The viscoelastic properties of extrudates made from waxy rice flour
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Abstract

The effects of extrusion temperature and
water content on viscoelastic properties of
waxy rice extrudates have been studied. Low
water content resulted in highest G' among
three water contents (45, 50, 55%). There
existed a maximum G at the extrusion

temperature of 80°C. The increase in specific
mechanical energy (SME) resulted in the
increase in G’ and G'’, but decrease in tand.
At high water content (50, 55%), raising
extrusion temperature increased the degree of
starch gelatinization, but did not affect
significantly G'. High tand was associated
with high water solubility index. The
relationships between viscoelastic properties
and texture analysis were al so discussed.
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ABSTRACT

Rice pellets were prepared by single-screw extrusion cooking at in-barrel water content
from 45 to 55%. The glass transition (Ty) and expansion (T¢) temperature of rice pellet have

been determined by differential scanning calorimetry (DSC) and non-contact infrared
thermometer, respectively. T4 and Te had similar dependence on equilibrium moisture and
good linear relationship with r2 of 0.95. T was 20 — 90°C higher than T4, which indicated that
the expansion of pellet occurred at rubbery region. There existed a maximum expansion at
10% equilibrium moisture due to the transition of pellet from brittle to ductile with the

moisture content. The addition of dextrin reduced the average molecular weight as well as Ty,

but increased the expansion ratio due to decreasing the viscosity. Gordon-Taylor equation was

found to fit well (r2 = 0.89) Ty determined for the pellets without dextrin. A model has been

developed to estimate T for the pellet consisting of rice flour, water and dextrin.

Key words: expansion, glass transition temperature, extrusion, rice
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INTRODUCTION

Extrusion cooking has been used for manufacturing third generation snack. The
extrudate becomes a pellet or semi-product after drying and is shelf stable due to the presence
of glassy state. Pellets can be puffed and seasoned by packers for fina products or puffed at
home by consumers. The formulation is very complicated even with a major component of
starch. It would be beneficial to the product development if the relationships between
expansion condition and formulation are understood.

Glass transition is a second-order phase transition and defines a transition from a brittle,
metastable amorphous solid to a rubbery unstable amorphous liquid. Molecular weight,
structure, and plasticizers govern the glass transition temperature (Tg), which is relevant to

food processing operations (e.g., freezing, drying, extrusion) and correlates well with quality

. - . . 1,2
atributes (e.g., texture, stability, and flavor release in low-moisture systems) . The
manipulation of Ty creates specific product texture. One may add low molecular weight
components to soften texture or add high molecular weight components to assist in setting

product texture. Also, adjusting the operating and storage conditions can maintain the

product quality attributes relevant to the Ty of the end product. Kaletunc and Bredl auer3 have
proposed Ty as a criterion for adjusting extruder operating conditions to produce extrudate
with optimal textural properties, as well as to select optimum storage conditions to improve
stability and shelf life of extruded products. The transition of glassy pellet to puffed-product is
a key to process and product development. It is believed that the pellet expands only at

rubbery state. In other words, the expansion temperature would be in the range of Ty and T

+100°C. However, the experimental evidence on this phenomenon is limited.

Several empirical and theoretical equations relating mechanical properties of polymers,
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composition, and molecular weight to T4 have been reported%. Orford et al.7 and Roos &

Karel8 have discussed the methods to predict of Tg of amorphous food components as a
function of composition and molecular weight.  Such predictive capability would be useful
for food process and product development, and for studying effects of physical state on

deteriorate changes as a function of temperature, water content, and time. Couchman-Karasz

equation (eq'n 1) was used to predict T4 of amylopecti n-waterg.

_ WDC, T, +wDC,,T,

! g1 p2'g2

g wDC,, + wDC,,

(1)
where w; is the weight fraction of component i, and DCy; is the difference in specific heat
between the liquid and glass state at Tg. Let k= DCp, /DCp, equation (1) becomes Gordon-

Taylor equation.

7= M+ KWy,
T wrhkwy
2

Gordon-Taylor equation fits well the data of amorphous carbohydrates-water system8. Both

Couchman-Karasz and Gordon-Taylor equations underestimated Ty for extruded corn meal

meltlO due to the complexity of the system. It becomes more complicated to deal with ternary

mixtures. Couchman-Karasz equation was extended to estimate T.

T = VI{DCngl+ w,DC T, + VIéDCp37;3

p2 " g2
g

|/|{DCpl + |/|/2DCp2 + |/|4,D(3p3

3)

Thus the extra component was taken into account. Another approach was to apply equation
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(2) to starch and sugar in the ratio used to obtain Ty of the dry mixture, this value is put into

the equation again with water as a second component. Thus Ty can be expressed as

(W + k) w7, + k(W + W)W T, + Kk, (Vg + mg) g T,
(W + K (vg + wg)] (v + k1)

g

(4)
where ki = DCpsuga/DCPsach and Ko = Cpstarc/ Cpwater With the assumption of DCpstarch

representing DCp for the dry mixture of starch and sugar. Equation (4) was found to be better

than equation (3)9. However, Brent et aI.10 reported that equation (4) did not work well for
amylopectin-zein-water system and suggested that further work was needed to develop a

model applicable to biopolymer systems.

The objectives of this study were to evaluate the relationships between T4 and expansion
temperature (T¢) of pellet and to establish a model for estimating Ty of extrudates consisting

of rice flour, dextrin, and water.

MATERIAL AND METHODS

Polished Japonica rice (first crop in 1996) was purchased from Fen-Yuan Agriculture Association in Central Taiwan. The rice

11
was ground using a stamp-mill to pass a 80-mesh (ASTM) screen.  The proximate composition was reported  as water 12.8+0.20%, crude

protein 6.66+0.29%, crude lipid 0.46+0.01%, ash 0.42+0.02%, and 79.7+0.58% of total carbohydrate. The total starch content was
89.2+0.68% (d.b.) and amylose content was 27.5+0.3% (based on the dry weight of starch). Dextrin (0-20%) (Matsu-Tani Chemica Co.,
Idan Shi, Japan) having a dextrose equivalent (DE) value of 40 was added basing upon the weight of rice flour. The admixture was put in
the silent cutter and distilled water was sprayed on it. The silent cutter not only provided the mixing, but also prevented the admixture from

caking. The admixture had a moistue content of 40% (w.b.) with uniform water distribution. The pre-conditioned admixture was stored at

o
4 C before use.

Extrusion
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11
The extrusion cooking was conducted in triplication by using a single screw extruder (Tai-Yu Co., Taipei, Taiwan). The bore of

the profiled barrel had a diameter of 8.5 cm. The L/D ratio was 5.1:1 and the compression ratio was 2.1:1 when a forward element was used.
A diaphragm type pressure transducer and a thermocouple were inserted into the die for measuring die pressure and temperature. A torque
transducer (TP-10KMCB, Kyowa Co., Ltd., Tokyo, Japan) was fitted between the motor and gear box to measure the torque. A dynamic
strain amplifier (DPM-700B, Kyowa Co., Ltd., Tokyo, Japan) was used to amplify the signal which was recorded by a personal computer.
The energy losses in bearing and the drive train were assumed negligible, as they did not affect the reproducibility of the control system.
The screw profile was built up by segmented forwarding elements except that 2 cm non-flight element was used near the tip of the screw.
The non-flight element was in cylindrical shape with a screw root diameter of 6.3 cm.  The forwarding element had a flight height of 1 cm.
There were two barrel sections of jacketed and non-jacketed. Water was flowing inside the jacket for cooling. A heating tape around non-
jackted barrel was used for heating. There was a thermocouple attached on the surface of non-jacketed barrel to measure the barrel

o
temperature. The heating tape and water flow were on-off controlled to keep the non-jacketed barrel at 88+2 C. A dlit die with awidth of

85 mm and height of 3 mm was used to form sheet-type extrudate.

From the preliminary tests, a screw speed of 82.5 rpm and a feed rate of 8+0.3 kg/h were selected. Low screw speed was to
minimize the wearing of screw which was very costly. Low feed rate was to keep smooth running and avoid blocking of the feed port. The
extruder was run at starved-fed conditions in this study. Pre-conditioned rice flour was fed into the extruder via a twin-screw feeder which
was calibrated before the experiments every times. During the experiments, the rice flour in the hopper of feeder was controlled manually at
agiven level (5 cm above the screw). Thus, the feeding was kept smoothly and consistently with a deviation of +0.3 kg/h. Additional water
was pumped into the extruder to maintain the in-barrel water content being at set points of 45, 50, and 55 +0.3 %. After stable operations

were established, judged by constant torque readings and product output, extrudates were cut by a mold with a diameter of 3 cm, collected,

o
and dried by an air oven at 40 C to prepare the dry pellet with moisture content about 12%. The dry pellet was equilibrated with different

saturated salt solution to have different equilibrium moisture for the expansion experiments.

Glass transition temperature

A change in specific heat measured by differential scanning calorimetry (DSC) was applied to
determine the glass transition temperature. The dry pellet was ground by a rotary speed mill
(Pulverisette 14, Fritsch, Germany) to pass a 20-mesh screen. The powder was equilibrated with

saturated salt solution in a desiccator to varying moisture content, which was doubly checked by

AOAC"” method. Once the moisture content was confirmed, sample (about 80 mg) was put in a
crucible for thermal analysis using a DSC (DSC 121, Setaram Co., France) equipped with a liquid

nitrogen cooling system. The crucible was hermetically sealed using aluminum O-ring and the
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reference was an empty crucible. The temperature range was set from 30 to 220'C and the scan rate
was 5 C/min.  The glass transition temperature was determined from the thermogram according to

the method of Sperlingm.

Expansion temperature

The equilibrium moisture content of the pellet was doubly checked by AOAC method before

the experiment. A homemade lab-scale oven with temperature controller was used to carry out the

expansion of equilibrated pellets at an oven temperature of 350C. A non-contact infrared
thermometer (Ray PM30L3U, Raytek Co., Santa Cruz, CA) with data acquisition and analysis
software (DataTemp 2, Raytek Co.) determined the temperature at the central point when the pellet
started expansion. Five replications were conducted for obtaining the average initial expansion
temperature (Te).
Bulk density

A densimeter (MD-200S, Mirage Co., Osaka, Japan) was used to determine the bulk density
of pellets and expanded products by applying the principle of Archimedes. Silicone oil was used
as the solvent to avoid the dissolution of samples.  Five replications were carried out for obtaining
the average bulk density. The expansion ratio was calculated as the ratio of bulk density of pellet to

expanded product.

Intrinsic viscosity

14,15
According to the literature methods  , dry pellets were ground by a rotary speed mill (Pulverisette 14, Fritsch, German) to pass a

o
screen of 80 mesh (ASTM). The samples were refluxed with 85% methanol for 24 hr, then dried by an air oven at 40 C. The dried

sample (about 0.15 g) was mixed with 25 mL 0.5N KOH and heated in boiling water while purging with nitrogen gas. The heated sample

was cooled first and then centrifuged (9,000 x g) for 10 min. The supernatant was pre-filtered using filter paper and filtered via a glass

16
fiber filter (G4). The total polysaccharide in the filtrate was determined by phenol-sulfuric method . The intrinsic viscosity was

o}
determined at 25+0.1 C by a Cannon-Fenske viscometer using 0.5N KOH as the solvent.
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All the experiments were conducted in triplication and the data were analyzed using Sigmaplot for Windows. ~ Thus the regressed
curves and correlation coefficients were obtained. Since the variations in data were less than 6%, the average values were reported without

showing the error bars or standard deviations.

RESULTS & DISCUSSION
DSC data snowed that there was only one inflection point for Ty Apparently

. . . 17,18
extrusion cooking resulted in a homogenous extrudate and the pellet was amorphous
Figure 1 illustrates the dependence of glass transition temperature (Ty) and expansion
temperature (T¢) on the equilibrium moisture content of pellet, which was extruded at in-

barrel water content of 55%. The equilibrium moisture acted as aplasticizer and lowered both

Ty and Te. The Ty obtained was little higher than that for amylopecti ng, but showed similar
moisture dependence pattern. The difference may be due to the compositions and preparation
of sample. Ty reached a finite value when the equilibrium moisture content was higher than

20%. The pellet without dextrin yielded a finite T4 higher than freezing point of water and

was classified as water-sensitive polymerlg. With the addition of 20% of dextrin, T4 was
lowered and yielded a finite value lower than the freezing point of water. The addition of
dextrin modified the pellet from water-sensitive polymer to water-compatible polymer. The
intrinsic viscosity of pellet was reduced from 92.7 mL/g to 86.5 mL/g by adding 20% dextrin.
It appeared that the major effect of dextrin was to decrease the average molecular weight of
the pellet. T, exhibited similar dependence on the equilibrium moisture content, but was

higher than Ty. The Addition of dextrin also decreased T, due to the reduction in molecular

weight. Te increased linearly with Ty with a correlation coefficient (rz) of 0.95 (Fig. 2). The
regressed equation is

Te=0.53 Ty + 95.02 (6)
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where T istheinitia expansion temperature (OC) and Ty isthe glass transition temperature in

°C. Thus Tywas agood reference point for studying the expansion of pellet.

The data showed that T, were 20°~100°C above Ty (Fig. 3) at the experimental

conditions. This difference was similar to which (Te — Ty 10~ 70 0C) occurred during

fryingzo. Since melting temperature is mostly 100°C higher than Ty, Te appears to be in
rubbery state. The value of (TeTg) increased as Ty decreased. Both increasing equilibrium
moisture content and adding dextrin resulted in an increase in (Te-Tg). More energy was
required to evaporate water at high moisture content. Thus, the value of (Te-Tg) increased with
moisture content. The expansion ratio (data not shown) was reduced by the softening effect of
moisture. The addition of dextrin caused a formation of crust, which could hold more water
vapor and resulted in higher (Te-Tg). In this case, the expansion ratio was increased. For
example, the expansion ratio was increased from 5.12 to 5.83, 6.07, and 6.56 by adding 5%,
10%, and 20% dextrin, respectively, for the pellet extruded at 55% water content. Lowering
in-barrel water content resulted in lower expansion ratio. The expansion ratio of pellet with
20% dextrin extruded at 45% in-barrel water content was4.41. Both extrusion condition and

formulation affected the expansion behaviour of pellet.

There existed an equilibrium moisture (10%) yielding the maximum expansion of the
pellet (Fig. 4). The expansion ratio was dramatically decreased when the moisture was
raised from 10 to 15%. The expansion ratio might be related with mechanical properties of

materials at rubbery state. The pellets were weak and soft with low elongation and low energy

to break point as the equilibrium moisture increased21. In other words, the pellets were not
completely elastic but acted more like stiff gel-like materias. Thus, it was more difficult to
expand, which resulted in lower expansion ratio. The expansion ratio did not drop too much
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when the equilibrium moisture increased from 15 to 25%. It was difficult to have a uniform
size and distribution of air bubbles at high moisture content. As the moisture content was
reduced from 10 to 5%, the pellet became brittle and harder for expansion. Therefore, the
pellet yielded lower expansion ratio. Intrinsic viscosity affected the expansion ratio as

shown in Fig. 5 for the 10% equilibrium moisture pellet extruded at 55% water content with

the presence of dextrin or not. The expansion ratio decreased linearly (r2 = 0.89) as the
intrinsic viscosity increased at the experimental conditions. In other words, the lower the
molecular weight, the higher the expansion. Addition of dextrin reduced the average

molecular weight as well as viscosity at rubbery state. The reduction in viscosity increased the

. 20
expansion .

The pellets consisted of rice flour and water, and thus were considered as binary
mixtures. Gordon-Taylor equation was used to fit the experimental glass transition
temperatures for the samples without dextrin. Fig. 6 illustrates the comparison between the

experimental data and calculated values. Although Gordon-Taylor equation was reported to

underestimate T4 of extruded corn meal 10’ the fitting was very well (r*= 0.88). The regressed

value of k in equation 2 (Gordon-Taylor equation) was 0.245 which was amost exactly equal
to the ratio (0.242) of  Cpgarch (0.47 Jg.k) to  Cpuzo (1.94 Jg.k) from Iiteratureg. The

results demonstrate that Gordon-Taylor equation can be used to predict Ty of the extruded rice
pellet. This may be due to low protein and fat content in rice flour. Thus, starch dominated
the properties of pellet after extrusion processing.

Once dextrin was added in the formulation, the pellets became ternary mixtures.
An equation has been developed to calculate T4 of ternary mixtures consisting of rice flour,

dextrin, and water and expressed as follows:
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W, W,
Vlﬂ;l(iz) + quI/27-gZ V|{7;1(73) + k2W37;3

W, + W W, W, + w,
T, = : [W(——=—)+w]+ : [W(———) + w]
T oyekw T g Mg
w + ug s + ug

()

The ternary mixture was considered to be a linear combination of two binary mixtures. The
first term in equation (5) represented the binary mixture of water (w;) and rice flour (w,) and
the second term was for the binary mixture of water and dextrin (ws). The distribution of
water in the two binary-mixtures was assumed to be dependent upon the weight fraction of
rice flour and dextrin. Thus the terms of wq[wy/(w2+ws3)] and wi[wa/(w,+ws3)] represented the
distribution of water in two binary-mixtures, respectively. These terms were used to modify
Gordon-Taylor equation for calculating T4 of binary-mixtures. The total weight fraction (the
term in the square bracket) in each binary-mixture was used as a weight-factor for calculating
T, of the whole system. Equation 5 appears to be a modified Gordon-Taylor eg'n, in which k

and k was similar to theratio of ~ Cpgarc/  Cprzo and  Cpdexrin/  Cprzo, respectively. It
is more complicated than the expanded Couchman-Karasz eq’'n but much simpler than the

dual applications of Gordon-Taylor eq’ ng. Fig. 7 illustrates the comparison between
experimental and calculated T4's with r* of 0.88. Both the regressed values of k; and k, were
equal to 0.221. The regressed k; was 8.7% lower than 0.242 as mentioned above. Again,

the starch dominated the property of pellet. When the literature data of dextrin with DE of 35
wasused ( Cpgextrin = 0.53 J/g.k)zz, the regressed k, was 19% lower than the calculated value

(0.273). The high correlation coefficient (** = 0.88) indicated that equation (5) was

acceptable for predicting Ty of the pellet consisting rice flour, dextrin, and water.
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Figure Captions
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Figure 1. The dependence of glass transition and expansion temperature on equilibrium
moisture. The pellet was extruded at 55% in-barrel water content.
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Figure 2. Expansion temperature increased linearly with glass transition temperature.
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Figure 3. Equilibrium moisture affected the difference between expansion and glass transition
temperature.
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Figure 4. Expansion ratio as afunction of equilibrium moisture content.
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Figure 5. Expansion ratio decreased as intrinsic viscosity increased.
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Figure 6. Comparison of experimental and calculated glass transition temperature for the
pellet consisting of rice flour and water.
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Figure 7. Comparison of experimental and calculated glass transition temperature for the
pellet consisting of rice flour, water, and dextrin.
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