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Abstract The use of native starch as a thermoplastic
polymer is limited by its fragility and high water absorp-
tion. Due to the presence of several hydroxyl groups in its
structure, water acts as a natural plasticizer of starch,
modifying its properties. It is necessary to chemically
modify starch molecules by replacing hydroxyl groups with
other functional groups to reduce water absorption.
Chemical modification of starch granules also alters its
swelling and gelatinization behavior. In this contribution
we describe the chemical modification of starch and its
influence on its hydrophilicity and heat resistance. Acetic
acid, maleic anhydride and octanoyl chloride were used as
derivatizing reagents. The effectiveness of the treatments
was evaluated by means of infrared spectroscopy. Different
tests were conducted in order to evaluate the influence of
the different chemical modifications on starch structure and
properties. Results showed that the treatments effectively
reduced starch moisture susceptibility, while substantially
altering other properties such as amylose content, swelling
power, solubility, and heat resistance. Finally, films were
prepared from native and derivatized starch and their sur-
face polarity was evaluated.
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Introduction

Natural biodegradable polymers appear as an attractive
solution to the problems associated with the production,
use and disposal of conventional plastics.

Starch is a very attractive source for the development of
biodegradable plastics. Starch is one of the lowest cost bio-
degradable materials currently available in the global mar-
ket. It is a versatile biopolymer with great potential for
applications in non-food industries [1, 2]. Starch is the most
important form of energy storage in plants [3]. It can be found
in the form of discrete semi crystalline particles, whose size,
shape, morphology and composition depend on the botanical
origin. These particles are called granules, and have a
diameter ranging from 1 to 100 pm and can present different
regular or irregular shapes (spherical, oval, prismatic, len-
ticular) depending on their botanical origin [4-8].

The starch granules are partially crystalline and are
composed mainly of two glucopyranose homopolymers:
amylose and amylopectin. Amylose is an essentially linear
polymer composed of D-glucopyranose units linked by
o-1,4 links (Fig. 1) [9, 10]. On the other hand, amylopectin
is a highly branched polysaccharide. It consists of thousands
of p-glucopyranose units linked by o-1,4 links (Fig. 1).

Starch granules are insoluble in water. The properties of
starch depend largely on the content of amylose and
amylopectin as well as the shape and size of the granules.
The presence of numerous hydroxyl groups determines the
hydrophilic nature of starch.

While it is possible to produce plastics from native
starch, they are not suitable for use as packaging material
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Fig. 1 Chemical structure of
a amylose and b amylopectin

due to their poor mechanical properties and high moisture
susceptibility. As a result, numerous physical and chemical
modification methods have been developed to enhance
starch’s positive characteristics, reduce its undesirable
qualities and add new attributes [11-18].

Chemical modification of starch is carried out by the
reaction or treatment of native starch with chemical reagents
to introduce new functional groups, induce the cleavage of
molecular chains, promote oxidation of molecules or induce
molecular rearrangement [18]. The main methods of chem-
ical modification can be divided into conversion and deriv-
atization. Derivatization refers to the modification of starch
by reaction of the hydroxyl groups, replacing them with other
groups with the desired functionality. Many types of deriv-
atized starches can be obtained.

The objectives of the present study were to reduce the
moisture absorption of potato starch by substituting
hydroxyl groups with voluminous hydrophilic groups, to
study the overall effect of derivatization on the properties
of potato starch, with special emphasis on physical—
chemical properties and structure, and to study the effect of
the derivatizing agents molecular weight.

Materials and Methods

Materials

Native potato starch was kindly provided by Avebe
Argentina SA (Argentina). Acetic acid and acetic anhy-
dride were purchased from Cicarelli (Argentina). Octanoyl
chloride, glycerol, potato amylose and amylopectin were
purchased from Aldrich (USA). All other reagents used
were of analytical grade.

Chemical Treatments

Three different modifications were done in order to
derivatize potato starch. The modifiers were acetic acid,
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maleic anhydride and octanoyl chloride. The molecular
weight of acetic acid is 60 g/mol, the maleic anhydride is
98 g/mol, and octanoyl chloride is 162.5 g/mol.
Derivatization treatments were carried out using 0.1 mol
of substituent per gram of starch [19]. The treatments were
performed under the following conditions (Fig. 2):

e Acetylation: 50 g of starch were immersed in a solution
containing acetic acid (80 ml), acetic anhydride (40 ml),
perchloric acid (0.5 ml) and toluene (100 ml) under
constant stirring at room temperature for 4 h [19].

e Maleinization: 50 g of starch were immersed in a
solution of maleic anhydride (5 g) in acetone (500 ml)
under continuous stirring at room temperature for 24 h
[19]. During the reaction, the aliphatic ring of the maleic
anhydride molecule opens up resulting in a linear chain.

e Octanoylation: 50 gofstarch were immersed in a solution
of octanoyl chloride (33 ml) in acetone (500 ml) under
continuous stirring at room temperature for 24 h.

Fourier Transformed Infrared Spectroscopy (FTIR)

A Mattson Genesis II FTIR in diffuse reflectance mode
(DRIFT) between 400 and 4,000 cm~! was used to verify
the effectiveness of the derivatization treatments. An
average of 32 scans with a resolution of 2 cm™" at room
temperature was used. The obtained spectra were normal-
ized considering the intensity of the peak at 2,933 cm™',
which corresponds to the CH, group. A “Derivatization
Index” was calculated as the ratio of the intensity of the
normalized ester peaks to the CH, peaks [20].

Amylose Content Determination

The determination of amylose content was performed
according to the colorimetric technique based on the phe-
nomenon of development of a coordination complex
between iodine and amylose molecules [21-25]. This
method is based on the determination of the amount of
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complex formed between iodine and amylose by colori-
metric analysis. A calibration curve was determined from
mixtures of different proportions of commercial amylose
and amylopectin, both derived from potato starch. For this
purpose, a solution of 100 mg of amylose and 100 mg of
amylopectin in 9 ml of 1 N NaOH and 1 ml of C,HsOH
were prepared in separate containers. Prepared solutions
were allowed to stand for 18 h at room temperature. Fol-
lowing, solutions containing 0, 10, 20, 25 and 30 % amy-
lose were prepared. lodine reagent was added (0.2 g 12 and
2.0 g of KI in 100 ml of distilled water).

The absorbance at 620 nm was measured using an
Agilent 8453 spectrophotometer. Solutions were prepared
from native starch and other modified starches. The amy-
lose content of each modified starch was determined by
direct comparison with the calibration curve.

X-Ray Diffraction (XRD)

In order to determine the influence of chemical modifica-
tion in the crystal structure and the crystallinity of potato
starch, X-Ray diffractometry was carried out. Powder
native and modified starch samples were analyzed using a
XRD Philips PW1710 diffractometer (k = 0.179 nm). The
samples were analyzed in the range 20 = 1-40° at a speed
of 1°/min. The baseline was taken as a straight line
between the intensity of the peak at 20 = 2.5° and the peak
at 20 = 40°. The crystallinity was determined according to
Eq. 1 [26] which takes into account the individual contri-
butions of amorphous and crystalline phases.

.. Area rysialine
Crystallinity (%) = ey 1
" Y ( 0) (Area('rystalline + Areaumorphom‘) ( )

Study of Granule Morphology (POM, SEM)

The influence of different derivatization treatments on the
morphology of starch granules was studied by means of
Polarized Optical Microscopy (POM) and Scanning Elec-
tron Microscopy (SEM). An optical Olympus SZH 10
microscope with a magnification of 35X with cross polar-
izers was used to reveal the existence of crystalline regions
(birefringence). Starch samples were dispersed in distilled
water at a concentration of 0.01 g/ml to avoid overlapping
of granules. Dry starch powder (gold metalized) was
studied by scanning electron microscopy using a JEOL
JSM-6100 Instrument microscope. Samples were pre-con-
ditioned in a vacuum oven at 35 °C for 48 h.

Differential Scanning Calorimetry (DSC)

A DSC-50 Shimadzu Instrument calorimeter was used to
study the gelatinization process of native and modified
starch. Scans were conducted from room temperature to
120 °C in sealed aluminum capsules. In each capsule a
certain amount of starch and water was placed. Corre-
spondingly, the same amount of water was placed in the
reference capsule. The starch powder was preconditioned
in a vacuum oven at 35 °C for 48 h.

Thermogravimetric Analysis (TGA)

The effect of chemical modification on the thermal resis-
tance of native and modified potato starch was studied
using a DTG-50 Shimadzu Instrument. Dynamic Tests
were conducted from 20 to 700 °C in platinum capsules.
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Nitrogen was used to prevent thermo-oxidative reactions at
a rate of 20 ml/min. The samples were preconditioned in a
vacuum oven at 35 °C for 48 h.

Solubility and Swelling Capacity

The influence of chemical modification on the solubility
and swelling power of starch was determined according to
the technique described by Schoch [27]. The method
involves placing a sample of 2 g of starch in a test tube
with 35 ml of distilled water. The suspension is stirred at
300 rpm for one hour and then placed in a water bath at
90 °C for another hour. Finally the sample is centrifuged at
12,500 rpm for 5 min. The supernatant contains the mol-
ecules of amylose and amylopectin that have been solubi-
lized. In contrast, the precipitated phase corresponds to the
swollen starch grains, which have absorbed a large amount
of water. The latter has the characteristics of a gel.

To determine the solubility, the amount of solid present
in the supernatant is measured (mg). The solvent is
removed by placing the sample in a vacuum oven at 35 °C
for 48 h. Then, the solubility is calculated as the ratio
between the dissolved mass to the initial mass (Eq. 2):

ms
SO0 =1 (2)

To determine the degree of swelling (Swelling Power—
SP), the mass of precipitate is measured by direct weighting
(mp) and it is related to the initial mass (mg) of starch (Eq. 3),
taking into account the soluble fraction (mg):

mp — (my — mg)

SP(g/g) = (o — ms)

(3)
Moisture Absorption

Moisture absorption tests were performed on samples of
native and modified starch powder. The samples were dried
in a vacuum oven at 40 °C for 24 h until constant weight is
reached. They were subsequently placed in a chamber with
controlled humidity (75 % HR—sodium chloride saturated
solution). The samples were weighed at regular intervals
until equilibrium moisture content was reached (constant
weight). Tests were performed in triplicate. Water
absorption was calculated according to Eq. 4:

Abs(%)

m; —my

(4)

mo
Results and Discussion
Fourier Transformed Infrared Spectroscopy (FTIR)

The infrared spectroscopy technique has proved effective
for evaluating the functional groups present in the chemical
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Fig. 3 Native and modified starch infrared spectroscopy

structure of various materials and has been used success-
fully in the study of different types of chemically modified
starch [19, 28, 29].

Native starch presents several characteristic absorbance
bands and peaks (Fig. 3). The region at 2,880-2,900 and
3,200 cm ™' corresponds to hydroxyl groups. The presence of
CH, groups determines the existence of the peaks at
2,920-2,836, 2,880, 1,405-1,465 and 1,245 cm™'. The
vibration of OH and CH groups in the glucopyranose rings is
evidenced by the peaks at 1,415 and 1,320 cm ' In addition,
the peak at 1,255 cm ™! corresponds to the vibration of the
CO group, while the peaks at 1,150 and 1,040 cm ™" is related
to the vibration of the COC group of the glycosidic bond.

Several changes were observed when analyzing the
spectra of chemically modified starches. The spectra of
modified starches show a peak at 1,703 cm™" correspond-
ing to carboxylic groups (CO,) and another peak at
1,162 cm™!, which corresponds to the vibration of CO
groups (Fig. 3). An increase in the intensity of the peak at
1,240 cm™ ! is also observed and is attributed to the pres-
ence of more CO groups. The presence of these peaks
demonstrates the existence of ester groups and C = O
bonds, which verifies the esterification of starch molecules
[19]. In the case of acetylated and octanoylated starch,
another peak appears at a wavelength of 1,375 cm™' cor-
responding to the deformation of C-CHj3 groups [29].

A derivatization index was calculated by dividing the
intensity of the peak at 1,703 cm™' to the intensity of that
at 2,933 cm~'. This index is related to the amount of
C = O esterification bonds created during the derivatiza-
tion treatments. Results are shown in Table 1.

Amylose Content

During derivatization treatments, migration of amylose
molecules to the outside of the starch granules takes place
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[30]. This process is favored by the incorporation of
voluminous substituent groups within the structure of the
starch granule. When the starch is washed after each
treatment, dissolved amylose molecules are lost.

The amylose content of chemically modified potato
starch was found to be lower than that of native starch
(Table 1). Acetylated starch showed a slightly lower
amount of amylose than native starch. Maleated starch lost
about 50 % of the original amylose content, while in oc-
tanoylated starch no amylose remained within the granule.
In the latter case, it is possible that other factors besides the
incorporation of large substituent groups are affecting the
loss of amylose as discussed later on. These results agree
with those reported by Liu and colleagues [31].

X-Ray Diffraction (DRX)

The diffraction pattern of starch granules was not affected
by the chemical treatments. Figure 4 shows the spectra of
native and modified potato starch, where diffraction peaks
corresponding to the ‘A’ pattern [5, 32] can be observed.
The characteristic peaks can be seen at the following angles
20 = 5°, 15°, 17°, 20°, 22° and 23° [26, 33].

The crystallinity of acetylated and maleated potato
starch remained constant for practical purposes. The crys-
tallinity of octanoyl starch was greater than that of native
starch (Table 1). This was attributed to lower amylose
content of octanoyl strach. The elimination of a highly
amorphous phase leads to a higher apparent crystallinity.
Cheetham and Tao [33] showed that the largest proportion
of crystallinity in starch granules of corn starch is due to
the organization of amylopectin molecules. They also
showed that this effect is not linear.

There are other factors that contribute to the overall
crystallinity. Chemical modification alters the regularity of
the amylose and amylopectin chains, thereof reducing the
crystallinity. However, in this contribution, this effect is
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Fig. 4 X-Ray diffraction patterns for native and modified starches

shielded by the loss of amylose. Without this latter effect, it
would be expected that the crystallinity of the modified
starches resulted lower [34].

Starch Granule Morphology (POM, SEM)

Chemical modification of starch involves a series of
physical and chemical phenomena that occur at the inter-
face between the environment and the granules. Polarized
Light Optical Microscopy (POM) had previously been used
to detect structural and morphological changes that occur
during the chemical modification of starch granule regions
[35, 36]. The optical microscopy evaluation showed dif-
ferences in the morphology of the native and the different
derivatized starch granules. In the case of acetylated starch
some defects on the surface of the granules were observed,
such as cracks and depressions. The same types of defects
were observed on the surface of maleated and octanoylated
starch granules. The most pronounced effect was observed

Table 1 Properties of native

and derivatized potato starches Starch type

Native Acetylated Maleated Octanoylated
Derivatization index (DI) 00 1.02 £ 0.06 0.33 £ 0.03 0.24 £+ 0.02
Amylose content (%) 242 £ 0.8 23.7 £ 0.7 13.7 £ 0.6 0£0
Cristallinity (%) 32+ 1.1 325+ 13 317+ 14 37.1 £ 1.6
Swelling power (%) 412 + 16 740 £ 30 227 £ 8 0£0
Solubility (%) 15.0 £ 04 20.7 £ 0.9 387+£19 838 +24
Relative moisture absorption 100 £5 93.7 + 4 86.2 £ 5 762+ 5
AH (J/g) 19.8 £1 18.1 £ 0.4 175 £ 04 142 £ 0.6
TPeak (°C) 69.3 £ 24 68.8 £ 2.4 68.1 £2.5 57.8 £ 1.5
TOnset (°C) 61.8 £22 61.8 £ 1.7 61.7 £ 2.1 433 £ 2.1
TEndset (°C) 69.3 £ 2.8 792 £29 79.1 £2.7 72.6 £ 2.1
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Fig. 5 Polarized optical microscopy

in the case of octanoylated starch. Chemical modification
did not cause changes in birefringence as indicated by the
presence of Maltese crosses (Fig. 5).

Results obtained by scanning electron microscopy
(SEM) permitted to extend the information obtained by
optical microscopy (POM). Different types of defects on
the surface of starch granules could be appreciated. Native
starch presented a smooth and flawless surface while
derivatized starches presented surface defects caused by
the chemical treatment.

The chemical modification induced different types of
morphological damage in the granular structure, being the
most common ones the sinking, blistering and cracking of
the granules.

Fig. 6 Starch granule damage (a)
mechanisms: a Sinking and

collapse; b Blistering;

¢ Cracking and fragmentation

@ Springer

The sinking and collapse phenomenon is attributed to
the pressure exerted by the bulky groups incorporated. Due
to the complex structure of starch granules, the hilum is the
most susceptible zone to the effect of chemical modifica-
tion, because it is the center from which all amylopectin
chains originate [6, 14, 37]. The bulky substituent groups
react with the amorphous region near the hilum. These
groups exert a separation of chains or “pushing apart”
effect [14, 37]. The hilum (mainly amorphous) is less
resistant to this effect that the rest of the granule (more
crystalline). A gradual collapse of the grain structure takes
place (Fig. 6a). In a first stage, the central granule is
“disrupted” and the surface sinks to the interior. If the
failure of the inner area is greater, the granule acquires a
toroidal structure. Finally, a complete fragmentation of the
granules can take place.

On the other hand, the chemical modification can also
lead to the formation of blisters (Fig. 6b) and cracks
(Fig. 6¢) on the surface of the granules. The potato starch
granules, unlike other species, have no channels in their
structure [38, 39]. For this reason, the penetration of
reagents occurs by diffusion through the walls of the
granules, leading to blistering and cracking.

Differential Scanning Calorimetry (DSC)

The different treatments caused different structural changes
in the starch granules. These changes also affected the
transition temperatures and associated heat of the gelati-
nization process [38, 39]. Table 1 presents the results of
thermal analysis performed on samples of native and
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modified starch. There was a significant reduction in
enthalpy of gelatinization (AHg,)) as well as a reduction in
the characteristic temperatures of the gelatinization process
(Tonset> Tpeaks TEndser)- This effect was more significant for
the octanoylated starch.

The observed effects have been explained in terms of
physical and chemical changes in starch. The reactive
groups incorporated into potato starch chains reduce the
number of intra and intermolecular hydrogen bonding,
facilitating the access of water and thus reducing the
gelatinization temperature [40].

The substitution occurs preferentially in the amorphous
regions, which promotes a greater degree of swelling and
weakens the adjacent crystalline sections [14, 34]. The
increase in the temperature range at which gelatinization
occurs can be attributed to an increase in the homogeneity
between the amorphous and crystalline phases of starch
granules [35] or a plasticizing effect acting over the
amorphous regions of the starch granules [41-43].

Thermogravimetric Analysis (TGA)

The results of thermogravimetric analysis of native and
modified starch are shown in Fig. 7. It clearly shows the
effect of the different treatments on the thermal resistance
of the starch granules. The degradation of native starch
begins at 227 £ 1 °C, with a maximum rate of degradation
to 310 £ 1 °C. The substitution of hydroxyl groups caused
an increase in the thermal resistance of starch. The acety-
lation showed the more pronounced effect, increasing the
onset of the decomposition to temperatures above 260 °C

—~ 0, :

S 227,1°C :

2 !

> :

o 325:230.\\

B 260,2°C SN

° o N _Acetylated _

r---7 317,8°C

3 R

£ o

= | 2422°C .

A . i “-....Maleated

< [T 316,4°%%

2 AN

0O | 242,8°C S AN
1 7 N.—.Qctanoylated |
T T T T I T T T T T

200 250 300 350 400 450

Temperature (°C)

Fig. 7 Native and modified starch thermogravimetric analysis
(DTGA)

and shifting the peak temperature to 325 °C, despite being
the treatment that causes less morphological changes.

Swelling Power, Solubility and Moisture Absorption

The effects of chemical modification on swelling power,
solubility and moisture absorption of starch were studied
[11, 44-48]. The complex process of swelling of starch
granules is closely linked to the structure of the amylose
and amylopectin chains and is clearly altered by the effect
of the chemical treatments.

It has been shown that chemical treatments have a
marked effect on different structural characteristics of the
starch granules, and these features also affect the swelling
capacity. The main factors are summarized in Table 2. It is
not possible to predict the overall effect of a particular type
of treatment in the structure of the starch granule. There are
cases where the chemical modification resulted in a higher
swelling capacity [35, 49] and others where the opposite
took place [37, 50, 51].

Table 1 presents swelling capacity for the different
derivatized potato starches. Acetylated starch showed a
higher degree of swelling that native starch. Modification
with maleic anhydride and octanoyl chloride showed a
reduced swelling power. This effect is explained by
assuming that the resulting swelling capacity is the sum of
the contributions of the various factors mentioned above. In
all cases the incorporation of bulky groups favors swelling.
However, treatments damage the granular structure of
starch, reducing its integrity and lowering its swelling
capacity. Furthermore, a reduction in amylose content was
also found, which causes a further decrease in the swelling
capacity.

Like the swelling power, solubility of starch is mainly
related to the intensity of interactions between amylose and
amylopectin chains in the amorphous and crystalline phases
[7, 14, 27, 37, 52]. The results showed that the solubility of
starch increases with chemical modification. It is also highly
dependent on factors that facilitate the penetration of water,
such as an increase in the distance between chains of amy-
lopectin, or the loss of integrity of the granular structure.

Finally, it was noticed that all treatments were very
effective in reducing moisture absorption. During a first
stage, the absorption rate was the same for all materials.
However, afterwards the different types of modified starch
showed lower absorption rates (Fig. 8). The octanoylated
starch was the most effective treatment for reducing the
moisture sensitivity of starch granules, achieving a reduc-
tion of about 25 % in the final value. The moisture
absorption tests were performed at room temperature,
preserving the structure of starch granules. The reduction in
moisture absorption relative to native starch is also pre-
sented in Table 1.

@ Springer



402

J Polym Environ (2013) 21:395-404

Table 2 Factors affecting the interaction of starch granules with water

Factor Effect

Resistance of the granule structure

The more resistant the structure of the grain, more water it can hold without breaking. Consequently,

an increasing degree of swelling is observed

Integrity of the granule structure
Crystallinity

If for some reason the granules are fragmented, there will be a reduction in swelling capacity
The swelling is caused by the incorporation of water into the amorphous zones. A higher

crystallinity makes that process more difficult, resulting in a lower degree of swelling

Amylose content

Amylose is mainly amorphous. The effect is opposed to the previous factor. For higher amylose

content, a higher swelling power is found

Addition of bulky groups

Increase the free volume and distance of the packing of amylopectin chains, facilitating the entry of

water and leading to a greater swelling capacity

Addition of hydrophobic groups

Reduce the formation of intra and intermolecular hydrogen bonds, reducing the access of water and

restricting the swelling process
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Fig. 8 Native and modified starch moisture absorption

The lower value of equilibrium moisture content is
related to different factors. The most important one is the
polarity of the octanoyl group compared to the other sub-
stituents. The larger and less hydrophilic nature of the
substituent group results in a lower moisture absorption.
Moreover, the reduction of amylose content in the chemi-
cal modification reduces the ability to absorb moisture.
This is because amylose is the main component of the
amorphous phase, where the absorption mainly takes place.

Conclusions

During this work the important effect of three different
derivatization treatments on the characteristics of potato
starch was demonstrated. Chemically modified potato
starch treatments were verified by infrared spectroscopy.
The selected chemical modification treatments leaded to
the incorporation of bulky and hydrophobic groups to the
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starch chains, changing the nature and strength of the
interactions between the chains of amylose and amylo-
pectin. Starches with reduced moisture sensitivity and
increased thermal resistance were obtained. The reduction
in the moisture absorption of starch granules was attributed
to a reduction in the number of hydroxyl groups that are
available to form hydrogen bonds with water. Derivatiza-
tion with octanoyl chloride produces a greater reduction in
water absorption value and in the morphological structure
of granule.

In this contribution, we showed that the treatments also
produced other changes that completely alter the behavior
of the modified starches. Treatments caused a decrease in
amylose content. All these simultaneous changes in both
chemical composition and structure modify the physical
behavior of starch such as swelling behavior, moisture
absorption, solubility, thermal transitions, heat resistance,
and crystallinity, among others.
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