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Abstract The interest in replacing synthetic polymers by

biodegradable materials from renewable resources is stea-

dily increasing. In this work, cassava starch grafted with

different content of polystyrene (PS) was synthesized via

free-radical polymerization using suspension polymeriza-

tion technique. Thermal data of pure starch and the grafted

starch with different content of PS were collected by

simultaneous thermogravimetric (TG)–differential scan-

ning calorimetry (DSC) setup in open alumina pans.

Separately, typical DSC measurements were conducted in

standard aluminum pans with lid. The data obtained by

different methods are correlated and discussed. Morphol-

ogy of cryogenic fracture surface of starch sample was

studied by scanning electron microscopy. In order to obtain

more reliable data about the processes taking place during

the thermal treatment, the changes of surface morphology

of starch treated at different temperatures are observed.
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Introduction

Increasing attention and efforts of industrial researchers

are nowadays devoted to a possible use of renewable

feedstock both as energy source and as raw materials for

the production of chemicals and polymeric materials.

Particularly, food containers are very often produced by

expanded polystyrene (PS) or coated paperboard and

efforts are underway to produce similar items from

polymers derived from renewable resources such as

starch [1]. Natural polymers or biopolymers are produced

in nature by living organism and by plants through bio-

synthetic processes involving CO2 consumption, and are

ultimately biodegraded and consumed in nature in a

continuous recycling of resources. The starch is a bio-

polymer having some advantage, such as renewability

and biodegradability, and is also abundant in all parts of

the world and has a relatively low price. Starch is com-

posed mainly of the two polysaccharides, amylose,

and amylopectin. Amylose has a molecular mass of 105–

106 g mol-1 and amylopectin 2 9 107 to 5 9 108 g mol-1.

Depending on the botanical origin starch materials vary in

composition, such as the amylose/amylopectin ratio and

the degree and type of crystallinity, which affects both

properties and processability [2]. The crystalline starch

structure disappears when it is disposed to temperatures

higher than 90 �C in the presence of a plasticizer, such as

water. This transformation is called gelatinization [3]. It is

possible to convert starch into a thermoplastic material,

and for this purpose, it is necessary to disrupt the native

semi-crystalline structure of starch. Disruption of the

structure, i.e., gelatinization of the starch, is commonly

achieved by heating starch in the presence of water.

Potato starch has been shown to exhibit the highest

swelling ability among the different types of starches due
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to its higher content of phosphate groups [4]. This

swelling capacity has been reported mainly to be a

property of amylopectin. Starch-based materials can be

very brittle. Both with regard to the properties and the

processing ability of the material it is desirable to add a

plasticizer. Glycerol is commonly used for this purpose,

in order to convert starch into a thermoplastic material.

Janarthanan et al. [5] studied the thermal behavior and

surface morphology of PS grafted sago starch. Graft

copolymerization, characterization, and degradation of

cassava starch-g-acrylamide/itaconic acid super absor-

bents were investigated by Kiatkamjornwong et al. [6].

Pimpan and Thothong [7] synthesised the cassava starch-

g-poly(methylmethacrylate) copolymers with benzoyl

peroxide as an initiator. Starch processing can be per-

formed with conventional methods used for synthetic

polymers, e.g., extrusion and film blowing, but also by

processes such as microwave treatment, baking in a hot

mold, and freeze drying [8]. Porous structures of starch

foams, have gained interest for packaging purposes and

other disposable products. One challenge faced when

working with starch-based materials is their sensitivity

towards water and humidity, but when using these

materials for absorption products, the water sensitivity

could be taken as an advantage [9]. In our earlier

research, a method for obtaining cassava starch (CS)

grafted with PS was developed by suspension polymeri-

zation, using potassium persulfate (PPS) as an initiator.

The optimum conditions giving the maximum percentage

of grafted PS, PS-g-starch were determined [10]. The aim

of the present publication was to study the thermal

properties and morphology of CS grafted with different

PS content.

Experimental

Materials

Cassava starch was kindly supplied by GSL General Starch

Ltd., Thailand. The native CS had standard specification as

follows. Maximum moisture content: 12.2%; maximum

ash: 0.07%; fiber content: 0.1%; pH: 5.6; SO2 content:

21.59 ppm; maximum viscosity: 630 Brabender units;

sieve test: 99.61% after passing through 100 mesh. The

starch was dried in an oven at 100 �C for 48 h and kept in a

desiccator before its copolymerization. Styrene monomer

was purchased from Fluka� and used after inhibitor was

extracted with 5% sodium hydroxide aqueous solution and

distilled water sequentially. The inhibitor-free styrene was

dried with anhydrous calcium chloride and stored at 4 �C.

PPS, toluene, and methanol were of analytical or reagent

grade produced by Fisher Chemical�.

Preparation of CS grafted with PS (PS-g-starch

copolymer)

The synthesis of copolymers is described in details in [10].

The conditions of PS-g-starch copolymer preparation and

obtained G values are presented in Table 1. The G, % is the

amount of the CS granules grafted with PS [11, 12] and it

can be calculated using Eq. 1:

G;% ¼ w2 � w1

w1

� 100 ð1Þ

where w1 is the original mass of CS and w2 the mass of un-

extractable products (after Soxhlet extraction).

Methods

Thermal data were obtained using TA Instruments’ SDT

Q600 TG/DSC thermal analyzer and Q20 DSC device.

Simultaneous TG/DSC measurements were carried out up

to 600 �C in nitrogen gas carrier (100 cm3 min-1) in an

open alumina pan with a corresponding empty referent pan

at a heating rate of 10 �C min-1 with sample masses of

about 5 mg. For the pure starch sample the experiment was

repeated in air under identical experimental conditions.

Differential scanning calorimetry (DSC) measurements

were accomplished in nitrogen atmosphere using standard

aluminum pans with lid and pressure rating to 100 kPa.

The samples with masses of 10.5 mg (±0.7 mg) were

equilibrated at 30 �C. In the following step they were

heated up to 160 �C with a rate of 10 �C min-1, measuring

the heat flow compared to an empty pan. The equipment

was left to cool down to room temperature. In the next step

the run was repeated under the same experimental condi-

tions up to 250 �C. The results of the second run were

evaluated. The mass of the covered pan with the sample

was measured before and after the first run as well as after

the second run, in order to determine the extent of water

evaporation.

For visual observation of the thermal changes, a

Koffler’s hot stage apparatus was employed. To describe

more precisely the changes due to the thermal treatment of

starch, we have examined the surface morphology of starch

as supplied, that of which was previously heated to 160 �C

Table 1 Amount of PPS and the reaction time for the materials with

different G in PS-g-starch copolymer at 50 �C in 100 g of water and

the starch-to-styrene monomer ratio of 25:75

Reaction time/h Amount of PPS/g G/%

2 0.6 10.50

2 0.2 15.41

1 0.4 21.68

2 0.4 34.00
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(evaporation of the surface water) and the one, which was

treated to 250 �C, by scanning electron microscopy (SEM)

JEOL JSM-6460 at magnifications from 103 to 2 9 106 at

25 kV. For SEM morphological investigations, the fracture

surfaces of samples were coated with gold using BAL-TEC

SCD 005 instrument. This ‘‘Sputting coater’’ procedure

was applied at 50 mA, under vacuum at 10-6 torr for

120 s. The brightness and contrast of the digitised SEM

micrographs were adjusted using standard software.

Results and discussion

Thermogravimetric (TG) curves of native CS and PS-g-

starch copolymer with different G, % (PS content) are

shown in Fig. 1. Simultaneous TG/DSC measurements

reveal for all samples that the first change belongs to the

evaporation of the adsorbed water with derivative ther-

mogravimetric (DTG) maximum at about 80 �C. The

amount of water is about the same for all samples (about

9%) up to 160 �C. The adsorbed water content of CS and

PS-g-starch copolymer determined by TG measurements

is in the agreement with the literature data obtained in

air-oven drying at 105 �C [13]. It refers to the highly

hygroscopic nature of CS and its grafted polymer powders,

as is usual for the materials containing starch in the powder

form [14].

In the range from 160 to 250 �C a very small mass loss

is observed (*0.5%), most probably due to the evaporation

of structural water. A similar dehydration pattern was

found in potato starch [2]. In order to see if the gas carrier

has some influence on the thermal changes before the

starch decomposition temperature is achieved, the mass

loss was followed also in air (the TA curves are not pre-

sented). It was found that the thermal stability of starch is

somewhat lower in air (onset: 250 �C) compared to that in

nitrogen (onset: 275 �C), but it has no influence on the

dehydration mechanism. All other measurements were

conducted in an inert atmosphere of nitrogen avoiding thus

the interference of uncontrolled oxidation processes during

the decomposition in air at higher temperatures.

The decomposition of CS and the PS-g-starch copoly-

mer with different G, % begins above 290 �C onset pre-

ceded with a small mass loss of about 2% at 268 ± 1 �C

DTG maximum for the grafted samples and at 284 �C for

native CS (see Fig. 2), respectively. This mass loss, being

observed in the pure CS as well as in its grafted samples,

most probably belongs to the loss of starch amylopectin

–CH2OH groups and is overlapped with further decompo-

sition steps of the starch up to 350 �C with DTG peak

temperatures of 307 ± 1 �C. The highest difference

between the decomposition temperatures belongs to the

pure starch and the grafted sample with PS content of 5%.

The next DTG maximum of CS is also higher with 8 �C

compared to all other samples. When CS is grafted with

higher PS content than 5%, above 400 �C a new DTG peak

appears with increasing intensity that most probably

belongs to the presence of PS (Fig. 2). However, neither

the position nor the intensity of this peak could be used to

determine the PS content of the sample. In blends con-

taining about the same amount of CS and PS components

might be possible to predict their approximate composition

on the basis of TG data [15]. Above 350 �C the decom-

position of CS and its grafted polymers turns in an exo-

thermic process even in nitrogen.

In spite of the different level of the heat flux, DSC

decomposition pattern (Fig. 3) of the sample with 5% PS is

more similar to the pure CS than to samples with higher PS

content. This similarity is clearly seen in Figs. 2 and 3. The

different thermal behavior of the sample with the highest

PS content is visible in all three figures. Similar results

were found in thermal studies of PS grafted sago starch [5].

Due to the relatively slow heating rate [16], DSC curves

show no obvious transitions, neither of those for CS nor for

PS. It is very difficult to detect the baseline shift of starch

glass transition due to the low heat flow value compared
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with that for the conventional polymers. The glass transi-

tion temperature depends on the water content of the

sample. In addition, its position is the function of experi-

mental conditions [17]. Pure PS (not presented) has a glass

transition, Tg, at 107.5 �C.

The evaporation of the adsorbed water takes place in a

relatively wide temperature interval and may overlap other

processes related to structural changes. To separate the

different processes, DSC curves of pure CS and its grafted

derivatives using DSC Q20 TA Instruments device in

standard aluminum pans with lid, were measured. By this

way, the enthalpy of the dehydration in so called ‘‘self-

generated atmosphere’’ was determined [18, 19]. In order

to obtain a self-generated atmosphere and to remove the

previous thermal history, samples were heated under

identical regime in pans with lid up to 160 �C, cooled to

the room temperature and the measurement was repeated.

The first run shows no peaks except of the steady endo-

thermic water evaporation. The pans were weighted to

determine the mass of the evaporated water. The amount of

adsorbed water agrees with the mass allowed by the vapor

pressure at 160 �C and still remains the structural one. The

mass loss in covered pan during the first run for grafted

sample with 15% PS amounts 7.0 ± 0.1%. At 250 �C

(before the decomposition of the starch or the grafted

polymer begins) the complete mass loss agrees with that

found in open pan in simultaneous TG/DSC measurements

(8.9 ± 0.9%) within the experimental error. The difference

in DSC curves recorded to 250 �C without and with a

thermal pretreatment of this sample is presented in Fig. 4.

The solid line corresponds to DSC curve of the grafted

sample (G, % = 15%) without thermal pretreatment. The

broad peak refers to a prolonged water evaporation joined

with the melting, probably due to the fusion of the different

crystal regions of starch granules [20].

The sample previously heated up to 160 �C with much

lower water content, at the second run shows two (dashed

line in Fig. 4) or sometimes more (see DSC traces of the

preheated samples in Fig. 5) endothermic peaks, one of

them being very sharp. Namely, starch granules with dif-

ferent crystal regions undergo different dismantling action

of water [21] and are usually separated only in the samples

with low water content [22]. The very sharp peak in the

self-generated atmosphere in the covered pan is supposed

to be due to the gelatinization of starch. The interactions

before gelatinization affect all phase transitions in starch

dispersions [23], which in principle should be valid for all

complex starch systems. On the contrary, this intensive

peak is missing when the thermal curves are recorded in

open pan (see Fig. 6).

DSC curves registered in pans with lid show no corre-

lation between the PS content neither with the heat flux

nor the peak temperature (see Fig. 5). In order to find

the reason for the missing correlation, we checked the

repeatability of the measurement. We carried out the

measurements for the sample with 15% PS content (mass

10 mg ± 10%) under almost identical conditions, six

times. Except that all the peaks were detected, their posi-

tion changed randomly referring to the high sensitivity of

the measurement to very small differences in experimental
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conditions (e.g., the mass and correspondingly, the water

pressure change in the pan with lid). The decomposition

pattern in this mass range in open pans is not sensitive to

the sample mass. After the complete evaporation of water,

the structural changes are irreversible [10, 24–26]. The

simultaneous TG/DSC curves and the corresponding DSC

curve of the second and further runs (Fig. 6) support this

proposition.

Additionally, the processes were observed using a

Koffler’s hot stage apparatus. As the sample was only

covered with glass in order to secure the self-generated

atmosphere, a wet starch sample was used. Around 130 �C

the excess of water boiled off. Above 160 �C the gelati-

nization was observed in a temperature range of 10 �C

when the sample completely dried. If the dry sample was

wetted again, on the second run only the boiling of the

excess water could be observed, without the gelatinization

of the sample. Gelatinization results in a complete thermal

destruction of the native starch. Depending on the further

thermal treatment of the amorphous phase, recrystallization

may take place [27]. However, under the conditions we

have carried out the measurements, the structure of the

samples changed irreversibly. The granules lose their

crystallinity, but maintain their individuality [20]. In blends

with plasticizers the irreversible order–disorder transition

related to starch gelatinization is not necessarily apparent

[28].

SEM analysis

In order to obtain more reliable data about the processes

taking place during the thermal treatment of the samples

we have observed the surface morphology changes in the

function of temperature pretreatment. As the observed

gelatinization is the property of the starch component,

Fig. 7a shows the SEM image of the untreated pure starch

sample. Figure 7b shows the image of the same sample

heated up to 160 �C, while Fig. 7c illustrates the surface of

the sample which was heated up to 250 �C after cooling

down to room temperature from 160 �C. The granules of

the sample are round, oval or irregular shape and wide

distribution of sizes. The average size of the particles is

increasing with increasing temperature. The most impor-

tant change can be observed in Fig. 7b. Namely, when the

sample is heated up to 160 �C bubbles are appearing on

the surface of the particles. The bubbles disappear when

the sample is heated further to 250 �C (Fig. 7c). The

explanation of this phenomenon is most probable related to

the evolution of the structural water emerging to the sur-

face of the particles. This is in the accordance with DSC

curves. In the temperature range near to 160 �C, DSC

curves in the aluminum pans with lid show two or more

peaks belonging to the evaporation of the mobile water and
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showing the traces of the former gelatinization (c)
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capillary active water including the beginning of the

removal of structural water. Above 160 �C the gelatiniza-

tion of the samples takes place, manifesting in a very sharp,

intensive DSC peak. The trace of the gelatinization can be

observed in Fig. 7c (marked by a circle). When the sample

is heated up to 250 �C, the bubbles almost completely

disappear from the surface of the particles, referring to its

nearly complete dehydration. Except of the somewhat

larger average size of the particles, no significant changes

are visible on the surface morphology of the sample. This

is also in the accordance with its thermal behavior. The

similar surface morphology is referring to a similar

chemical composition. Namely, the decomposition tem-

perature of the CS and that of its grafted copolymers is

above 250 �C.

Conclusions

Starch powder and its PS grafted powders are hygroscopic

and contain about 9% water. In open alumina pans the

evaporation of differently bond water molecules takes

place in a wide temperature range up to about 250 �C. The

chemical decomposition of the samples begins at about

260 �C, most probably with the departure of starch amy-

lopectin –CH2OH groups. The decomposition pattern of

the CS and its grafted copolymers with different PS content

measured in open pans is very similar up to 350 �C. The

peak characteristic for PS component appears above

400 �C in samples containing more than 10% of PS with

increasing intensity in both DTG and DSC curves.

To separate the type of water molecules, DSC measure-

ments were conducted in standard aluminum pans with lid.

At the first step the samples were heated to 160 �C. The

amount of the evaporated water was determined by weight-

ing the pan after cooling it down to room temperature and

found to be about 7% in all samples. The run was repeated up

to 250 �C. By this way, the differently bonded water mole-

cules could be separated. In addition, in 160–190 �C tem-

perature range a very sharp endothermic peak, missing in the

measurements using open pans, appears. It was found to

belong to an irreversible gelatinization at low (\2%) water

content, in a self-generated atmosphere.

The surface morphology of starch granules treated in

aluminum pan with lid at different temperatures was

investigated by SEM. It was found that the morphology

does not change significantly due to the different thermal

history. However, on the surface of the granules treated to

160 �C ‘‘bubbles’’ are visible, referring to the emerging of

structural water molecules to the surface of the granules.

When in the followed cycle the same sample is heated up

to 250 �C, the remaining water creates a self-generated

atmosphere, suitable for the gelatinization of the sample.

After gelatinization the granules maintain their individu-

ality when cooled down to room temperature.
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