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INTRODUCTION 

Extrusion is a mechanical and thermal process, in which 
within a  considerably short time a  raw material (carbohy-
drate, protein) is exposed to temperature, mechanical forces 
and pressure and then transformed from fl our into a plastic 
mass. Afterwards, as a result of a rapid decrease in pressure 
and water evaporation, a new product of a characteristic tex-
ture and shape is being formed.

The process of extrusion constitutes nowadays a widely ap-
plied technology as the parameters of this process, such as tem-
perature, pressure and  intensity of mechanical forces action, 
afford the possibility of modeling product properties, chang-
ing them completely as compared to these of  the  raw mate-
rial [Jamroz et al., 1998; Gambuś et al., 1999; Rzedzicki & Za-
rzycki, 2005]. The extrusion evokes disruption of the structure 
of starch granules, changes in the spatial arrangement of starch 
chains, a change in the degree of starch crystallinity and par-
tial molecular degradation [Gambuś et al., 1999; Nabeshima 
& Grossmann, 2001]. The process of extrusion increases wa-
ter solubility and absorption capacity of  starch [Śmietana et 
al., 1996; Wójtowicz, 2005], and its susceptibility to the action 
of  enzymes [Hagenimana et al., 2006; Sun et al., 2006], as 
well as decreases its viscosity [Gonzáles et al., 2006]. Changes 
in  these properties are due to, among other things, a  dam-
age to the crystalline structure and defragmentation of starch 
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chains during extrusion. The  molecular mass of  particular 
starch chains is decreasing in  the exponential function along 
with an increase in the specifi c mechanical energy (SME). Both 
the mechanical and  thermal energy lead to the  destruction 
of hydrogen bonds between neighbouring chains in a  starch 
structure and to disruption of these chains. These changes are 
more distinct in the case of amylopectin than amylose. The av-
erage molecular mass of amylose during the extrusion process 
decreases 1.5-fold, while in the case of amylopectin – 15-fold 
[Lai & Kokini, 1991; Della Valle et al., 1995].

The application of this process enabled obtaining a num-
ber of novel preparations, which, with regard to their inter-
esting properties, have been applied in  various industries, 
including the  food industry. A  range of  products obtained 
through the  extrusion process was considerably broadened 
by applying starch mixtures with various chemical substances 
in  the process of  extrusion. A  variety of  reactions are con-
ducted in extruders with different chemical compounds being 
added to starch, e.g.: phosphorylation, acetylation, oxidation 
and many others. Products obtained as a result of coupling 
chemical methods of starch modifi cation with the extrusion 
process have new interesting properties, being diametrically 
different from those of products obtained with conventional 
methods [Ganjyal & Hanna, 2004; Drożdż & Tomaszewska-
-Ciosk, 2007; Zięba et al., 2007].

New, innovative methods of  starch modifi cation, which 
would enable formulating products with new applicable at-
tributes are constantly searched for. This may be  achieved 
through the  application of  starch materials that have not 
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been in use previously [Alves et al., 1999; Kőksel et al., 2004], 
chemical substances [Nabeshima & Grossmann, 2001; Singh 
& Smith, 1997] as well as various conditions of the processes, 
including: temperature, moisture content of the extruded ma-
terial, type of a softening agent, the value of pressure and me-
chanical forces [Jamroz et al., 1998; Gambuś et al., 1999; 
Rzedzicki & Zarzycki, 2005; Singh et al., 2007].

The determination of changes in the functional properties 
of starch preparations obtained as a result of extruding once 
extruded material appears also signifi cant. Probably, the ap-
plication of a double extrusion process will enable obtaining 
original starch preparations [Kollengode et al., 1996; Thymi 
et al., 2005].

The aim of this study was, therefore, to determine proper-
ties of starch subjected to single- and double-extrusion pro-
cess and to determine the effect of parameters of both extru-
sion processes on the properties of the resultant extrudates. 

MATERIAL AND METHODS

Production of preparations
The  study was conducted with potato starch produced 

by Przedsiębiorstwo Przemysłu Ziemniaczanego S.A. in Nie-
chlów, Poland. 

Starch was adjusted to a  moisture content of  25% 
and  subjected to the process of  extrusion in a  single-screw 
extruder type 20DN by Brabender, with a compression ratio 
of 2:1 and a round nozzle 3 mm in diameter. The single screw 
was rotating at 80  rpm and  the  feeder at 30  rpm. The pro-
cess of extrusion was carried out in  three temperature vari-
ants, in which the temperatures of the fi rst and second section 
of the extruder, and of extruder head were as follows: 50–60–
–70°C, 90–100–120°C and 140–150–170°C, respectively.

The  produced preparations were ground in  a  labora-
tory knife mill Pulversisette 19  by Fritsche to average par-
ticle diameter of 1 mm. Part of  the  extrudates was ground 
to the average particle diameter of 400 μm using a  labora-
tory mill. The remaining part was brought to 21% moisture 
content and subjected to the second extrusion using a screw 
with a compression ratio of 2:1 and a round nozzle of 3 mm 
in diameter. The process of  second extrusion was conduct-
ed in  two temperature variants, in which the  temperatures 
of  the fi rst and second section of  the extruder and extruder 
head were as follows: 90–100–120°C and 140–150–170°C, re-
spectively. The rotations of the screw were 80 rpm and these 
of the feeder 60 rpm. The modifi ed preparations obtained as 
a result of  the second extrusion were ground to the average 
particle diameter of 400 μm.

Analyses
The  preparations produced in  the  process of  single 

and double extrusion after grinding were determined for:
 – water solubility and absorption capacity at a tempera-

ture of 30°C and 80°C [Richter et al., 1968]
 – viscosity of a 10% suspension of extruded starch heated 

to 95°C and kept at this temperature for 30 min, with 
constant and  intensive stirring. Viscosity was deter-
mined by  the  use of  an RS 50 Rhoestress rotational 
viscometer by Haake.

Flow curves of  the produced pastes were determined at 
50°C, at the shear rate of 0–300 s-1, applying Z38 type coaxial 
cylinders with a single gap as a measuring element. The fl ow 
curves obtained were described by means of two rheological 
models:

 (1) Ostwald de Waele:

 (2) Casson:

where: τ – shear stress [Pa], K – consistency coeffi cient [Pa·sn], 
γ· – shear rate [s-1], n – fl ow behaviour index, τ0C – yield stress 
[Pa], and ηC – Casson’s plastic viscosity [Pa·s].

The above rheological models were selected on the basis 
of the degree of their fi t to the fl ow curves obtained. The co-
effi cient of determination (r2) in all the examined cases was 
above 0.99.

The  results of  the  analyses were statistically evaluated 
with one-way and two-way analysis of variance, homogenous 
groups were determined with Duncan’s test at the confi dence 
level of p<0.05 using a Statistica v. 7.1 software.

RESULTS AND DISCUSSION

Tables 1  and  2  present the  values of  water solubil-
ity of  starch subjected to single- and  double-extrusion de-
termined in  water with a  temperature of  30°C and  80°C, 
adopting these temperatures as typical of respectively “cold-
-soluble” and “hot-soluble” preparations. At both measure-
ment temperatures, the  increasing temperature of  the  fi rst 
extrusion was accompanied by an increase in the mean value 
of this parameter. Starch extruded at the temperature of 50–
–60–70°C was characterised by  the  lowest water solubility 
(82.60% at 30°C and 90.67% at 80°C), whereas starch whose 
fi rst extrusion was conducted in the most extreme conditions 
– by the highest water solubility(92.31% at 30°C and 95.58% 
at 80°C). Each of  the  applied temperatures of  the fi rst ex-
trusion process resulted in a  signifi cant increase of  the wa-
ter solubility of the preparations obtained as a result of this 
process. Also, the  second extrusion and  its both tempera-
ture variants were the factors causing statistically signifi cant 
changes in starch solubility. The lowest solubility in water was 
recorded when examining single-extruded starch (79.76% at 
30°C and 88.17% at 80°C). The second extrusion signifi cantly 
increased the value of  this parameter, i.e. along with an in-
crease in  the  temperature of  the second extrusion the water 
solubility of the obtained preparations was also observed to 
increase. In the case of starch obtained at the lower tempera-
ture of the second extrusion it accounted for 88.49% – at mea-
surement temperature of 30°C and for 93.89% – at measure-
ment temperature 80°C, as well as for 94.37% and 97.08%, 
respectively, in the case of starch extruded at the temperature 
of the second extrusion process reaching 140–150–170°C.

High solubility of  starch after the  extrusion process 
is the evidence of the damage to the structure of starch gran-
ules being the  result of  the mechanical damage of  bonds 
in  starch chains, disruption of  hydrogen bonds as well as 
overcoming van der Waals forces [Guha et al., 1997]. Dur-
ing the process of extrusion, starch loses its natural crystalline 
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structure, undergoes partial molecular degradation and shifts 
into a  gel form. In  the fi eld of  shear forces in  an extruder, 
the  starch chains and, in particular these of branched frac-
tions, might be  partly disintegrated to maltodextrins char-
acterised by a higher water solubility compared to the non-
-extruded starch [Singh et al., 2007]. The recorded increase 
of solubility after the second extrusion, despite being tangible, 
was not as great as in the case of the single-extruded prepa-
rations. Probably, changes evoked in  starch after the  fi rst 
extrusion were so signifi cant that further degradation in an 
extruder did not result in such a signifi cant increase of water 
solubility. In addition, starch solubility in water turned out to 
be  considerably affected by  temperatures of both extrusion 
processes. It was increasing along with the  increasing tem-
peratures of  both extrusion processes. According to Lai & 
Kokini [1991, all the parameters related both to the raw ma-
terial and to extruder’s geometry as well as the process itself 
are jointly responsible for the changes occurring in prepara-
tions after the process of extrusion. Factors, which, accord-
ing to these authors, have the greatest effect on water solu-
bility of preparations are parameters that determine the time 
the  raw material remains inside the  extruder, namely raw 
material’s moisture content, process temperature and the ro-
tation speed of the screw. Singh & Smith [1997] include ad-
ditionally fat content of the material into the factors having 
the most signifi cant infl uence on solubility. When consider-
ing each of the above-mentioned elements separately, it has 
been stated that process temperatures exert the greatest ef-
fect on solubility [Lai & Kokini, 1991; Singh & Smith, 1997; 
 Nabeshima & Grossmann, 2001]. Majority of authors in their 
research have also recorded an increased solubility of prep-
arations occurring along with an increasing temperature 

of the extrusion process [Guha et al., 1997; Singh & Smith, 
1997; Nabeshima & Grossmann, 2001; Ziobro et al., 2002; 
Singh et al., 2007]. Such a tendency may be observed when 
examining the  solubility of modifi ed preparations produced 
in the second extrusion process [Chinnaswamy et al., 1989].

Tables 3 and 4 present the values of water absorption ca-
pacity of starch obtained during single- and double-extrusion 
determined at a temperature of 30°C and 80°C. At both mea-
surement temperatures, the value of water absorption capac-
ity was signifi cantly affected by the temperatures of the fi rst 
and second extrusion. The increased temperature of the fi rst 
extrusion process contributed to a reduced average water ab-
sorption capacity. The lowest content of water bound by 1 g 
of starch was characteristic to starch extruded at a tempera-
ture of 140–150–170°C (2.78 g water/g starch – when deter-
mined at a  temperature of  30°C and  0.76  g water/g starch 
– when determined at 80°C), whereas the  highest content 
of water was bound by starch extruded at the lowest tempera-
ture (4.32 g water/g starch – at 30°C and 2.63 g water/g starch 
at 80°C). The highest mean value of this parameter was re-
corded when examining single-extruded starch (6.91 g water/g 
starch – at 30°C and 2.87 g water/g starch – at 80°C). Water 
absorption capacity of starch subjected to the process of sec-
ond extrusion decreased signifi cantly. The extrusion at a tem-
perature of 90–100–120°C resulted in  twice as low content 
of the bound water (3.07 g water/g starch – at 30°C and 1.50 g 
water/g starch – at 80°C). Statistically the lowest value of wa-
ter absorption capacity was reported for the  preparations 
produced at the higher temperature of  the second extrusion 
process, the mean value of this parameter was almost sixfold 
lower in  relation to the single-extruded starch. Similar were 
also fi ndings of other scientists, who took no account of wa-

TABLE 1. Water solubility at the temperature of 30°C of preparations obtained in single and double extrusion process.

Water solubility at the temperature of 30°C (%)

Temperature of fi rst extrusion process
Temperature of second extrusion process

Mean
90–100–120°C 140–150–170°C

50–60–70°C 73.00 82.20 92.60 82.60

NIR = 2.0490–100–120°C 80.13 90.01 93.02 87.72

140–150–170°C 86.15 93.27 97.50 92.31

Mean 79.76 88.49 94.37

NIR = 1.46

NIR of interaction =2.45

TABLE 2. Water solubility at the temperature of 80°C of preparations obtained in single and double extrusion process.

Water solubility at the temperature of 80°C (%)

Temperature of fi rst extrusion process
Temperature of second extrusion process

Mean
90–100–120°C 140–150–170°C

50–60–70°C 86.01 90.36 95.65 90.67

NIR = 1.5790–100–120°C 87.90 93.51 97.24 92.88

140–150–170°C 90.61 97.79 98.35 95.58

Mean 88.17 93.89 97.08

NIR = 1.71

NIR of interaction = 2.49
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ter solubility in their experiments [Guha et al., 1997; Jamroz 
et al., 1998; González & Pérez, 2002]. The above discussed 
changes in water solubility of the preparations occurring after 
the extrusion process are probably due to the same changes 
proceeding in  the  structure of  starch granules, which also 
contributed to the increased solubility.

All the pastes were non-Newtonian fl uids, which was in-
dicated by the fl ow behaviour index determined with the Ost-
wald de Waele rheological model, which at each of the exam-
ined cases took the value below 1 (from 0.64 to 0.90, Table 5). 
The  statistical analysis demonstrated that the  temperatures 
of  the  fi rst extrusion process had no signifi cant effect on 
the value of  this parameter. In contrast, the fl ow behaviour 
index was found to be  statistically signifi cantly affected 
by the temperature of the second extrusion process. The mean 
value of this parameter at the  lower temperature of the sec-
ond process of  extrusion was 0.76, whilst the pastes made 

from starch extruded at the higher temperatures of the second 
extrusion were characterised by its higher value (0.87). Also, 
in the case of the coeffi cient of consistency (Table 6) and plas-
tic viscosity calculated by means of  the Casson rheological 
model (Table  7), the  only factor diversifying the  produced 
preparations to a statistically signifi cant extent was the process 
of second extrusion and its temperatures. The second extru-
sion process resulted in a considerable decrease in the value 
of the consistency coeffi cient compared to the single-extruded 
starch. The only parameter which increased after the process 
of extrusion was the value of yield stress (Table 8). The most 
resistant to shearing were the pastes made from single-extrud-
ed starch, whose yield stress value reached 3.06 Pa. The sta-
tistical analysis demonstrated that the  process of  second 
extrusion decreased signifi cantly the  value of  the  examined 
parameter. In turn, no statistically signifi cant effect on the ex-
amined parameter was recorded for process temperatures.

TABLE 3. Water absorption capacity at the temperature of 30°C of preparations obtained in single and double extrusion process.

Water absorption capacity at the temperature of 30°C (g water/g starch)

Temperature of fi rst extrusion process
Temperature of second extrusion process

Mean
90–100–120°C 140–150–170°C

50–60–70°C 7.79 3.65 1.53 4.32

NIR = 0.5990–100–120°C 6.99 3.47 0.86 3.77

140–150–170°C 5.95 2.09 0.31 2.78

Mean 6.91 3.07 0.90

NIR = 0.60

NIR of interaction = 0.86

TABLE 4. Water absorption capacity at the temperature of 80°C of preparations obtained in single and double extrusion process.

Water absorption capacity at the temperature of 80°C (g water/g starch)

Temperature of fi rst extrusion process
Temperature of second extrusion process

Mean
90–100–120°C 140–150–170°C

50–60–70°C 4.64 2.64 0.61 2.63

NIR = 0.4490–100–120°C 2.68 1.18 0.53 1.46

140–150–170°C 1.28 0.67 0.32 0.76

Mean 2.87 1.50 0.49

NIR = 0.39

NIR of interaction = 0.70

TABLE 5. Flow behaviour index calculated from Ostwald de Waele rheological model for fl ow curves of pastes made from starch obtained in single 
and double extrusion process.

Flow behaviour index ( )

Temperature of fi rst extrusion process
Temperature of second extrusion process

Mean
90–100–120°C 140–150–170°C

50–60–70 0.71 0.80 0.82 0.78

NIR = 0.0690–100–120°C 0.64 0.71 0.90 0.75

140–150–170°C 0.68 0.76 0.90 0.78

Mean 0.68 0.76 0.87

NIR = 0.04

NIR of interaction = 0.08
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The results of the conducted research indicate that dur-
ing the process of extrusion a number of factors have a sta-
tistically signifi cant effect on the parameters describing rhe-
ological properties of  the produced preparations. Factors 
which enhance starch degradation during the process of ex-
trusion, e.g.: the value of mechanical energy during the pro-
cess (SME), moisture content of  the  extruded samples, 
the value of pressure inside the extruder or the temperature 
of the extrusion process, exert the greatest effects in this re-
spect [Della Valle et al., 1995; Śmietana et al., 1996; Alves 
et al., 1999]. The increased values of the above-mentioned 
parameters result in a reduced viscosity of the preparations 
[Willett et al., 1997]. According to Alves and  coworkers 
[Alves et al., 1999], the  reduced viscosity due to increas-
ing temperature may be explained by intensive degradation 
of  starch chains. After the  extrusion process, the  shorter 

chains of  amylose and  amylopectin in  starch form net-
works, in which the number of intramolecular bonds is sig-
nifi cantly decreased. The yield point is strictly connected to 
the number of intramolecular bonds being formed and dis-
rupted. During shearing a sample with an increasing speed, 
the speed of disruption of the existing intermolecular bonds 
exceeds the speed of their re-formation, which consequently 
leads to a decreased resistance of starch pastes to shearing, 
which is manifested by decreasing values of the coeffi cient 
of  consistency and  yield stress. In  the  pastes made from 
extruded starch, the number of bonds that might be formed 
between starch chains in pastes was probably signifi cantly 
diminished, which should also decrease the value of this pa-
rameter [Alves et al., 1999].

After the second extrusion process, values of all the ex-
amined parameters describing the  rheological characteris-

TABLE 6. Coeffi cient of consistency calculated from Ostwald de Waele rheological model for fl ow curves of pastes made from starch obtained in single 
and double extrusion process.

Coeffi cient of consistency (Pa·sn)

Temperature of fi rst extrusion process
Temperature of second extrusion process

Mean
90–100–120°C 140–150–170°C

50–60–70°C 0.59 0.24 0.21 0.35

NIR = 0.3290–100–120°C 1.88 0.56 0.11 0.85

140–150–170°C 0.79 0.55 0.11 0.48

Mean 1.09 0.45 0.14

NIR = 0.25

NIR of interaction = 0.44

TABLE 7. Plastic viscosity calculated from Casson rheological model for fl ow curves of pastes made from starch obtained in single and double extru-
sion process.

Casson plastic viscosity (Pa·s)

Temperature of fi rst extrusion process
Temperature of second extrusion process

Mean
90–100–120°C 140–150–170°C

50–60–70°C 0.104 0.077 0.079 0.087

NIR = 0.03690–100–120°C 0.163 0.082 0.089 0.111

140–150–170°C 0.146 0.095 0.087 0.109

Mean 0.138 0.085 0.085

NIR = 0.031

NIR of interaction = 0.049

TABLE 8. Yield stress calculated from Casson rheological model for fl ow curves of pastes made from starch obtained in single and double extrusion 
process.

Yield stress (Pa)

Temperature of fi rst extrusion process
Temperature of second extrusion process

Mean
90–100–120°C 140–150–170°C

50–60–70°C 3.07 0.61 0.28 1.32

NIR = 1.0590–100–120°C 4.59 1.13 0.22 1.98

140–150–170°C 1.51 0.42 0.27 0.73

Mean 3.06 0.72 0.26

NIR = 0.69

NIR of interaction = 1.23
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tics of pastes were observed to decrease, except for the fl ow 
behaviour index whose value after this process remained un-
changed. The material obtained after the second extrusion 
was characterised by  an even greater reduction of  starch 
chain length compared to the single-extruded preparations. 
This successive shortening of  chains in  the  preparations 
obtained after the  second process of  extrusion simplifi es 
the  structure of  the  networks formed in  the  pastes even 
to a  greater extent. In  these poorly developed networks 
the number of  intramolecular interactions and, thus, their 
total force is  considerably smaller, which leads to a  de-
creased plastic viscosity of  the  resultant pastes. Reduced 
interactions between starch chains in pastes might also de-
crease the value of yield stress [Berski et al., 2000; Bhandari 
et al., 2002].

High water solubility of  starch preparations ob-
tained during the  process of  double-extrusion and  a  low 
value of  their viscosity might fi nd potential applications 
in  the  food industry. In  the  future, preparations from 
double-extruded starch might be applied as a  component 
of the so-called “convenient food”, e.g. soup concentrates, 
sauces, spice mixes etc. A great advantage of starch modi-
fi ed with such a method is  its high solubility at low tem-
peratures. This quality may appear very desirable to pro-
ducers of easy-to-prepare food for children, which owing to 
the presence of thermolabile ingredients cannot be prepared 
at high temperatures. These preparations, due to their high 
solubility at room temperature and  low viscosity, might 
also be used as an addition to pomace juices. Presumably, 
a small addition of starch modifi ed with this method would 
enrich the impression of a full taste of these juices. 

CONCLUSIONS

1. Properties of  potato starch subjected to the  process 
of double extrusion were different from the properties of sin-
gle-extruded starch. From the  conducted research it  results 
that the extent and direction of these changes were dependent 
on the number of the conducted extrusion processes and their 
temperatures.

2. Each successive process of  extrusion and  elevation 
of process temperatures resulted in a statistically signifi cant 
increase of water solubility of  the  preparations determined 
in water as “cold-soluble” and  “hot-soluble” and  in  a  de-
crease of their water absorption capacity.

3. Double-extruded potato starch was characterised 
by  lowered values of  rheological properties of pastes in  re-
lation to pastes made from single-extruded starch, yet these 
changes did not depend on temperatures of the fi rst extrusion 
process.

4. There was no statistically signifi cant effect of the tem-
perature values of each of the extrusion processes on the prop-
erties of the examined starch.
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