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ABSTRACT

The effect of thermo-extrusion processing of white yam (Dioscorea rotundata) and bambara nut (Vigna subterranean)
on some selected extrudate parameters of residence time, throughput and moisture content were investigated in this
study. Both yam and bambara nut were processed into meals of 750 pum and 500 um respectively. Extrusion was carried
out following a three variable response surface methodology using a Box Behnken design. Blend of yam meal and
Bambara nut meal at ratio 80:20 respectively was conditioned into 12.5, 15.0 and 17.5% moisture content (dry basis)
and allowed to equilibrate for 4 h. Extrusion was carried out on a single screw extruder at 50, 60 and 70 rpm screw
speed and 130°C, 140°C and 150°C barrel temperatures. The study revealed that the extrusion time varied between 13.1
and 29.7 sec, throughput varied from 13.3 to 34.4 kg/h and product moisture ranged from 11.1 to 16.8% dry basis). All
investigated extrudate parameters were significantly affected (p < 0.05) by the process variables of screw speed, barrel
temperature and feed moisture content, and their interactions. The results were indicative that the second order poly-
nomial was adequate to model the dependence of the extrudate parameters of residence time, throughput and moisture

content on extrusion variables of barrel temperature, feed moisture content and screw speed.
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1. Introduction

Yam (Dioscorea sp) is a widely distributed food crop in
west Africa especially Nigeria, where more than half of
world total production is obtained [1]. Yam is an impor-
tant source of carbohydrate for human nutrition [2] but
suffers a high degree of post harvest loss due to its high
moisture content [3]. Bambara nut (Vigna subterranean)
on its own is an indigenous African legume with high
nutritional value especially protein of about 21% [4]. The
usefulness of legume grain in developing high protein
foods in meeting the need of the vulnerable groups is
well recognized [5]. Supplementation of yam with inex-
pensive legume such as bambara will help in improving
the nutritional quality of the products. Extrusion cooking
is increasingly being used for production of food for hu-
man consumption [6,7]. Expanded snack foods, ready-to-
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eat cereal and dry pet foods are manufactured from cere-
als and starches by high temperature short-time extrusion
cooking [8]. Colonna and Mercier [9] also described ex-
trusion cooking as an important technique for modifica-
tion and manufacture of a wide variety of traditional and
novel foods and food blends. Expanded volume of ex-
truded starches is generally governed by extrusion cook-
ing parameters such as extruder barrel temperature,
screw speed, moisture content of the feed material [8,10,
11]. Ding et al. [7] observed that the independent process
variables for extrusion process are screw speed, barrel
temperature, feed moisture content, total mass flow rate
and die configuration. These independent variables affect
such system parameters like extrudate residence time
distribution, energy requirement for the process, pressure
profile along the barrel, pressure drop in the die [12]. It is
widely recognized that both the relationship within the
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extruder and the effects of extrusion parameters on the
properties of resulting extrudates are strongly dependent
on the individual machine used [13]. There is little in-
formation on the extrusion cooking of combination of
yam and bambara nut for food preparation. Consequently,
in this study the effects of three process variables namely
screw speed, feed moisture and barrel temperature were
determined on some extrudate parameters of residence
time, throughput and product moisture using yam-bam-
bara nut blend. These parameters are critical in deter-
mining the efficiency of the extruder, the yield as well as
the quality of the resulting extrudates particularly in
terms of the moisture content. The moisture content of
the extrudate will affect the degree of crispiness as well
as the storage properties of the finished products.

2. Materials and Methods
2.1. Sources of Raw Materials

White yam (Dioscorea rotundata) was obtained from
National Root Crop Research Institute Umudike, Abia
State, Nigeria. Bambara nut was obtained from Mile 12
retail market in Lagos, Nigeria. A laboratory sized single
screw extruder, (Komet 1993 Model, Germany) with
length to diameter ratio of 3:1 and die opening of 8mm,
which required a minimum of 0.2 kg feed input was used
in this study.

2.2. Preliminary Processing of Raw Materials

The specie of Yam tubers (Dioscorea rotundata) used in
this study was subjected to some preliminary operations
such as peeling, washing and slicing (5 mm thick),
pre-cooking for 10 min. and drying at 60°C in an air oven
tray drier (Model 1999, made in Germany) with an air
flow of 8 cfu for 8 h. The dried sliced yam was milled
into grits of 750 um using Hammer mill. Bambara nut
was soaked for 8 hours, manually dehulled, then dried at
60°C for 8 h and milled into flour of 500 pm particle
sizes. Blend of yam flour and bambara flour was pre-
pared in ratio 4:1 (w/w) respectively.

2.3. Experimental Design

A response surface experimental design (Design Expert
8.0.4) for feed moisture content (12.5% - 17.5%), screw
speed (50 - 70 rpm) and barrel temperature (130°C -
150°C) was employed in this study to determine the ef-
fect of the process variables on the residence time,
throughput and moisture content of extrudates. The ex-
perimental design was a three variable Box Behnken
design comprising three independent variables of barrel
temperature (BT), screw-speed (SS) and feed moisture
content (FM) tested at 3 levels coded (—1 to +1). The
experiment required a total of seventeen extruder runs
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(Table 1).
2.4. Moisture Content Determination

The moisture content of the samples was determined
according to AOAC [14] method to know the amount of
water to be added to make required moisture content.
Three replicates samples each weighing 10 g of the blend
were dried at 103°C + 2°C until constant weight was at-
tained. The samples were cooled in a glass container with
silica gel as desiccant. Moisture content was calculated
as ratio of weight loss to the dry matter weight (dry ba-
sis). The desired moisture content levels in the blend
were obtained by adding distilled water as calculated
using equation below.
A(MF —Mi) 1
= () M

where A = Initial mass of the blend (kg)

Mi = Initial fraction of moisture content of the blend
(db)

Mf = Desired fraction of moisture content of the blend
(db)

Q = Mass of water to be added (kg)

2.5. Extrusion Processing

Blend of yam and bambara nut meals were prepared in
ratio 80:20 (w/w) and conditioned by adding water to
obtain moisture contents of 12.5%, 15.0% and 17.5%
(db). The blends were packaged in separate polyethylene
bags and allowed to equilibrate for 4 h before extrusion.
The extruder barrel temperatures were stabilized using
bambara flour. Extrusion cooking of the blends was car-
ried out as shown in transformed matrix (Table 1). After
steady state conditions were attained samples were col-
lected in open pans, allowed to cool, then packaged in
low density polyethylene bags and stored under refrig-
eration (10°C). The dependent variables were investi-
gated as follows:

2.6. Determination of Residence Time

Extrusion time was determined at every 5 min. interval
of steady state operation following the method of previ-
ous workers [15]. A small amount of red food dye was
added to the sample at the extruder feed port and the time
required for the dyed extrudate to exit the die was meas-
ured using a stop watch. Three replicates were carried
out for each run.

2.7. Determination of Throughput of Extrudates

Throughput was determined by using the method de-
scribed by Chinnaswamy and Hanna [8]. The extrudate
produced over a period of time was collected and weighed
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Table 1. Matrix transformation of the experimental design runs and extrusion conditions.

Variables code Variables actual value Response*
Experimental run

BT SS FM BT (°C) SS (rpm) FM (%) RT (sec) TP (kg/h) EM (%)

1 0 -1 -1 140 50 12.5 24.1+£22 15.1+£3.3 11.1+1.6
2 +1 -1 0 150 50 15.0 27.4+3.5 15.0+£0.9 12.0+2.0
3 -1 0 +1 130 60 17.5 213+1.5 19.3+£0.9 16.8+0.4
4 +1 0 +1 150 60 17.5 20.1+1.7 20.7+£2.6 11.3+0.8
5 0 0 0 140 60 15.0 153+1.2 25.1+£1.0 132+1.0
6 0 +1 +1 140 70 17.5 152+0.8 36.7+1.8 144+14
7 0 -1 +1 140 50 17.5 29.0+2.0 13.3+1.0 14.7+0.6
8 -1 -1 0 130 50 15.0 29.7+£25 134+0.7 123+0.7
9 0 0 -1 140 60 12.5 152+1.1 24.7+0.6 12.1+1.9
10 -1 0 -1 130 60 12.5 18.4+0.7 204+1.6 12.1+1.9
11 +1 0 -1 150 60 12.5 16.1 £0.6 24.5+0.7 11.1+£0.3
12 0 0 0 140 60 15.0 144+14 234+0.6 13.0+1.0
13 0 0 0 140 60 15.0 15.4+0.7 250+1.1 13.3+£0.5
14 0 +1 -1 140 70 12.5 13.1£0.3 294+1.8 12.4+0.6
15 0 0 0 140 60 15.0 150+1.0 252+0.8 13.4+0.8
16 +1 +1 0 150 70 15.0 8.1+0.8 344+£0.7 143+0.8
17 -1 +1 0 130 70 15.0 102£0.7 31.0+2.0 143+0.6
Means 18.1+6.3 233+6.9 13.1+1.7

*Means of three replicates; BT = Barrel Temperature; SS = Screw speed; FM = Feed moisture content; RT = Residence time; TP = Throughput; EM = extrudate

moisture content B.

in an open pan. The experiment was carried out five rep-
licates for each run.

2.8. Determination of Product Moisture Content

Moisture content of the extrudate as it exited the die was
determined according to AOAC [14] method. The ex-
periment was carried out on three replicates for each run.

2.9. Data Analysis

The data generated in this study was subjected to re-
sponse surface analysis and analysis of variance using
Design Expert 8.0.4. Statistical package.

3. Results and Discussion
3.1. Residence Time (RT)

Mean value of RT of the extrudate observed in this study
was 18.1 + 6.3 sec. Highest RT of 29.7 + 2.5 sec. was
obtained at 130°C barrel temperature, 50 rpm screw
speed and 15% (db) feed moisture content while 150°C
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barrel temperature, 70 rpm screw speed and 15.0% (db)
feed moisture content produced least RT of 8.1 & 0.8 sec.
The observed difference in the RT values may be attrib-
uted to variations in screw speed and feed moisture con-
tent of the blends used in this study. It was observed that
the faster screw speed and the lower feed moisture con-
tent led to reduction in residence time of the blend, while
higher barrel temperature was associated with decrease in
residence time. The results obtained in this study were
consistent with the observations of Phillips et al. [16],
who reported that feed moisture content was relatively
more important than barrel temperature in influencing
residence time of extrudate. Harper [13] associated resi-
dence time to the extruder geometry and dough charac-
teristics. Statistical analysis of the collected data showed
that the quadratic model significantly (p < 0.05) fit for
prediction of RT. Mathematical expression of the rela-
tionship between the actual values of the variables and
the response is shown in Equation (1).
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RT =15.06-0.99BT —7.95SS +1.74FM + 0.05BT *SS
+0.27BT*FM —-0.77SS*FM +1.21BT2

+2.5858S2 +2.71FM2 (R2 = 0.96)
1

Coefficient of determination R* of the model was 0.96.
High coefficient of determination implies that as a result
of application of the model, equation errors will be
minimal. Significant model terms of the equation at p <
0.05 were screw speed, feed moisture content, interaction
between SS and FM, and SS and BT, and 2nd orders of
BT, SS and FM. Response surface plots of the RT as
influenced by process variables are presented in Figures
1-3. These plots help to visualize the information about
the fit model. Figure 1 indicates that minimum residence
time was obtained at maximum screw speed for all feed
moisture content used in this study. Though, RT in-
creased with decrease in screw speed, the effect was
more pronounced at higher feed moisture content of the
blend. At maximum screw speed of 70 rpm, a slight re-
duction in RT was observed for increase in feed moisture
content. Also Figure 2 revealed that SS had more pro-
nounced effect on RT compared to FM. It can be seen in
Figure 3 that RT marginally increased with increase in
FM and BT. From economic production point of view,
least ET will be desired.

3.2. Throughput of Extrudate

Throughput of the extrusion cooking of yam-bambara
blend varied between 13.3 and 34.4 kg/h with mean
value of 23.3 + 6.9 kg/h. The highest value for through-
put 34.4 + 0.7 kg/h was obtained at extrusion condition
of 150°C, 70 rpm and 15.0% for barrel temperature,
screw speed and feed moisture content respectively,
while 140 °C barrel temperature, 70 rpm screw speed and
12.5% feed moisture content produced the least through-
put of 13.3 + 0.3 kg/h. Throughput was observed to be
positively correlated with barrel temperature, screw speed

RT

17,50 70.00 B:SS

Figure 1. Residence time (RT) of extrudate as influenced by
feed moisture content (FM) and screw speed (SS).
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RT

70,00 150.00 A BT

Figure 2. Residence time (RT) of extrudate as influenced by
barrel temperature (BT) and screw speed (SS).

RT

17,50 150.00

Figure 3. Residence time (RT) of extrudate as influenced by
barrel temperature (BT) and feed moisture (FM).

and feed moisture content. The results observed in this
study ran contrary to the report of Maurice and Stanley
[17], who reported that moisture content and not tem-
perature affected throughput of soybean extrudate. The
difference in our observation can be attributed to differ-
ence in the two materials used. Equation (2) presented
the mathematical expression of the relationship between
throughput and process variables.

TP =24.76+1.31BT + 0.08FM + 0.45BT *SS
—0.68BT *FM + 2.28SS*FM 2)

~1.85BT2+0.555S2 —1.68FM2 (R2 = 0.97)

Coefficient of determination R? of the model was 0.97,
which is an indication that the equation predicts the rela-
tionship between the response and process variables with
high degree of accuracy. Screw speed had strongest and
positive correlation with throughput followed by interac-
tion between screw speed and feed moisture content.

Response surface plots of interactions amongst the
process variables as they affected throughput in this
study are shown in Figures 4-6. Throughput gradually
and rapidly increased with increase in screw speed (Fig-
ure 4) but marginally increased with increase in barrel
temperature. Both feed moisture content and barrel tem-
perature had marginal effect on throughput as shown in
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TP

5000 130.00

Figure 4. Throughput (TP) of extrudate as influenced by
barrel temperature (BT) and screw speed (SS).

TP

1250 130.00

Figure 5. Throughput (TP) of extrudate as influenced by
barrel temperature (BT) and feed moisture content (FM).

P

1250 50.00

Figure 6. Throughput (TP) of extrudate as influenced by
screw speed (SS) and feed moisture content (FM).

Figure 5, whereas Figure 6 confirmed strongest effect of
screw speed on throughput over other process variables
used in this study. Throughput is a parameter that deter-
mines production efficiency in terms of production out-
put per unit time. It is a process factor of interest particu-
larly when considering pilot plant and commercial pro-
duction of the extruded product.

Copyright © 2011 SciRes.

3.3. Extrudate Moisture Content

The values of extrudate moisture content observed in this
study ranged from 11.1% to 16.8% (db) with mean value
of 13.1% =+ 1.7%. Highest value of 16.8% + 0.4% was
obtained at 130°C barrel temperature, 60 rpm screw speed
and 17.5% feed moisture content, while the least value of
11.1 £ 0.3 was observed at 150°C, 60 rpm and 12.5% for
barrel temperature, screw speed and feed moisture content
respectively. The regression equation for predicting values
of FM at any given values of process variables employed
in this study is shown in Equation (3).

EM =13.11—0.85BT +0.66SS + 1.31FM +0.88BT *SS
—1.31BT *FM — 0.40SS * FM (R2 = 0.81)
3)

High coefficient of determination R* of the model was
0.81, which indicates that the equation will predict the
values of EM with minimal error. The significant model
terms are at p < 0.05 were feed moisture content, and
interaction between feed moisture content and barrel
temperature. Figures 7-9 present visual observations of
interaction effects of process variables on the extrudate
moisture content. Extrudate moisture was strongly af-
fected by screw speed and barrel temperature (Figure 7),
fed moisture content and barrel temperature (Figure 8)
and feed moisture content and screw speed (Figure 9).
The results obtained in this study were in agreement with
previous observations that the product moisture content
correlated positively with feed moisture content during
extrusion cooking [16-19]. Reduction in moisture content
of extrudate can be attributed to steam flash off during
extrusion cooking.

4. Conclusions

The study had revealed that the process variables of

EM

50.00 130.00

Figure 7. Extrudate moisture (EM) as influenced by screw
speed (SS) and barrel temperature (BT).
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EM

13000 1250

Figure 8. Extrudate moisture (EM) as influenced by feed
moisture content (FM) and barrel temperature (BT).

EM

Figure 9. Extrudate moisture (EM) as influenced by screw
speed (SS) and feed moisture content (FM).

screw speed, barrel temperatures and feed moisture gen-
erally had a significant effect at p < 0.05 on the extrudate
parameters of residence time, throughput and product
moisture content during extrusion. The regression equa-
tions generated in this study can be used to predict the
values of the extrudate parameters provided the values of
the process variables lie within the values investigated in
this study. This is significant from the standpoint of pilot
scale production where probably extruded products of
specific properties different from those properties cur-
rently investigated in this study are desired by consum-
ers.
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