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Abstract - High fiber snack foods are attracting consumers’ attention
due to their health benefits. In this research, corn meal and
polydextrose are co-extruded with a twin-screw extruder and the
screw speed is varied from 150 to 190 rpm. The objective of the
research is to evaluate the effects of screw speed on the product
quality. As the screw speed is increased, the expansion ratio and
crispness of the fried extrudate are enhanced while the bulk density
and hardness are reduced. Increase in screw speed results in
increased water absorption index and water solubility index of the
product. As the screw speed is increased, the mechanical energy of
the extrusion process is also increased. The screw speed has
significant correlation with the expansion index, bulk density and
texture properties of the fried extrudate (p < 0.05).
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1. Introduction

Extrusion cooking is a versatile, low-cost and efficient
technology in food processing since it involves in
simultaneous mixing, kneading, cooking and forming
operations. Nowadays, extruded snack food is produced
worldwide and high consumption of extruded snack food is
mainly due to its convenience, attractive appearance and
specific texture. Novel ingredients and extrusion cooking
technology make new snack products that are increasingly
attractive to health-conscious consumers who are seeking for
different mouth feelings and textures with convenience [1].
Indeed, the addition of dietary fiber ingredients to the blend in
extruded snack food processing can be beneficial to the health
of consumers. However, use of dietary fiber often leads to
reduced expansion volume, high density, hard texture, low
crispness and thus less preferred products [2]. Therefore,
increasing dietary fiber content in extruded snack food is a
challenging work. During extrusion cooking, the raw
materials undergo many structural and chemical
transformations such as protein denaturation, starch
gelatinization, complex formation between lipid and amylose,
degradation reactions of pigments and vitamins [3]. The
quality of extruded snack food depends on material properties
and process conditions such as the extruder type, feed rate,
temperature profile in the barrel sections and screw speed [4].
It was reported that soluble fibers provide higher expansion
volume and more favorable texture properties for extruded
snack food than insoluble fibers [5]. Polydextrose is a soluble
fiber which has been widely used in food processing due to its
multi-functionality. However, the use of this dietary fiber
ingredient in snack processing has not been thoroughly
considered in prior studies.

In this study, commercial poly-dextrose preparation was
co-extruded with corn meal to make high fiber content fried
snack. The objective of the research is to investigate the
impacts of extrusion screw speed on approximate

composition, physical properties, instrumental color, water
absorption index, water solubility index and sensory scores
of the fried extrudate as well as specific mechanical energy
of the extrusion process.

2. Materials and methods
2.1. Materials

Corn flour was purchased from Le Huyen company
(Dong Nai, Viet Nam); its proximate composition was as
follows (g/kg): 123 for moisture, 7 for ash, 60 for protein,
6 for lipid, 45 for fiber and total 758 for carbohydrate. Poly-
dextrose was supplied by STA-LITE®Tate and Lyle PLC,
(Decatur plant, The United States) with the following
approximate  composition  (g/kg):  moisture: 40,
polydextrose: 900, protein: 1 and ash: 5. Palm olein was
purchased from Tuong An Vegetable Oil J.S Company
(Ho Chi Minh City, Vietnam).

2.2. Extrusion process

In this study, the material mixture consisted of 87.8% corn
meal, 7.5% poly-dextrose, 4.0 % sugar and 0.7% salt (All
value were analyzed on dry weight basis). Water was added
to the material mixture and blended to obtain the final
moisture content of 22.5% before extrusion. The experiments
were carried out using an APV Baker twin-screw extruder
(Model: MPF 80/15, Peterborough, The United Kingdom)
with the productivity of 300 kg per hour. The screw speed of
extruder was varied in the range of 150 to 190 rpm. The
injection speed was fixed at 1.07 and 1.23 kg/h for water and
oil, respectively. The barrel had 6 heating zones and the blend
temperature of zone 1, 2, 3, 4, 5 and 6 was fixed at 48, 60, 77,
93, 116 and 92°C, respectively. The diameter of the die
opening is 9.6 mm. The Sam Jung rotary knife cutter (Model:
SJ-CC 200, Incheon, Korea) is used to cut the extrudates as
they exist from the die nozzle.

When the twin-extruder was stabilized in process, the
produced extrudates were sampled and deep fat fried by the
Leo 1606 continuous fryer (Leo Tech Co, Ik san, Korea) at
the temperature of 190°C for 12 sec. The fried extrudates
were used immediately for quality analysis.

2.3. Chemical analysis

The moisture content of fried extrudate was quantified
by 1SO 665 drying method at 105°C for 3 h [6]. Ash
content was determined by 1SO 763 method [7]. Crude
protein content was measured by AOAC2001.11 Kjeldahl
method [8]. Total lipid content was evaluated by the
modified AOAC 996.01 Soxhlet method [8]. Total dietary
fiber content was quantified by the AOAC Official Method
2000 [9]; polydextrose content was measured by AOAC
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method 2000.11 [8].

Water absorption index (WAI) and water solubility
index (WSI) were evaluated by the AACC 56-20 method
with slight modification [10]. Two grams of sample and
30 ml of distilled water were added to a centrifugal tube.
The mixture was vigorously shaken. The suspension was
left to rest for 5 min and then centrifuged at 2200 x g for
15 min. Ten mL of the supernatant was dried to constant
weight. WSI was evaluated by the following formula:

Weight of dried supernatant x (30mL/10mL)
Dry weight of sample

After removing 10 ml of the supernatant, the remaining
supernatant was carefully decanted. The obtained wet
sample was then weighed. WAI was quantified by the
following formula:

Weight of wet sample — Weight of dry sample

WSI (%) = X 100%

WAI (%) = X 100%

Dry weight of sample
2.4. Physical analysis

The size of the fried products was measured with the
average value of 15 random measurements using Vernier
calipers to determine expansion ratio. Axial and radial
expansion ratios (%) were evaluated as follows:

[(Ly — Ly)/L;] x 100

where, L1 was length or width of the fried extrudate; L, was
length or width of the extrudate before the frying process [11].

Fried extrudates were placed in a 1,000 ml graduated
cylinder to measure bulk density. The bulk density was
quantified by dividing the weight of the sample (g) by the
occupied volume of the cylinder [12].

The TA-XT Plus Texture analyzer (Texture
Technologies Corp., Godalming, The United States) is used
to determine crispness and hardness of the fried extrudates.
The count peak (times) was measured to analyze crispness
for 15 g of extrudates using Ottawa cell. The test speed was
2 mm/sec with a distance of 52 mm. The Exponent software
program was used to evaluate force-time curve. The
measurement was repeated 10 times to calculate the mean
value. Hardness was evaluated by measuring the maximum
force using the HDP/WBYV probe (Warner Bratzler set with
"V" slot blade for USDA Standard). The test speed was 2
mm/sec with distance of 5 mm. For each sample, 10 fried
extrudates were measured [10].

2.5. Color analysis

Konica Minolta spectrophotometer (CR 410 model, Konica
Minolta Inc, Osaka, Japan) is used to determine instrumental
color of the extrudates. Instrumental color data was exhibited
by CIE L*, a*, b* coordinates, indicating lightness, green-red
and blue-yellow, respectively. Three measurements were made
for each sample and averaged [10].

2.6. Specific mechanical energy (SME)

Specific mechanical energy of the extrusion process
was evaluated by the following equation [13]:

SS XP XT
SS max X Q x 100

where, SS: screw speed (rpm); P: power rating of the
extruder (150 kJ/s); T: average torque recorded over

SME (k]/kg) =

sampling time (%); SSmax. Maximum screw speed
(450 rpm); Q: mass flow rate (kg/s).

2.7. Scanning Electron Microscopy (SEM)

The samples were observed using a Jeol scanning
electron microscope (JSM-7500, Jeol, Ltd., Akishima,
Japan). The extrudate was placed on an SEM stub using
double sided adhesive tape and was coated with thin film
of gold. An accelerating potential of 5 kV was used in the
scanning mode during micrography.

2.8. Sensory analysis

Ten well-trained staffs of Orion Food Vina Co., Ltd.
(Ho Chi Minh City, Vietnam) were chosen as the sensory
panelists. Crispness and hardness of the extrudates were
determined by using a 9 point scale method [14]. Orion
nacho chip and Nongshim banana kick snack were selected
as standard products for the highest (score 9) and the lowest
(score 1) intensity, respectively. The three-digit random
numbers are given to five samples and served to each
panelist sequentially. Before sensory evaluation, water was
served to cleanse the palate. Sensory evaluation was
conducted at 22°C under controlled illumination.

2.9. Statistical analysis

The analysis was done by running duplicate on each test
and the average value was recorded. Each test was
conducted in triplicate independently. The test data was
presented as averages * standard deviation (n = 3).
Multiple range tests with the least significant difference
were used to analyse which means were significantly
different from others (p < 0.05).

The software Statgraphics Centurion XV (Manugistic
Co., Rockville, Maryland, U.S.A.) is used to analyze one-
way of variance.

3. Results and discussion

3.1. Effects of extrusion screw speed on approximate
composition of the fried extrudate

Table 1 shows that increase in screw speed resulted in
increase in moisture content of the fried extrudate.

Table 1. Effects of extrusion screw speed on approximate
composition (%) of the fried extrudate* (The mixture consisted
of 87.8% corn meal, 7.5% poly-dextrose, 4.0% sugar and
0.7% salt; the ratio was calculated on dry weight basis)

Screw
speed
(rpm)
150 |0.81+0.08%0.65+0.02%4.11+0.09%34.82+0.12%7.56+0.102
160 |0.94+0.03°0.65+0.0124.18+0.15%34.60+0.1537.55+0.212
170 |1.12+0.04°0.64+0.0224.27+0.15%32.86+0.0377.52+0.212
180 |1.27+0.0590.64+0.03%(4.29+0.10%32.95+0.0997.47+0.12°

190 [1.25+0.0740.65+0.0194.30+0.17%32.29+0.56¢7.57+0.33?

Moisture Ash Protein Lipid |Total fiber

*The data is the average values * standard deviation (n = 3).
Values with different small letters in the same column are
significantly different (p < 0.05).

When the screw speed increased from 150 to 190 rpm, the
retention time of the material in the extrusion barrel decreased
from 7.9 to 5.8 seconds. Similar results are reported when corn
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flour and distillers dried grains are co-extruded [15]. When the
screw speed increased from 150 to 180 rpm, the lipid content
of the extrudate gradually decreased. Increase in air bubble
size is associated with reduction in capillary pressure and that
decreases lipid content of the extrudate [16]. Figure la-d
reveals that the air cell wall in the extrudate became thinner
and less compact while the air bubble size became larger when
the screw rotating speed rose from 150 to 180 rpm.
Nevertheless, further increase in screw speed from 180 to 190
rpm led to more coalesced structure and thicker cell wall of
the obtained product (Figure 1e). The reduced air bubble size
increases capillary pressure and enhances oil absorption.
Similar results are reported for deep-fat fried batter prepared
from ball-milled wheat flour [17]. Table 1 also presents that
the ash, protein and fiber content of the product remained
constant as the extrusion screw speed was varied. Obatolu,
et al. [18] reported that the protein and ash contents of the
extrudate from corn-meal and crab led do not change as the
screw speed increases. It can be noted that the obtained snack
can be considered as high fiber product since the total fiber
content was approximately 7.5%.

I

Figure 1. Scanning electronic micrographs of the fried pellet on
screw rpm variables: (a) 150rpm, (b) 160rpm, (c) 170rpm,
(d) 180rpm, (e) 190rpm (The mixture consisted of 87.8% corn
meal, 7.5% poly-dextrose, 4.0% sugar and 0.7% salt; the ratio
was calculated on dry weight basis)

3.2. Effects of extrusion screw speed on physical
properties of the fried extrudate

Table 2 shows the effects of screw speed on expansion
ratio of the fried extrudate. When the screw speed increased
from 150 to 180 rpm, both radial and axial expansion ratio
gradually increased. It can be explained that higher screw
speed during extrusion may result in lower dough viscosity

and greater elasticity, leading to more expanded extrudate
[19, 20]. However, further increase in screw speed from 180
to 190 rpm significantly reduced the expansion ratio of the
extrudate. Reduction in expansion ratio is also reported
when screw speed is increased in the co-extrusion of corn
meal and soybean fiber [21]. It can be noted that the effects
of screw speed on expansion properties of the extruded
snack food are still not clear. According to Katta et al. [28],
expansion ratio of the extrudate could either increase or
decrease and that depends on the range of screw speed and
the approximate composition of feed. Similar results are
reported when cassava is co-extruded with maize flour in
snack processing [22].

The bulk density of the extrudate gradually decreased
when the screw speed increased. Increase in screw speed
results in an increase in shear rate for starch gelatinization.
According to Alam, et al. [23], high degree of starch
gelatinization enhances the volume of cereal-based
extruded product, resulting in a decrease in bulk density. In
addition, bulk density is closely related to expansion ratio
of the extrudate [24]. Our results reveal that the higher the
expansion ratio, the lower the bulk density of the obtained
extrudate.

Changes in instrumental textural properties of the product
under different extrusion screw speeds are also visualized in
Table 2. Hardness and crispness are representative
characteristics of fried extrudate. The hardness of the
extrudate was reduced as the screw speed increased from 150
to 180 rpm. According to Tsokolar-Tsikopoulos et al. [20], the
co-extrusion of rice flour and inulin, similar decrease in
hardness is also reported when the extrusion screw speed
increased. In addition, texture is linked to bulk density,
expansion ratio and thickness of air cell wall.

Table 2. Effects of extrusion screw speed on physical properties
of the fried extrudate* (The mixture consisted of 87.8% corn
meal, 7.5% poly-dextrose, 4.0% sugar and 0.7% salt; the ratio
was calculated on dry weight basis)

Screw| Radial Axial Bulk Crispiness
. - . Hardness :
speed| expansion | expansion | density force (g) count pick
(rpm) | ratio ratio (o/L) g (times)
150 | 1434172 | 136+9% | 100£1% | 7364232 | 69+22
160 | 149+7% | 138+6% 68+2¢ | 556+27° | 78+5°
170 | 164+11° | 141455 65+1% | 490+11° | 97+3¢
180 | 169+11° | 145+6° 58+1°¢ | 448+27° | 120+12°
190 | 153+12°¢ | 139+7% | 61+1P | 478+26° | 100+4¢

* The data is the average values + standard deviation (n = 3).
Values with different small letters in the same column are
significantly different (p < 0.05).

Increased bulk density and increased thickness of air
cell wall resulted in increased hardness of the obtained
extrudate (Figure 1 and Table 2). However, further increase
in screw speed from 180 to 190 rpm increased the hardness
of the product. The sudden increase in hardness at 190 rpm
is probably due to the collapsed inner cell structure as well
as the reduced air bubble size (Figure 1e). The crispness
gradually increased with the increase in screw speed.
According to Tsokolar-Tsikopoulos, et al. [20], the
increased screw speed has great impact on the formation of
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less dense and less thick cell walls of the extrudates. The
crispness of such products is expected to be increased.
Nevertheless, the crispness at the screw speed of 190 rpm
was significantly lower than that at the screw speed of
180 rpm. Similar trends are observed when sorghum was
co-extruded with soya blends: the crispness increases with
increasing screw speed from 250 to 400 rpm, whereas it
decreases at screw speed of 450 rpm [25].

3.3. Effects of extrusion screw speed on sensory score of
the fried extrudate

Hardness and crispness are main characteristics of
sensory quality of snack foods. The hardness and crispness
results are shown in Table 3. The hardness score decreased
by 48% when the screw rotating speed rose from 150 to
180 rpm. However, increase in screw speed from 180 to
190 rpm led to a significant increase in hardness score of
the extrudate. The crispness score was significantly
improved as the screw speed rose from 150 to 180 rpm but
reduced as the screw rotating speed varied from 180 to
190 rpm. The correlation between the instrumental
measurement data (Table 2) and the organoleptic data
(Table 3) were evaluated. The instrumental forces
correlated positively with the organoleptic scores for both
hardness and crispness; the correlation coefficient was
0.691 (p < 0.05) for hardness and 0.492 (p < 0.05) for
crispness. Similar results are reported when oat flour and
yellow corn flour are co-extruded in snack processing [26].

Table 3. Effects of extrusion screw speed on sensory score of
the fried extrudate* (The mixture consisted of 87.8% corn meal,
7.5% poly-dextrose, 4,0% sugar and 0.7% salt; the ratio was
calculated on dry weight basis)

Screw speed o) 160 170 180 190
(rpm)
Hardness |8.4+0.690|5.3+0.72¢(5.740.81¢[4.4+1.10 6.6+0.90¢

was extruded with einkorn wheat and buck-wheat [27].
However, two opposite effects of screw speed on extrudate
color was reported by Katta, et al. [28]: an increase in screw
rotating speed decreased the material residence time,
which result in reduced the extrudate browning, and,
conversely, screw rotating speed augmented the shear and
enhanced the temperature, which in turn led to browning.
Change in color is therefore mostly dependent on the screw
speed range, barrel temperature as well as approximate
composition of the feed.

Water absorption index and water solubility index of
the product are also shown in Table 4. They can be used to
estimate the functional characteristics of snack food. Both
water absorption and solubility index gradually increased
when the screw speed rose from 150 to 190 rpm. According
to Ainsworth, et al. [24], at high screw speed, increased
shear effects would enhance gelatinization or mechanical
destruction of starch molecules in the products, resulting in
increased water holding capacity of the product. Likewise,
the quantity of water soluble substances in the samples
would increase with increased screw speeds with more
starch molecules being soluble. Similar results are reported
when barley flour and tomato pomace are co-extruded [10].
Table 4. Effects of extrusion screw speed on instrumental color,
water absorption index (WAI) and water solubility index (WSI)
of the fried extrudate and specific mechanical energy (SME) of

the extrusion process” (The mixture consisted of 87.8% corn
meal, 7.5% poly-dextrose, 4.0% sugar and 0.7% salt; the ratio
was calculated on dry weight basis)

Screw

speed L* a* b*

(rpm)
150
160

SME

WA (KJ/Kg)

WSI

65.5+0.5%| 8.9+0.3? (32.5+0.59253+ 4312.8+0.44 226+12
67.9+0.2°¢| 7.2+0.1°32.3+0.734284+4°(13.9+0.6° 230+22

4.8+0.41°5.5+0.52°45.6+0.519(6.1+0.76 ¢ 5.1+0.80°

Crispiness

170 |66.7+0.5°|7.4+0.4°(32.2+1.23296+ 5916.7+0.39 236+1°

* The data is the average values + standard deviation (n = 3).
Values with different small letters in the same row are
significantly different (p < 0.05).

3.4. Effects of extrusion screw speed on instrumental
color, water absorption index, water solubility index of
the fried extrudate and specific mechanical energy of the
extrusion process

Effects of extrusion screw speed on instrumental color,
water absorption index, solubility index of the fried extrudate
and specific mechanical energy of the extrusion process were
described in Table 4.

The color variation of fried extrudate provides
information on the degree of browning reactions such as
Maillard reaction, caramelization as well as the extent of
cooking and pigment degradation during the extrusion
process [3]. The effects of screw speed on the extrudate color
are shown in Table 4. The L* value slightly increased when
the screw speed increased. The a* value decreased when the
screw speed rose from 150 to 160 rpm; however, the a*
value was unchanged when the screw speed varied from
160 to 190 rpm. For all samples, the b* value was constant
(p>0.05). Similar changes in lightness (L*) and chromatic
coordinates (a* and b*) are also reported when bivolare bean

180 |68.5+0.7¢|7.60.1°(32.9+0.9%296+5¢(18.8+0.6¢ 244+2¢

190 |67.8+0.6%7.3£0.3°(31.7+1.09327+79[19.9+0.3¢ 265+4°

# The data is the average values * standard deviation (n = 3).
Values with different small letters in the same column are
significantly different (p < 0.05).

Table 4 also reveals that when the screw speed rose
from 150 to 190 rpm, the specific mechanical energy of the
extrusion process increased by 17%. Increase in specific
mechanical energy by increasing the screw speed is also
reported when barley flour and tomato pomace were
processed in a co-rotating twin-screw extruder [10].

In this study, the result of correlation test showed that
the specific mechanical energy of the extrusion process
correlated positively with various attributes of the product.
The correlation coefficients between specific mechanical
energy and water absorption index, water solubility index
and bulk density were 0.913, 0.881 and -0.606, respectively.

4. Conclusions

In this research, poly-dextrose was used as a source to
make snack food with high dietary fiber content. The physical
properties and sensory scores of the fried extrudate were
shown to be significantly influenced by the screw speed.
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Increase in screw speed resulted in increased expansion ratio,
crispness, water absorption and solubility index as well as
reduced hardness and bulk density of the product. High

specific mechanical energy was observed at high screw speed.

The specific mechanical energy correlated well with the
extrudate properties such as water absorption index, water
solubility index and bulk density. Further studies on
transformation of poly-dextrose under different extrusion
conditions are essential to clarify the impacts of this potential
fiber on physico-chemical properties of snack food.
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