glyc-
erol. From these results, we found that the elongation at
break, energy break, and the retrogradation of TPS were
ameliorated by formamide. © 2004 Wiley Periodicals, Inc. J Appl
Polym Sci 93: 1769–1773, 2004
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INTRODUCTION

The improper disposition of the enormous volume of
petroleum-derived plastics in the environment led to
environment pollution and raised much interest in
preparing the replacement from nature polymers, bio-
degradable and renewable resources. Currently, much
research is concerned with starch, the polysaccharide
of granular structure, because it is inexpensive and
abundant. Starch presents two different polysaccha-
rides: the linear (1,4)-linked �-d-glucan amylose and
highly branched (1,6)-linked �-d-glucan amylopectin.1

Commonly, amylopectin takes part in the formation of
a crystalline structure, and amylose does not.2 Natural
starch usually is � 15–45% crystallinity. The develop-
ment and production of biodegradable thermoplastic
starch (TPS) is important to reduce the total amount of
plastic waste. During the thermoplastic process, water
contained in starch and other plasticizers plays an
indispensable role, because the plasticizers could form
the hydrogen bonds with starch, take the place of the
strong action between hydroxy groups of starch mol-
ecules, and make starch display the plasticization. In
most literature for thermoplastic starch, polyols as
plasticizers usually were used such as glycerol,3,4 gly-
col,5 sorbitol,6 and sugars.7 This kind of TPS was
thought to have a tendency to recrystallize (retrogra-
dation) after being stored for a period of time and
retrogradation embrittles TPS. Urea was shown to

prevent retrogradation. However, it has a high melt-
ing solid with little internal flexibility and, hence,
urea-plasticized TPS became rigid and brittle.8 There-
fore, for the application and development of starch
materials, it is very important to discover a perfect
plasticizer that imparts the flexibility and suppressed
retrogradation to TPS during the aging process. Pres-
ently, there still is no research pertaining to form-
amide as a starch plasticizer.

In this study, we described TPS plasticized by for-
mamide and studied the plasticization, mechanical
properties, and retrogradation of this TPS. From all of
the results, formamide was considered the material
that could promote the plasticization of starch, im-
prove the TPS flexibility, and restrain the retrograda-
tion of TPS.

EXPERIMENTAL

Materials

Cornstarch (11% moisture) was obtained from the
Langfang Starch Company (Langfang, Heibei, China).
The plasticizers, glycerol, and formamide were pur-
chased from Tianjin Chemical Reagent Factory (Tian-
jin, China).

Plasticization

Glycerol (150 g) and formamide (150 g) were, respec-
tively, blended (300 rpm for 2 min) with cornstarch
(500 g) by using a high-speed mixer (GH-100Y; Beijing
Plastic Machinery Factory, Beijing, China) and then
stored overnight. The mixtures were fed manually
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into the single screw plastic extruder SJ-25(s) (screw
ratio L / D � 25 : 1; Beijing Plastic Machinery Factory).
The screw speed was 20 rpm. The temperature profile
along the extruder barrel was 130, 135, 140, and 120°C
(from feed zone to die). The single screw extruder was
equipped with a die, a round sheet with 3-mm-diam-
eter holes.

Scanning electron microscope

The native starch and the fracture surfaces of extruded
TPS strips were performed with a scanning electron
microscope (SEM), Philips XL-3 (FEI, Hillsboro, OR),
operating at an acceleration voltage of 20 kV.

Native starch powders were suspended in acetone.
The suspension drops were drawn on the glass flake,
dried for removing the acetone, and then vacuum
coated with gold for SEM. TPS strip samples were
cooled in liquid nitrogen and then broken. The frac-
ture faces were vacuum coated with gold for SEM.

Fourier transform infrared spectroscopy

The infrared (IR) spectra were measured with a Bio-
Rad FTS3000 IR spectrum scanner (Hercules, CA). The
native starch powders were tested by the reflection
method, and the extruded TPS strips were pressed to
the transparent slices, which were tested by the trans-
mission method.

Mechanical testing

Samples 8 cm � 3 mm diameter (�) in size were cut
from the extruded strips. The Testometric AX M350–
10KN materials testing machines (Rochdale, Lanca-
shire, UK) operating at a crosshead speed of 10 mm/
min were used for tensile testing.

X-ray diffractometry

The extruded TPS strips were pressed to the slices
with a flat sulfuration machine (Beijing Plastic Ma-
chinery Factory) and the slices were placed in a sam-
ple holder for X-ray diffractometry. The native starch
powders were packed tightly in the sample holder.
X-ray diffraction patterns were recorded in the reflec-
tion mode at an angular range of 10–30° (2�) at the
ambient temperature by a BDX3300 diffractometer
(Beijing University Instrument Factory, Beijing, China)
operated at the CuK �-wavelength of 1.542 Å. The
radiation from the anode, operating at 36 kV and 20
mA, monochromized with a 15-�m nickel foil. The
diffractometer was equipped with a 1° divergence slit,
a 16-mm beam bask, a 0.2-mm receiving slit, and a 1°
scatter slit. Radiation was detected with a proportional
detector.

RESULTS AND DISCUSSION

Plasticization

Compared with native cornstarch granules, the micro-
cosmic morphology of the extruded TPS was shown in
Figure 1. It was shown that a few percent of residual
granular structure was present in the continuous for-
mamide-plasticized TPS (FPTPS) phase. Because of
the high shear and temperature conditions with the
action of formamide, native cornstarch granules were
molten or physically broken up into small fragments.
Plasticizers were known to disrupt intermolecular and
intramolecular hydrogen bonds and make the native
starch plastic.

Formation of homogeneous TPS was a result of
strong interactions by hydrogen bonds between starch
and plasticizers. The analysis of Fourier transform IR
(FTIR) spectra of the blends enables hydrogen bond
interactions to be identified.9,10 On the basis of the

Figure 1 SEM micrograph of (a) native cornstarch granules
and the (B) fracture face of formamide-plasticized TPS.
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harmonic oscillator model, the reduction in force con-
stant �f could be represented by eq. (1)11:

�f � fp � fnp �
���p

2 � �np
2 �

4�2 (1)

where � � m1m2 / (m1 � m2) corresponds to the
reduced mass of the oscillator, v is the oscillating
frequency, and f is the force constant. The subscripts
np and p denote nonplasticized and plasticized oscil-
lators, respectively. The reduction of force constant
brought about by some interaction was related di-
rectly to the frequency (or wave number) shift of
stretching vibrations. Thus, the lower the peak fre-
quency, the stronger the interaction.

Evident changes were found in the wave number in
the bands corresponding to mobility in the group
(shown in Table I). Susceptibility to the formation of
intermolecular complexes within TPS induces changes
in intermolecular vibrations. Figure 2 shows changes
in the wave number in the region of the group vibra-

tions related to a hydrogen bond between native
starch and FPTPS. The peak frequency (3389 cm�1) of
native starch, ascribed to free, intermolecular, and
intramolecular bound hydroxyl groups, was trans-
ferred to the lower frequency (3310 cm�1). The origi-
nal hydroxyl interaction in starch was weakened by
the new formation of the hydrogen bond between
starch and formamide. Formamide could form a more
stable hydrogen bond with the hydroxyl group, so the
frequency, related to the hydroxyl group, decreased a
great deal in FPTPS. On the other hand, the presence
of formamide decreased the wave number of the peak
ascribed to the COO stretch of COOOH in starch at
1156 and 1081 cm�1 and COO stretch of COOOC in
starch at 1020 cm�1.12 Because the new and strong
hydrogen bond formation between starch and form-
amide took the place of the original interaction in
native starch, the corresponding peak frequency was
lower. Figure 2 shows that both COOOH and
COOOC group in starch could form the hydrogen
bond with the plasticizer.

TABLE I
The Relation of the Bands with Evident Changes of the Wave Number and the

Corresponding Groups of Starch in the FTIR Spectrum

Corresponding group

Free, intermolecular,
and intramolecular

bound hydroxyl groups
COO of COOOH

in starch
C™O of C™O™C

in starch

Wave number (cm�1)
in native starch 3389 1156 1020

1081
Wave number (cm�1)

in FPTPS 3310 1150 1012
1077

Figure 2 The FTIR spectra of native starch and formamide-plasticized TPS.
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Mechanical testing

The mechanical properties of glycerol-plasticized TPS
(GPTPS) and FPTPS are shown in Table II. After TPS
ribbons were extruded from the single screw plastic
extruder and cooled to the room temperature, me-
chanical properties of TPS materials were tested. For-
mamide could form more stronger hydrogen bond
interactions with starch and weaken the interaction of
starch molecules, and the slippage movement among
starch molecules was facile. At the same percentage of
plasticizer contents (30%), the elongation at break and
energy break of FPTPS was better than one of the
GPTPSs while the tensile strength and Young’s mod-
ulus of FPTPS was lower. Therefore, FPTPS was more
flexible than GPTPS.

Retrogradation

The X-ray diffraction patterns of TPS materials are
shown in Figures 3 and 4. In the GPTPS (Figure 3 b),
most crystal disappears, but a low percent of crystal-
linity, still observed, came from the inductive forma-
tion during the thermal process of TPS.13 In the FPTPS
(Figure 4 b), all crystallinity in the native starch (Fig-
ures 3 a and 4 a) was melted during extrusion. In this
process, formamide molecules entered starch parti-
cles, replaced starch intermolecular and intramolecu-
lar hydrogen bonds, and destroyed the crystal of
starch. At the same time, formamide molecules made
the amylopectin more flexible than glycerol molecules,

so the crystallinity, induced by remnant stress from
the FPTPS process was less, and FPTPS was almost
amorphous (Figure 4).

The effect of glycerol and formamide on the retro-
gradation of TPS obviously was different. The GPTPS
stored at a relative humidity (RH) of 50% for 25 d
(Figure 3 c) showed a greater VH-style crystal peak
because of retrogradation of starch as well as a GPTPS
stored at an RH of 50% for 70 d (Figure 3 d). According
to VanSoest,14 the VH type is a single-helical structure
“inclusion complex” made up of amylose and glyc-
erol. In the presence of formamide, X-ray diffraction
showed that no crystal state could be observed in
FPTPS stored at an RH of 50% for 25 d and 70 d
(Figure 4 c and d).

Under extreme dry conditions (RH � 0), the GPTPS
stored for 70 d showed an obvious VH-type crystal
peak (Figure 5), whereas FPTPS showed nothing un-
der the same storage conditions. At high humidity
(RH � 100%), the GPTPS stored for 70 d represented
the mixture of VH-type and A-style crystal (Figure 6).
Because the high water content could dilute the action
between starch and glycerol, starch molecules could

TABLE II
The Mechanical Properties of GPTPS and FPTPS

TPS GPTPS FPTPS

Tensile strength (MPa) 5.5 3.4
Elongation at break (%) 85 106
Energy break (N � m) 1.01 2.18
Young’s modulus (MPa) 183 44

Figure 3 The diffractograms of (a) native starch and GPTPS
stored at an RH of 50% for (b) 0 d, (c) 25 d, and (d) 70 d.

Figure 4 (a) The diffractograms of native starch and FPTPS
stored at RH � 50% for 0 day (b), 25 days (c) and 70 days (d).

Figure 5 The diffractograms of (a) GPTPS and (b) FPTPS
stored at an RH of 0 for 70 d.
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form A-style crystal with starch molecules and form
the VH-type crystal with glycerol again (Figure 6 a),
while starch molecules could not form the VH-type
crystal with formamide and A-style crystal was not
very clear (Figure 6 b). The hydrogen bond interaction
between formamide and starch was so strong that the
additional water could not obviously weaken this in-
teraction.

In this recrystallization of TPS stored at different
humidities, formamide could effectively inhibit hy-
drogen bond reformation among starch molecules
and, consequently, prevented the retrogradation of
TPS. The suppressive effect of formamide and glycerol
on the retrogradation of TPS should be related to their
hydrogen bond–forming abilities with starch.

To estimate the difference in the hydrogen bond–
forming abilities between formamide and glycerol, we
simplified the voluminous hydrogen bond possibility.
For example, three-center H-bond and nitrogen as an
H-bond donor (the electronegativity of nitrogen is
weaker than oxygen) were not considered here. The
representative styles of the hydrogen bonds in both
FPTPS and GPTPS are shown in Figure 7. When the
acceptor of hydrogen bonds was H of the OH group in
starch, as the electron donor, O of the carbonyl group
in formamide (Figure 7 a) had more electronegativity
than O of the hydroxy group in glycerol (Figure 7 c),
because the electron-donating effect of carbonyl dou-
ble bonds made the electron cloud density of O in the
carbonyl group greater. When the donor of hydrogen
bonds was O of the OH group in starch, H of the
amino group in formamide (Figure 7 b), as the electron
acceptor, had less electronegativity than H of the hy-
droxy group in glycerol (Figure 7 d), because the
NOCAO group with p-� conjugate structure exposed
the H connected with N in formamide. Consequently,
the order of the hydrogen bond–forming abilities
shown in Figure 7 is as follows: (a) 	 (c) and (b) 	 (d).

Therefore, formamide could form the more stable
hydrogen bonds with starch than with glycerol. In
other words, the hydrogen bond interaction of starch
molecules was weaker in FPTPS than in GPTPS, and
the recrystallization of starch molecules was more dif-
ficult to form. In fact, the strong hydrogen bonds
between the formamide and hydroxy groups of starch
made formamide suppress the retrogradation of TPS.

CONCLUSION

We reported that formamide was a favorable plasti-
cizer for starch plasticization, proved by SEM and
FTIR methods. Mechanical characters revealed that in
contrast with GPTPS, tensile strength and Young’s
modulus of FPTPS were lower while elongation at
break and energy break were higher. On the other
hand, formamide could suppress the retrogradation of
TPS at three different environments (RH � 0, 50, and
100%). The newly formed hydrogen bonds between
formamide and starch hydroxyl, which are more sta-
ble, prevented starch hydroxyls from resuming the
hydrogen bond action of starch during the aging pro-
cess. Therefore, as a novel plasticizer, formamide is
worth researching in detail and will be helpful for
extending TPS application scopes.
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Figure 7 The representative styles of the hydrogen bonds
in (a and b) FPTPS and (c and d) GPTPS.

Figure 6 The diffractograms of (a) GPTPS and (b) FPTPS
stored at an RH of 100% for 70 d.
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