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a  b  s  t  r  a  c  t

The  aim  of  this  paper  was  the  study  of  the  rheological  instability  (thixotropy  and/or  antithixotropy)  of
normal  potato  starch  (NPS)  pastes  depending  on  their  concentration  (2–5%)  and  degree  of  pasting.  Flow
curves  with  hysteresis  loops,  apparent  viscosity  at constant  shear  rate  and  in-shear  structural  recovery
tests  were  carried  out.  Granule  size  profiles,  the  pasting  characteristic  of  corresponding  starch  suspen-
sions  and  the  transmittance  of the  pastes,  the molecular  weights  and  polydispersity  of  granular  starch
and its  pastes  prepared  at  80, 95  and  121 ◦C were  also  studied.

The degree  of pasting  was  dependent  on the  temperature  and the  concentration  and  influenced  strongly
the  rheological  behavior  of the  pastes.  All pastes  belonged  to the  non-Newtonian  liquids  thinned  by
heological instability
hixotropy

shear  and  were  rheologically  unstable  to  the  various  extent.  Thixotropic  properties  were  connected
to  the  size  and  the  number  of  the  starch  granules  in the  pastes  as well  as depended  on  the measur-
ing method  used.  In the  2 and  3%  samples  pasted  at 80 ◦C  the  swelling  of  the  granules  prevailed  their
destruction  (thixotropy  was  observed).  In  the  other  samples  the  destruction  predominated  the  swelling
(antithixotropy  observed).

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Starch is an abundant, renewable source for the food indus-
ry where it is used chiefly as a texture modifier. The properties
f starch and its pastes and gels, the latter commonly applicable
n practice, depend on several factors, such as the botanical ori-
in of starch, the concentration of its sols and gels, shear rate, the
istory of shearing applied to samples, and the parameters of gela-
inization (Dintzis & Bagley, 1995; Djaković, Soviljii, & Milosevic,
990; Harrod, 1989; Lagarrigue & Alvarez, 2001). Recognizing the
heological properties of the pastes is necessary for the optimum
tilization of starch in practical applications.

Starch pastes belong to non-Newtonian liquids of either
hixotropic or antithixotropic properties (Dewar & Joyce, 2006;
guyen, Jensen, & Kristensen, 1998). Thixotropy is considered as
 property associated with the rheoinstability of gels and pastes of
tarch (Barnes, 1997; Sikora, Adamczyk, & Krystyjan, 2011; Steffe,
996).

∗ Corresponding author. Tel.: +48 12 662 47 74.
E-mail address: rrsikora@cyf-kr.edu.pl (M.  Sikora).

ttp://dx.doi.org/10.1016/j.carbpol.2014.12.059
144-8617/© 2015 Elsevier Ltd. All rights reserved.
Thus, there is no consistent definition of thixotropy. Initially,
it was defined as a phenomenon of the transformation of sol into
gel which, on agitation, could return into liquid sol (Barnes, 1997).
Currently, thixotropy is identified with any process in which after
the destruction of the inner structure of the liquid the inner friction
is reduced on shear. The same meaning is attributed to a slow return
to the original consistency on rest (Barnes, 1997; Sikora et al., 2011;
Steffe, 1996). Antithixotropy is defined as a phenomenon of the
return to the original structure, which is faster than destroying the
inner structure (Barnes, 1997; Sikora et al., 2011).

The thixotropy and antithixotropy of the pastes can be inves-
tigated involving several methods. The most common is the test
of the hysteresis loop (Abu-Jdayil, Azzam, & Al-Malah, 2001;
Achayuthakan & Suphantharika, 2008; Alloncle, Lefebvre, Llamas,
& Doublier, 1989; Al-Malah, Azaam, & Abu-Jdayil, 2000; Djaković
et al., 1990; Doublier, 1981; Fortuna & Gałkowska, 2006; Gambuś,
Gumul, & Juszczak, 2004; Nguyen et al., 1998; Orczykowska,
Dziubiński, & Budzyński, 2010; Tattiyakul & Rao, 2000; Wang et al.,

2009; Wang, Li, Wang, & Özkan, 2010; Zhang, Gu, Hong, Li, & Cheng,
2011). The test provides flow curves arranged in the form of a
loop, the area of which is considered as a measure of the energy
delivered on shearing (Barnes, 1997; Sikora, Tomasik, Krystyjan, &

dx.doi.org/10.1016/j.carbpol.2014.12.059
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.12.059&domain=pdf
mailto:rrsikora@cyf-kr.edu.pl
dx.doi.org/10.1016/j.carbpol.2014.12.059
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sruhe, Germany) equipped with Z 41 Ti coaxial cylinders was used
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rawontka, 2010; Steffe, 1996). The application of this test meets
ome limits as the time and shear rate change in a concerted man-
er (Barnes, 1997; Mewis & Wagner, 2009; Sikora et al., 2010; Wang
t al., 2010). Moreover, the appearance of the hysteresis loop is not
lways associated with thixotropy as it can also be observed in the
ase of viscoelastic materials exhibiting the properties of rheostable
iquids (Bird & Marsh, 1968; Wang et al., 2010). Therefore, an analy-
is of thixotropy is complemented with such methods as either the
etermination of the apparent viscosity on shearing at a constant
ate either the method of steps of the shear rate (Wang et al., 2010).

There is only limited information on the thixotropic properties
f starch gels and pastes. Relevant studies were carried out mainly
or corn starch (Achayuthakan & Suphantharika, 2008; Alloncle
t al., 1989; Djaković et al., 1990; Nguyen et al., 1998; Tattiyakul

 Rao, 2000; Wang et al., 2009, 2010) and wheat starch (Abu-
dayil et al., 2001; Alloncle et al., 1989; Al-Malah et al., 2000;
oublier, 1981; Gambuś et al., 2004). More detailed studies on the

hixotropic properties of potato, cassava and oat starch are lacking.
he available data on such properties of potato starch are limited to
nterpretation of the instability of potato starch pastes from the area
f the hysteresis loops (Fortuna & Gałkowska, 2006; Orczykowska
t al., 2010; Zhang et al., 2011) and the pattern of relationships of
he viscosity changes against the constant shear rate (Fortuna &
ałkowska, 2006).

The aim of this paper was the presentation of the rheologi-
al instability (thixotropy and/or antithixotropy) of normal potato
tarch (NPS) pastes depending on their concentration and degree
f pasting.

. Materials and methods

.1. Materials

Normal potato starch isolated from potatoes of the Tajfun vari-
ty, purchased from the Experimental Station of Variety Evaluation
n Węgrzce, Poland (crops of 2011) had the following param-
ters: dry substance—86.92%, total phosphorus—111.9 mg/100 g
.m., fat—0.13%, amylose—31.99%, aqueous solubility—14.66% and
0.94% at 80 and 95 ◦C, and water binding capacity—37.34 and
9.34 g/1 g d.m. of starch at 80 and 95 ◦C, respectively.

.2. Methods

.2.1. Sample preparation
Pastes of 1–5% (w/w, d. m.)  starch were prepared. The slurries of

PS in distilled water were stirred at 400 rpm for 10 min, at 25 ◦C,
hen heated and stirred in three manners (1) at 80 ◦C for 30 min, (2)
t 95 ◦C for 30 min, (3) at 95 ◦C for 20 min  at 400 rpm, followed by
utoclaving (As-2, Spółdzielnia Pracy Mechaników “SMS”, Warsaw,
oland) at 121 ◦C, 0.1 MPa, for 120 min.

.2.2. Particle size analysis of starch granules
A laser particle size analyzer (Analysette 22, Fritsch GmbH, Idar-

berstein, Germany) was used for the particle size analysis of the
ranular NPS. The samples of granular starch were dispersed in
eionized water, at room temperature. Determinations were run

n duplicate according to the instrument instruction. Particle size
istribution (volume based) was calculated using the software pro-
ided by Fritsch.

.2.3. Optical microscopy
Granular starch as well as starch pastes (prepared according to
oint Section 2.2.1) were analyzed. The samples were stained with
odine solution on the glass plates and submitted to the micro-
copic observations. The analyses were performed using an optical
icroscope Nikon Eclipse E200 (Nicon Instruments Inc., Tokyo,
ymers 121 (2015) 254–264 255

Japan) equipped with a digital camera (GKB high resolution ccd
camera, CC-8706S, Taichung, Taiwan). The images from the camera
were transferred to a computer and subjected to image analysis.
The starch granules dimensions were measured using open source
software ImageJ (v. 3.17) (Abramoff, Magalhaes, & Ram, 2004).
Minimum, maximum and average diameters of the granules were
determined. Average number of granules observed in micrograph
(objects per picture) and particle size distribution (PSD) were cal-
culated, The minimal number of objects necessary to prepare PSD
was set at 500 (Vigneau, Loisel, Devaux, & Cantoni, 2000).

2.2.4. Molecular weight and molecular mass distribution
Analyses of average molecular weights as well as their distribu-

tions were measured by means of GPC (Lukasiewicz & Kowalski,
2012). Three columns: Ultrahydrogel-2000, Ultrahydrogel-500,
and Ultrahydrogel-120 (Waters, Milford, USA) connected in a line
with a RI detector (Knauer, Berlin, Germany) were used. NPS pastes
(3%) were analyzed. The mixture of 0.1 M NaNO3 and 0.02% NaN3
solution in water was  applied as an eluent. The flow rate of a sample
(100 �L) was set to 0.6 mL/min. The sample concentration was  ca.
5 mg/mL. In the case of granular starch the sample of ca. 30 mg  was
dissolved in a 3 mL  of 1 M NaOH for at least 48 h. After solubilization
was completed the sample was neutralized with 1 M HCl against
phenolphthalein. Then it was  filtered through a 0.45 �m syringe
filter and injected into the system. All other samples of starch were
pasted as described in Section 2.2.1. A 1 g sample was taken from
the cooled paste. It was  then dissolved in 3 mL of 1 M NaOH for 48 h
at an ambient temperature. After the solubilization was completed
the sample was  neutralized and filtered as described for the gran-
ular starch. The analyses follow the standard calibration that was
performed using pullulan standards (Shodex, New York, USA).

2.2.5. Pasting characteristics
A Micro Visco Amylo-Graph of Brabender (Duisburg, Germany)

was used. 1–5% (w/w) suspensions of NPS were heated at 7.5 ◦C/min
rate at the following temperature profile: 30–96 ◦C (maintained
constant for 10 min)—50 ◦C (completed by cooling at the rate of
7.5 ◦C/min). The pasted samples were agitated at 250 rpm. Mea-
surements were run in duplicate.

2.2.6. Measurements of transmittance
Hot pastes prepared according to Section 2.2.1 were poured

into the sealed cells (delivered with the instrument) and cooled
to 25 ◦C for 1 h. Measurements of the transmittance of 2–5% sam-
ples were performed using the Turbiscan, (LAB Expert, Formulation
SA, L’Union, France) instrument, at 25 ◦C. Measurements of the
parameters of the 1% sample was not carried out because this con-
centration was not high enough and the obtained trial results were
unreliable. Therefore, this concentration was also omitted in the
rheological measurements. The reading head of the instrument
was equipped with a pulsed near infrared light source (880 nm)
and two  synchronous detectors. The transmission detector received
the transmitted light flux through the paste. The reading head
acquired the data every 40 �m while moving along the 55 mm cell
height. The acquired data of each measurement were averaged. The
measurements were performed in duplicate and the results were
presented as an average transmittance of two measurements.

2.2.7. Rheological measurements
A Rheometer RheoStress RS 1 (Gebrüder Haake GmbH, Karl-
for the characterization of the features of 2–5% samples. Hot pastes
(immediately after their preparation according to Section 2.2.1)
were loaded into the measuring system. Measurements were car-
ried out at 50 ◦C, after equilibration for 5 minutes.
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.2.7.1. Steady flow measurements. The rate of shear was increased
inearly from 0 to 300 s−1 within 600 s, followed by the constant
hear rate of 300 s−1 for 120 s, and subsequent decrease (linear)
o 0 s−1 within 600 s. Resulting flow curves were described by the
stwald–de Waele rheological model (Steffe, 1996):

 = k × �̇n (1)

here � is the shear stress [Pa s], k is the consistency coefficient
Pa sn], �̇ is the shear rate [s−1], n is the flow behavior index [–].

The areas of thixo- and antithixotropy hysteresis loops (consid-
red as a work executed for the destruction and rebuilding of the
nner structure of a sample) were calculated by summing of the
reas of particular trapeziums between the curve “up” and “down”.
he area of the single trapezium was calculated according to the
ollowing formula:

T =
(

�U(k−1) − �D(k−1)

)
+ (�Uk − �Dk)

2
× �̇a[Pa s−1] (2)

where AT is the area of the single trapezium at a certain shear
ate [Pa s]; �D(k−1), �Dk, are the shear stress values between two
eighboring measuring points on the curve “down” [Pa]; �U(k−1),
Uk are the shear stress values between two neighboring measuring
oints on the curve “up” [Pa]; �̇a is the average difference of shear
ates between neighboring measurement points of the curves “up”
nd “down” [1/s].

Assuming that the difference of shear rates between two  neigh-
oring measurement points of the curve “up” is the same as the
ifference of shear rates between two neighboring measurement
oints of the curve “down” �̇a can be calculated as follows:

˙ a = �̇k − �̇k−1 (3)

˙ k, �̇k−1 are the values of shear rate (higher and lower, respec-
ively) between two neighboring measuring points on the curves
up” and “down” [1/s].

The total hysteresis loops areas were calculated as the sum of
he areas of thixo- and antithixotropy.

The graphs of the power of thixotropy in a volume of the sample
the first derivative of an oriented work executed for destruction
nd/or rebuilding of the inner structure of a sample over a range of
ime) were calculated as a function of the shear rates.

If � �̇ ≈ �t  → 0, in the case of the appropriate average shear
ate (in the case of a single trapezium) the power of thixotropy for
t → 0 can be calculated according to the formula:

T =
(

�U(k−1) − �D(k−1)

)
+ (�Uk − �Dk)

2
× �̇p[W m−3] (4)

here PT is the power of thixotropy in a volume of the sample,
t a particular shear rate [W/m3], �̇p = �̇k − �̇k−1/2 is the average
alues of the shear rates difference [1/s].
The other symbols are the same as in the formulas (2) and (3).

.2.7.2. In-shear structural recovery measurements. An in-shear
tructural recovery test was performed through the modified

able 1
ranule size distribution profiles.

Sample Average number of granulesb Granule d

Min. 

NPS granules (laser analysis) – – 

NPS  granules (microscopy) 7.2 10.9 

NPS  80a 2.5 26.1 

NPS  95 1.4 28.9 

NPS  121 0.1 107.2 

a The notation relates to the temperature of pasting applied for the preparation of a giv
b Granules observed in micrograph.
ymers 121 (2015) 254–264

procedures of Mezger (2002), Achayuthakan and Suphantharika
(2008), Wang et al. (2009, 2010). The subsequent steps were as
follows: (1) a constant shear rate at 1 s−1 for 120 s, (2) a constant
shear rate at 300 s−1 for 60 s, and (3) a constant shear rate at 1 s−1

for 240 s. The results were used to calculate the degree of struc-
ture recovery (DSR) of the pastes defined as the ratio of the average
apparent viscosity obtained during the first 120 s of the third mea-
surement step and the average apparent viscosity estimated in the
first step (Wang et al., 2009, 2010).

2.2.7.3. In-shear structural recovery measurements with pre-
shearing. An in-shear structural recovery test was carried
out according to the modified procedures of Mezger (2002),
Achayuthakan and Suphantharika (2008), Wang et al. (2009, 2010).
involving (1) a constant shear rate at 100 s−1 for 30 s (pre-shearing),
(2) a zero shear rate for 300 s (relaxation), (3) a constant shear
rate at 1 s−1 for 120 s, (4) a constant shear rate at 300 s−1 for 60 s,
(5) a constant shear rate at 1 s−1 for 240 s. The results provided
calculation of DSR of the pastes according to Wang et al. (2009,
2010) taking under consideration the ratio of the average apparent
viscosity in the fifth (obtained in the first 120 s) and the third step.

2.2.7.4. Apparent viscosity test. Viscosities at constant rate of shear
(50 s−1) taken within 600 s were determined.

2.2.8. Statistics
Duncan‘s test was  used for the analysis of variance at the con-

fidence level of  ̨ = 0.05, employing Statistica v. 10.0 (Statsoft, Inc.,
Tulsa, OK., USA) software.

3. Results and discussion

3.1. Particle size, microscopy and molecular weights

The estimated size of NPS granules is highly diverse varying
from 5 to 110 �m (Alvani, Tester, & Snape, 2011; Fornal et al., 2012;
Singh, Isono, Srichuwong, Noda, & Nishinari, 2008; Swinkels, 1985)
as shown in Table 1.

Laser analysis as well as optical microscopy revealed that gran-
ules of 30–70 �m dominated. This finding agreed with the data
reported by Gomand et al. (2010a) although Alvani et al. (2011) as
well as Fornal et al. (2012) found that in their samples there dom-
inated granules of 6.3–8.5 and 9.8 �m,  respectively. The number
of granules of particular size fractions determined by both meth-
ods slightly differed from one another. It is likely that the number
of the largest granules found microscopically was  lower because
the largest granules could quickly sediment on the preparation of
the sample. Another possibility is that the results obtained by the
laser analyzer tend toward higher values because the large particles

account for much more volume.

The number of NPS granules observed under the microscope
declined as the temperature of pasting increased. Simultaneously,
as a result of swelling, the average diameter of granules increased

iameter [�m] Particle size distribution [%]

Max. Average <30 �m 30–70 �m >70 �m

– – 19.7 58.2 19.6
75.9 32.6 49.0 50.6 0.4

316.8 117.4 0.5 10.7 88.8
337.0 107.5 0.2 18.3 81.5
371.7 158.9 0.0 0.0 100.0

en paste.
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Table  2
Characteristics of normal potato starch with gel chromatographya.

Sample Mn × 10−6 [g/mol] Mw × 10−6 [g/mol] Pd

NPS granules 0.37 3.33 9.0
NPS 80b 0.18 3.12 16.9
NPS 95 0.15 1.59 10.5
NPS  121 0.11 1.19 11.1

a Mn—number average molecular weight, Mw—weight average molecular weight,
P
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d—polydispersity index.
b The notation relates to pasting temperature applied for the preparation of given

el.

ogether with the contribution from the fraction of medium and
arge granules. There were more swollen granules in the paste pre-
ared at 80 ◦C than in the paste made at 95 ◦C. The latter paste
ontained less granules above 70 �m in diameter than the paste
repared at 80 ◦C. Pastes prepared at 121 ◦C contained few very

arge granules. Hence one could deduce that on pasting at 80 ◦C
hiefly granule swelling took place whereas on pasting at 95 ◦C the
ajority of swollen granules pasted (that is why the percentage of

he large granules was smaller) and pasting at 121 ◦C completed
he decomposition of the granules.

As shown by the results of gel permeation analysis, NPS exhib-
ted considerable molecular diversity which depended on the

eans of sample preparation (Table 2). In the gels a decrease of
lmost a half in the average weight molecular weight was observed
hile the degree of the damage of granules increased with pasting

emperature.
These results can be explained on the basis of the anal-

sis of physicochemical phenomena occurring during samples
reparation. On pasting, apart from destroying granular struc-
ures retrogradation is initiated and there is also a share of
ydrolysis of starch (BeMiller & Whistler, 2009). Both starch
olysaccharides retrograde but in contrast to amylopectin, amy-

ose retrograde essentially faster. The latter constituted 32% (w/w)
f the total polysaccharide. Retrogradation produces agglomerates
hich because of their poor aqueous solubility precipitate (Hoover,

001; Ottenhof & Farhat, 2004). It is likely that the observed effect
esults from the partial hydrolysis of polysaccharides.

As seen in Fig. 1, the bimodal molecular weight distribution of
he original starch and that pasted at 80 ◦C resembled one another
lso in their pattern.
The principal peak at log(Mw) = 6.7 related to the fraction of
he branched amylopectin while the peak at log(Mw) = 6.0 related
o the amylose fraction. This pattern was typical for normal
tarches containing 20–30% (w/w) amylose independently of their

Fig. 1. Molecular weight distribution of NPS.
ymers 121 (2015) 254–264 257

botanical origin (Lukasiewicz, Bednarz & Ptaszek, 2011). The two
other distribution profiles were more complex. The formation of
a third fraction at log(Mw) around 5.0 could be noted. In the dia-
gram for the gel prepared at 95 ◦C this existed solely as a shoulder
located below the peak attained to amylose whereas in the dis-
tribution for the gel prepared at 121 ◦C it could already be clearly
seen. That lower molecular weight fraction spoke for the products
of hydrolysis of the starch polysaccharides. As the appearance of
this fraction was assisted by shifts of the peaks for amylose and
amylopectin toward the lower Mw, it is likely that both polysac-
charides hydrolyzed. Variation of the average molecular weight is
accompanied by changes in the polydispersity. Its index rose in
preliminarily pasted samples. This effect bore no relation to the
changes in molecular weight at any point of its profile.

3.2. Pasting properties

Table 3 presents the parameters of pasting for all the investi-
gated samples i.e. 1–5% (w/w)  NPS suspensions.

One could see that these parameters strongly depended on the
sample concentration. Particularly, the parameters collected for the
1% sample considerably distinguished themselves from the rele-
vant data for more concentrated samples. That sample began to
paste at a higher temperature and its characteristics of pasting
exhibited neither any maximum nor minimum viscosity, moreover
all other viscosity values were essentially lower than such values for
more concentrated samples. Samples of the concentration of 2–5%
provided already characteristics of pasting of the pattern common
for potato starches (Gomand, Lamberts, Visser, & Delcour, 2010b;
Kaur, Singh, Ezekiel, & Guraya, 2007; Kowalski, Sikora, Tomasik,
& Krystyjan, 2008; Krystyjan, Adamczyk, Sikora, & Tomasik, 2013;
McPherson & Jane, 1999; Sikora, Kowalski, & Tomasik, 2008; Singh
et al., 2008; Swinkels, 1985; Zaidul, Nik Norulaini, Omar Mohd,
Yamauchi, & Noda, 2007; Zhang et al., 2011).

An increase in the sample concentration resulted in a decrease in
the temperature at the beginning of pasting, while in the case of the
3–5% suspensions the differences were not statistically significant.
Also it was observed that the increase in the sample concentration
caused an increase in the maximum viscosity at 96 ◦C prior and
after a 10-min rest as well as after cooling to 50 ◦C. Moreover, in
more concentrated samples the maximum viscosity was reached
faster i.e. for 4 and 5% pastes—before 96 ◦C.

Parameters which distinguished 1% suspension and its paste
from more concentrated samples could likely result from too low
a concentration of granules to provide sufficient precision in the
measurement of the temperature at the beginning of pasting with
the resulting paste being too diluted to form an extended network.

3.3. Transmittance

Transmittance of the gels prepared at 80 ◦C increased with the
sample concentration and no such relation could be observed for
gels prepared at 95 and 121 ◦C. Simultaneously, independently of
the concentration, the transmittance of the sample increased with
the temperature of the sample preparation (Table 4). Also con-
cerning the samples prepared at 80 ◦C it was observed that both
measured values were much lower than these prepared at 95 and
121 ◦C.

The results of the transmittance confirm the data obtained in the
measurements presented earlier (pasting characteristics, optical
microscopy). The gels prepared at 80 ◦C contained the largest num-
ber of non-pasted granules and, eventually, their non-dissolved

remains (Kaur, Singh, Ezekiel, & Sodhi, 2009; Kaur, Singh, & Sodhi,
2002; Perera & Hoover, 1999). Gels prepared at a higher tempera-
ture contained less non-pasted granules, hence, the transmittance
of such samples increased.
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Table 3
Characteristics of pasting of NPS.

Suspension concentration [%] T0
* [◦C] �max [B.U.] Tmax [◦C] �96 ◦C [B.U.] �96 ◦C after 10 min [B.U.] �min [B.U.] Tmin [◦C] �50 ◦C [B.U.]

1 93.5 ± 2.5a** – – 12 ± 1e 33 ± 1e – – 57 ± 1e

2 72.2 ± 0.0b 128 ± 6d 96.0 ± 0.0a 97 ± 4d 123 ± 2d 123 ± 2d 96.0 ± 0.0a 241 ± 4d

3 67.5 ± 0.1c 286 ± 8c 96.0 ± 0.0a 280 ± 7c 206 ± 4c 206 ± 4c 94.8 ± 0.0b 371 ± 6c

4 66.2 ± 0.3c 501 ± 7b 89.0 ± 0.0b 472 ± 6b 289 ± 6b 288 ± 6b 94.1 ± 0.0b 527 ± 16b

5 66.0 ± 0.1c 824 ± 11a 74.5 ± 0.6c 672 ± 12a 369 ± 6a 368 ± 6a 96.0 ± 0.1b 695 ± 19a
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paste was  prepared, with the lowest being for the pastes prepared
at 121 ◦C. The decrease of the shear stress with increasing tem-
perature of pasting was connected to the decrease of an apparent
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* T0—the temperature at the beginning of pasting, �max—maximum viscosity, Tma

t  96 ◦C after 10 min, �min—minimum viscosity, Tmin—temperature at minimum visc
** Parameters in columns denoted with the same letters do not differ statistically

The effect of temperature of the gel preparation was  obvious
hereas the effect of the concentration upon the transmittance

f the gels needs additional discussion. It is worthful to note that
n increase of transparency of the systems prepared at 80 ◦C with
n increase of concentration was confirmed by the results of past-
ng characteristics (Table 3). The higher was the concentration of
tarch the lower was the temperature at the beginning of past-
ng and at the maximum of the viscosity thus, less granules were
resent in the system, because the granule disruption exceeded
welling. An application of higher pasting temperatures resulted in
ery small quantities of granules (compare the results in Table 1)
nd the concentration did not influence the results of the trans-
ittance. The differences in the transmittance results between the

amples obtained at 95 ◦C were very small and could be the con-
equence of the presence of a small number of starch granules
ith differentiated diameters. According to Kaur et al. (2002, 2009)

nd Perera and Hoover (1999) the bigger share of smaller granules
esults in more opaque pastes of lower transmittance. The trans-
ittance of the gels prepared at 121 ◦C varied with concentration

n an apparently strange manner, probably due to the presence of
ingle extremely swollen granules. Anyway, a decreasing tendency
ould be observed, because with an increase of the concentration
f starch the amylose and amylopectin content as well as remains
f the granules in the samples increased.

.4. Rheological tests

.4.1. Steady flow measurements
The pattern of the flow curves (Fig. 2) and the parameters of

he Ostwald–de Waele rheological model (Table 5) showed that all
he investigated pastes could be accounted for by non-Newtonian
iquids thinned by shear, that is, their behavior was common for

uch type systems (Fortuna & Gałkowska, 2006; Sikora et al., 2008,
010; Zhang et al., 2011). In such systems, the destruction of their
etwork by shear was faster than the structure recovery and, hence,
heir apparent viscosity declined.

able 4
ransmittance of 2–5% starch gels.

Temperature of pasting [◦C] Concentration [%] Transmittance [%]

80 2 2.79 ± 0.11h*

3 5.95 ± 0.71h

4 13.19 ± 0.04g

5 27.36 ± 1.49f

95 2 57.26 ± 0.73de

3 62.25 ± 5.50c

4 56.56 ± 1.41e

5 60.99 ± 0.12cd

121 2 75.34 ± 0.94a

3 70.36 ± 0.01b

4 66.69 ± 0.85b

5 69.74 ± 2.57b

* Parameters in columns denoted with the same letters do not differ statistically
t  the level of confidence  ̨ = 0.05.
perature at maximum viscosity, �96 ◦C—viscosity at 96 ◦C, �96 ◦C after 10 min—viscosity
 �50 ◦C—viscosity after cooling to 50 ◦C.

 level of confidence  ̨ = 0.05.

As seen in Fig. 2, at each temperature shear stress increased
with the concentration of the pastes. At a given concentration the
shear stress tended to decrease with the temperature at which the
)c
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Fig. 2. Flow curves for 2–5% (w/w) pastes prepared at: (a) 80 ◦C, (b) 95 ◦C, (c) 121 ◦C.
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Table  5
Parameters of the Ostwald–de Waele rheological model and areas of the hysteresis loops of starch pastes.

Temperature [◦C] Concentration [%] Ostwald–de Waele model Area of hysteresis loop [Pa s]

k* [Pa sn] n [–] R2 Thixotropy Antithixotropy Total area

80 2 1.42 ± 0.17ef** 0.525 ± 0.015f 0.999 ± 0.001 90 ± 17a 0 ± 0f 90 ± 17ef

3 3.22 ± 0.10c 0.529 ± 0.016f 0.999 ± 0.001 93 ± 71a 53 ± 8ef 146 ± 79def

4 7.13 ± 0.74a 0.550 ± 0.016ef 0.999 ± 0.000 0 ± 0c 508 ± 24c 508 ± 24c

5 7.79 ± 0.36a 0.587 ± 0.006def 0.999 ± 0.000 1 ± 0c 983 ± 76b 983 ± 76b

95 2 0.82 ± 0.05fg 0.723 ± 0.013a 0.999 ± 0.000 22 ± 8bc 224 ± 40d 246 ± 48d

3 4.71 ± 0.26b 0.530 ± 0.015f 0.999 ± 0.001 33 ± 8bc 158 ± 101de 191 ± 110de

4 2.71 ± 0.37cd 0.705 ± 0.021ab 0.999 ± 0.000 2 ± 1c 1086 ± 79b 1088 ± 80b

5 4.92 ± 0.27b 0.675 ± 0.009abc 0.999 ± 0.000 3 ± 5c 1719 ± 128a 1723 ± 133a

121 2 0.23 ± 0.25g 0.730 ± 0.102a 0.999 ± 0.000 4 ± 6c 28 ± 1ef 32 ± 6f

3 1.66 ± 0.38e 0.555 ± 0.007ef 0.999 ± 0.000 66 ± 8ab 4 ± 1f 70 ± 9ef

4 1.57 ± 0.13e 0.611 ± 0.012cde 0.999 ± 0.000 0 ± 0c 128 ± 9def 128 ± 9def

5 2.38 ± 0.15d 0.634 ± 0.009bcd 0.999 ± 0.000 0 ± 0c 486 ± 27c 486 ± 27c
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* k—Consistency coefficient [Pa sn], n—flow behavior index [–], R2—determination
** Parameters in columns denoted with the same letters do not differ statistically 

iscosity due to the hydrolysis of both amylose and amylopectin
compare the results of the gel chromatography).

The Ostwald–de Waele model very well fitted the flow curves for
ll pastes at an increasing shear rate (see R2 in Table 5). For pastes
repared at 80 ◦C the consistency coefficient, k, increased with
he paste concentration but such a relation could not be observed
or pastes prepared at higher temperatures. However, for pastes
f a given concentration there was a relationship between the k-
oefficient and the temperature of the preparation of the pastes.
hat prepared at 121 ◦C exhibited the lowest k-value. Although for
ll pastes flow index, n < 1 pointing to their shear thinning charac-
er, there was no regularity in the course of the change of n against
asting temperature as well as paste concentration.

The pattern of the flow curves (Fig. 2) revealed that the pastes
ere either thixotropic, antithixotropic (either a clockwise or

nticlockwise course of the changes of the curves, respectively),
r mixed thixotropic/antithixotropic. All 4 and 5% pastes were
ntithixotropic and all 2 and 3% pastes were either thixotropic or
ixed thixotropic/antithixotropic in their character, while a small

hixotropy was observed merely at the highest shear rates. Summa-
izing the rheological behavior (Table 5) in each sample the thixo-
r antithixotropic properties dominated. One can state that almost
ll studied pastes were antithixotropic. The exception were the 2
nd 3% samples pasted at 80 ◦C as well as the 3% paste prepared at
21 ◦C, in which the dominating thixotropy was detected. Know-

ng that only the latter sample was thixotropic (as the only one
repared at 121 ◦C) it can be supposed that the behavior of this sam-
le could be disregarded (from the point of view of this measuring
ethod).
It was observed the tendency to increased total areas of hys-

eresis loops with an increasing concentration, which confirms the
owering of rheological stability. Pastes prepared at 95 ◦C were reg-
larly characterized by the largest total area of the hysteresis loops
the lowest rheological stability), and the greatest stability (the
mallest areas of hysteresis loops) had the samples prepared at
21 ◦C.

Basing oneself on the flow curves (Fig. 2, Table 5) and the degree
f pasting determinations (molecular masses, optical microscopy,
asting characteristics, transmittance) one can say that thixo- and
ntithixotropic behavior takes place mainly when the pasting of
tarch is partial, something which was also observed by Abderahim,
amaswamy, and van de Voort (1995). Likely, the time depend-
nt rheological behavior is connected to the degree of pasting and

tarch concentration, and more precisely to the size (swelling) of
he starch granules and their number. The thixotropic behavior
as observed when the starch concentration was lower (2 and 3%)

nd the temperature of pasting was lowest (80 ◦C). It is worthful
meter.
 level of confidence  ̨ = 0.05.

to note that in these pastes the degree of swelling of the gran-
ules was the lowest (optical microscopy) and the swelling of the
granules exceeded their degradation (pasting characteristics). An
antithixotropic character was  more likely if the number of swollen
granules was  higher, and parallely more leached amylose and amy-
lopectin was in the paste. Possibly, starch granules dispersed in the
aqueous phase containing both amylose and amylopectin under
shear reorganized themselves (Nayouf, Loyser, & Doublier, 2003)
lowering resistance to shear and in this way making flow easier.
The latter upon a diminishing shear suspense in the net formed
of amylose and amylopectin molecules leached into the aqueous
phase. Thus, the new structure formed is stronger.

The power of thixotropy in a volume of the sample, at a defined
shear rate against shear rate was presented in Fig. 3. The presented
graphs aimed to assess the speed of initial structure recovery in
the whole range of shear rate. The highest absolute values of the
power of thixotropy in a volume of the sample (the rate of exe-
cution of the work for the destruction and rebuilding of the inner
structure) were noted at lower shear rates. Negative and positive
values reflected the antithixotropic and thixotropic character of the
pastes, respectively. This meant that at a low shear rate there was
the strongest competition between the destruction and recovery of
the inner structure caused by friction in a gradually more thickened
(more concentrated) system of swollen starch granules. Because
the values of the power of thixotropy varied uniformly in the whole
range of the shear rate, the system seemed to be uniform and only
this single mechanism of the action was involved.

3.4.2. In-shear structural recovery
The in-shear structural recovery test provided determination of

the ability of the pastes to recover their original structure ruined at
a high shear rate during the application of a low shear rate (Fig. 4)
(Achayuthakan & Suphantharika, 2008; Mezger, 2002; Wang et al.,
2009, 2010). It should be pointed out that the results of the in-
shear structural recovery tests with and without pre-shearing were
similar, so that only the results (charts) of the latter are presented
(Fig. 4).

As one can see from Fig. 4 the thixotropic behavior was  observed
in the samples of the concentration 2 and 3%, pasted at 80 ◦C. Both
the other samples pasted at this temperature (80 ◦C) and those
pasted at 95 and 121 ◦C showed the antithixotropic behavior, inde-
pendently on the concentration.

In Table 6 the values of the degree of structure recovery (DSR)

calculated according to the points Sections 2.2.7.2 and 2.2.7.3 are
presented. If the degree of structure recovery (DRS) exceeded 1,
one might assume that the recovered structure was more shear
resistant than that of the original. This means that the paste was
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Fig. 3. Relationship between the power of thixotropy in a volume of the sample, at a defined shear rate and the shear rate in 2–5% (w/w) pastes prepared at: (a) 80 ◦C, (b)
95 ◦C, (c) 121 ◦C.
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Fig. 4. Results of the in-shear structural recovery test with pr

ntithixotropic. In turn, DSR < 1 revealed that the recovered paste

as less resistant to shear and its recovery was slower i.e. it was

hixotropic (Barnes, 1997; Sikora et al., 2011; Wang et al., 2009).
The DSR values (Table 6) allowed one to state that in a test per-

ormed either with or without preliminary shear only 2 and 3%
aring of the samples pasted at: (a) 80 ◦C, (b) 95 ◦C, (c) 121 ◦C.

pastes prepared at 80 ◦C were thixotropic. The other pastes esti-

mated at DSR > 1 were antithixotropic. The rheological behavior of
the samples in this measurement was  confirmed by the hysteresis
loop test. The samples in which the hysteresis loop test showed
superiority of the thixo- or antithixotropic behavior had the same
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Table 6
Degree of structure recovery (DSR).

Temperature [◦C] Concentration [%] DSR without
pre-shearing
[–]

DSR with
pre-shearing
[–]

80 2 0.89 ± 0.04e* 0.91 ± 0.03g

3 0.87 ± 0.04e 0.84 ± 0.08g

4 1.14 ± 0.05de 1.12 ± 0.01f

5 1.12 ± 0.01de 1.23 ± 0.08ef

95 2 1.63 ± 0.25bc 1.33 ± 0.03e

3 1.30 ± 0.17cd 1.32 ± 0.04e

4 1.40 ± 0.02bcd 1.37 ± 0.02de

5 1.32 ± 0.15cd 1.51 ± 0.18cd

121 2 1.72 ± 0.29b 1.79 ± 0.01b

3 2.06 ± 0.12a 1.59 ± 0.06c

4 1.38 ± 0.06bcd 1.78 ± 0.12b

5 1.25 ± 0.21d 2.13 ± 0.01a

a

p
t
t
e
s
o
e
c
fi
t
o
e
o
8
o
t
W
C

t
t
m
p
D
r
s
t
s

(
w
p
t
m
e
w
c
t

3

d
t
I
a
e

)a

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 100 200 300 400 500 600

Ap
pa

re
nt

 v
is

co
si

ty
  [

Pa
s]

Time [s]

2 % NPS 3 % NPS 4 % NPS 5 % NPS

)b

)c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 10 0 20 0 30 0 40 0 50 0 600

Ap
pa

re
nt

 v
is

co
si

ty
  [

Pa
s]

Time [s]

2 % NPS 3 % NPS 4 % NPS 5 % NPS

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 10 0 20 0 30 0 40 0 50 0 600

Ap
pa

re
nt

 v
is

co
si

ty
  [

Pa
s]

Time [s]

2 % NPS 3 % NPS 4 % NPS 5 % NPS
* Parameters in columns denoted with the same letters do not differ statistically
t  the level of confidence  ̨ = 0.05.

roperties in the in-shear structural recovery test. This confirmed
hat starch pastes had thixotropic behavior when the paste concen-
ration was relatively low and the pasting temperature was  not high
nough in order to the destruction of granules could exceed their
welling. The antithixotropic behavior occurred when the degree
f pasting was higher. On the other hand the rheounstable prop-
rties of the starch pastes could be connected to the close packing
oncentration C* (the concentration at which the swollen granules
ll up all the available space in the slurry), which is a very impor-
ant parameter that allows one to explain the rheological properties
f the samples (Earlingen, Jacobs, Block & Delcour, 1997; Gomand
t al., 2010b). The approximate values of the C*, calculated based
n the results of the water binding capacity, were 2.7 and 1.4% at
0 and 95 ◦C, respectively. Comparing these values with the results
f DSR (Table 6) one might assume that when the concentration of
he starch was smaller or close to C*, the samples were thixotropic.

hereas the pastes, the concentration of which was higher than
*, were characterized by antithixotropic properties.

The DSR of 2 and 3% pastes investigated with in-shear struc-
ural recovery test without preliminary shear increased with the
emperature at which the pastes were prepared. The DSR of

ore concentrated pastes reached the highest value for those
repared at 95 ◦C. When the preliminary shear was applied, the
SR regularly increased with the temperature of paste prepa-

ation regardless of their concentration. Perhaps, preliminary
hearing partly destroyed the original structure and formed in
he second step (without shearing) more stable structures of the
amples.

There was no quantitative relation between the DSR values
Table 6) and the areas of the hysteresis loops (Table 5), but there
as qualitative relation between the DSR and the rheounstable
roperties expressed in terms of flow curves. The lack of the quan-
itative connection between the results of the above mentioned

ethods was a result of the fact, that the in-shear structural recov-
ry test did not provide information which shear rate this recovery
as the most efficient at, and whether the process proceeded suc-

essively, and whether it was dependent on the inner structure of
he paste.

.4.3. Apparent viscosity test
The apparent viscosity of the pastes sheared at 50 s−1 was

ependent both on the concentration and on the temperature of

heir preparation. It rose with the paste concentration (Fig. 5a–c).
t was found that at the given concentration the pastes prepared
t 121 ◦C exhibited the lowest apparent viscosities, which could be
xplained by the largest hydrolysis of these samples.
Fig. 5. Apparent viscosity vs. time at a shearing rate of 50 s−1, at: (a) 80 ◦C, (b) 95 ◦C,
(c)  121 ◦C.

The pattern of the changes of apparent viscosity in time
(Fig. 5a–c) showed that 2% pastes prepared at 80 and 121 ◦C
had decreasing courses, indicating thixotropic properties. Since
the apparent viscosity of the other pastes increased the latter
accounted for antithixotropic liquids. One can state that the results
obtained for the samples pasted at 80 and 95 ◦C confirm the results
obtained in the hysteresis loop test. In this test at the rate of shear
of 50 s−1 the thixotropic behavior was  found only in the 2% paste
prepared at 80 ◦C and the remaining samples were antithixotropic

◦
(Figs. 2 and 3). Concerning the samples pasted at 121 C the similar
effect between the results of the hysteresis loop test and the vis-
cosity at constant shear rate of 50 s−1 was not observed in an each
instance. The small differences observed in the samples pasted at



te Pol

1
s
s
d
s
t
s

s
w
o
s

4

w
a
p
p
a
o
i
t

T
a

p
n
n
o
g
8
s
(

m
w
t
O
e
s
o
t

o
w
r
C
D
b
d

A

S
D

R

A

A

on the rheological properties of crosslinked waxy corn starch. Journal of Food
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21 ◦C (Fig. 5c), could be a result of the presence of single, extremely
wollen granules in the pastes. It is worthful to underline that these
amples showed small almost negligible changes of the viscosity
uring shearing at 50 s−1, which could prove their big rheological
tability. This stability was also confirmed by the flow curves, i.e.
he smallest hysteresis loops areas (Fig. 2, Table 5) as well as the
mallest power of the thixotropy in the unit of the volume (Fig. 3).

Generally, the values of the DSR obtained with and without pre-
hearing allow to confirm the rheological character of the samples,
hich dominated during flow curves determination. On the basis

f the apparent viscosity results one can state to which extent the
ample was rheologically unstable at the given rate of shear.

. Concluding remarks

The pasting of NPS at 80 ◦C resulted mainly in granule swelling
hereas the process at 95 ◦C caused the further swelling of granules

nd their incomplete deterioration. The latter was practically com-
leted just on pasting at 121 ◦C. However, under such conditions
asting was assisted by considerable hydrolysis of amylose and
mylopectin. In the 2 and 3% samples pasted at 80 ◦C the swelling
f the granules prevailed their destruction. In the other cases the
nverse phenomenon was observed–the destruction predominated
he swelling.

All pastes were rheologically unstable in time and shear thinned.
he samples pasted at 121 ◦C were the most stable and those pasted
t 95 ◦C—the most unstable.

Rheologically unstable (thixo- or antithixotropic) behavior took
lace mainly when the pasting of starch was partial. It was con-
ected to the size (swelling) of the starch granules and their
umber. The thixotropic properties were observed when the degree
f swelling of the granules was the lowest and the swelling of the
ranules prevailed their degradation (samples 2 and 3%, pasted at
0 ◦C). The pastes with more numerous and simultaneously more
wollen (disrupted) granules had more antithixotropic character
the other samples).

Rheologically unstable properties depended on the measure-
ent method used. The values of the DSR obtained with and
ithout pre-shearing allow to confirm the rheological character of

he samples, which dominated during flow curves determination.
n the basis of the apparent viscosity results one can state to which
xtent the sample was rheologically unstable at the given rate of
hear. Thus, in order to characterize fully the rheological behavior
f the samples the results of all the measuring methods should be
aken into account.

A differentiated regime of pasting allows one to receive pastes
f a various degree of rheological stability. As was  shown in this
ork all the studied pastes were rheologically unstable while,

ather stable pastes have an applicative meaning in food processing.
onsidering the above, and taking into account, for example, the
SR as a measure of instability one can try to create in the future sta-
le systems by e.g. the blending of starch systems (of an appropriate
egree of pasting) with non-starchy polysaccharides.
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