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Abstract
Extrusion of pentosanase supplemented swine feed to improve digestibility was optimized and the extrudates’ 
physical properties, and enzyme stability were investigated. The effects of feed moisture content, die end  
temperature, and screw speed on product responses, including expansion ratio, bulk density, and hardness were 
evaluated using the response surface methodology. Following conditions yielded the swine feed with physical 
properties comparable to the commercial products, feed moisture content at 18–21% (w/w), die end temperature 
of 95–120 °C, and screw speed at 100–150 rpm. Crude pentosanase was added to the ingredients at 0.5 g/kg and 
extruded with 2 levels of die end temperature at 95 and 110 °C. Residual activity of pentosanase in extruded 
swine feed indicated that an increase in die end temperature reduced the activity by 34–35%. Higher activity 
and stability of pentosanase were observed at pH 3.0 compared to pH 6.8. A significant decrease in the enzyme 
activity was observed during a 4 week storage period at room temperature. Optimal conditions for the extrusion 
of pentosanase-supplemented swine feed were obtained.  However, the enzyme stabilization in extruded swine 
feed during the long storage requires further study. 
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1 Introduction

Over a billion tons of feed per year are produced 
globally, a large part of which is fed to livestock. A 
conventional method for producing corn and soybean 
meal-based swine feed is usually to provide in a mash 

form; further processing other than grinding and  
mixing is not utilized in most cases [1]. Most ingredients  
are ground to reduce the particle size and increase 
digestibility [2]. Heat processing is sometimes applied 
to the feed ingredients to reduce antinutritional factors, 
such as trypsin inhibitor in soybean and may affect the 
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energy and nutrient digestibility [3]. Other processing 
techniques that may be used for swine feed include 
expander processing [4], [5], pelleting [6], [7], and 
extrusion [4], [8].  Before pelleting, steam conditioning  
might be used prior to pelleting to obtain a durable feed 
pellet [9].  In association with pelleting, extrusion is 
often used in the feed industry [1]; with 95% of pet 
foods in the United States using extrusion, this is one of 
the leading technologies for pet food production [10].  
 Extrusion processing combines many unit  
operations, such as mixing, heating, and forming the 
feed material through a barrel by using an extruder 
[11]. Extrusion is a continuous process with high  
production capacity, versatility, and low cost per  
product unit, and utilized for many food products, such 
as snacks, pasta, noodles, and instant rice, including 
for value addition of agricultural wastes and by-
products [12]–[18]. Extrusion variables, such as feed 
moisture content, barrel temperature, and screw speed  
significantly affected the physical and nutritional  
properties of the extruded products [14], [18]. Extrusion  
cooking may alter nutritional ingredients, such as 
dietary fiber, protein, amino acid profile, and other 
nutrients, both positively or negatively [19]. The  
process could convert insoluble fibers in the nutrition 
rich by-products such as orange pulps, defatted soybean  
meal, germinated brown rice meal, and mango peel 
fiber [14] into soluble fiber and a good balance of 
both types of fibers. The extrusion of cereal grains 
can the increase energy and nutrient digestibility of 
the raw materials, possibly resulting in a higher feed 
conversion rate and growth performance in pigs [6].  
Rojas et al. [20] experimented to determine the effects 
of pelleting, extrusion, and extrusion plus pelleting on 
energy and nutrient digestibility in diets containing 
different levels of fiber-fed to growing pigs. Results 
indicated that pelleting alone did not increase the 
digestible or metabolizable energy of the high-fiber 
diets, while extrusion and the combination of extrusion 
and pelleting did.  
 Thailand is an agricultural-based country with 
plenty of agricultural produces and food processing 
by-products such as rice bran, cassava, sugarcane, 
and defatted soy meal [21]. Some primary ingredients 
used in feed production in Thailand are corn, broken 
rice, cassava chip, palm oil, fish oil, soybean meal, 
fish meal, and rice bran. The main hemicellulosic  
polysaccharide in cereals and their co-products is 

xylan, 60–70% composed of arabinoxylan [22]. The 
second most abundant compounds in the cereal used 
in swine feed are mannan [23].  The digestive systems 
of non-ruminant animals such as pigs and poultry 
do not have the enzymes to digest hemicellulose in 
feed [21]. The inclusion of pentosanase to hydrolyze  
arabinoxylan in the feed can increase the energy values  
by increasing the digestibility of nutrients [24].  
Pentosanase enzyme can be derived from a selected 
strain of fungal species [25], which is developed 
to break down the xylan, arabinan, and mannan in  
cereal grains. Mannanase and cellulase were produced 
from three agricultural wastes by Bacillus subtilis 
P2-5 strain [26]. Supplementation of exogenous  
enzymes can be helpful in depolymerizing non-starch  
polysaccharides into shorter chains, increasing the 
entrapped nutrients, digestibility, and fermentability of 
nutrients. Chen et al. [27] reported that the supplemental  
xylanase could reduce the digestate viscosity, improve 
the nutrient release, and exhibit health benefits in  
nursery pigs fed with corn distillers’ dried grains. 
 To the best of our knowledge, very little  
information on the extrusion of swine feed in Thailand  
has been published [28]. There is also a lack of information  
about the extrusion of swine feed with pentosanase 
supplementation. Therefore, the objectives of this 
research were to study the effect of extrusion on the 
production of pentosanase-supplemented swine feed.  
The effects of the extrusion parameters, including feed 
moisture content, die end temperature, screw speed, on 
physical properties of the extruded swine feed were 
investigated using response surface methodology 
(RSM).  Crude pentosanase enzyme was added to the 
feed mix before extrusion, and their enzyme activity 
and stability during the storage were evaluated. The 
pieces information obtained will be beneficial for the 
swine feed industry.

2 Materials and Methods

2.1  Raw materials for the swine feed  

The feed ingredients were obtained from various 
sources which were manufacturers in Thailand: broken  
rice from Ake Rice Mill Co., Ltd. (Thailand), ground 
corn from Unigro International Co., Ltd., rice bran 
from Charoen Phon Rice Mill Co. Ltd., soybean 
meal (44% protein content) from Thai Vegetable 
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Oil Public Co., Ltd., fishmeal (55% protein content) 
from Sun Feed Co., Ltd., dicalcium phosphate (P18) 
from Connell Bros. Co. (Thailand), Ltd., sodium 
chloride from Saha Patthanapibul Public Co., Ltd., 
premix from Agintel Co., Ltd.  D-xylose and oat spelt 
xylan were purchased from Sigma-Aldrich Co. (St.
Louis, Mo., USA). Crude pentosanase powder was 
kindly provided by Dr. Pongsuda Poathanya, National 
Center for Genetic Engineering and Biotechnology,  
National Science and Technology Development 
Agency (NSTDA), Thailand.

2.2  Effects of extrusion variables: response surface 
experimental design  

The swine feed formulationfor finishing pigs (60–100 kg  
weight) was adapted from the swine nutrition guide 
[29], as shown in Table 1. All ingredients were mixed 
in a Kenwood mixer (KM230, England) with speed 
level 2 for 10 min and kept at room temperature for 2 h  
to equilibrate their moisture content. The laboratory  
single-screw extruder (Brabender 19/20, DGE 330, PL 
2200, Germany) with the barrel bore diameter (D) 19.1 mm,  
barrel length (L) of 20D, and a screw compression ratio 
of 4:1 was used to produce the swine feed. There were 
three independent temperature zones along the barrel, 
Zone 1 (entering zone), Zone 2 (kneading zone), and 
Zone 3 at the dead end before the exit. The diameter 
of the circular die was 3 mm.
 The extrusion was carried out with the barrel 
temperature of Zone 1 and 2 controlled at 50 and 70 °C,  
respectively. The effects of three independent extrusion  
variables including feed moisture content (X1) 20– 
35% (w/w), die end temperature (X2) 70–120 °C, and 
screw speed (X3) 100–200 rpm on physical properties  
of the extrudates, were studied using the central 
composite design. A total of 17 extrusion runs were 
carried out, as presented in Table 2. All variables 
were studied at five different levels with α = 1.68  
(–α, –1, 0, 1, +α, α = 1.68) according to Box and 
Wilson [30]. The extrudate was dried in a tray dryer 
(Binder, Germany) at 50 °C for 3 h, and stored at room 
temperature (30 ± 2 °C) in polypropylene zip-lock bags 
until further analysis for physicochemical properties 
of the extrudate including color (L*, a*, b*), diameter, 
expansion ratio, hardness, bulk density, and water 
activity (aw). All experiments were carried out with 
at least two replications.

Table 1: Formulation for the extrusion of swine feed
Raw Materials % (w/w)

Broken rice 42.80
Ground corn 30.00
Rice bran 10.00
Soybean meal (44% CP) 9.30
Fish meal (55% CP) 5.50
Dicalcium Phosphate (P18) 1.80
Sodium chloride 0.35
Premix minerals 0.25

Table 2: Experimental design for the 3-factor  
orthogonal central composite design (CCD) with a 
single center point

Condition X1, Feed 
Moisture

X2, Zone 3 
Temperature

X3, Screw 
Speed

1 –1 (23) –1 (80)  –1 (70)
2 –1 (23) –1 (80) 1 (130)
3 –1 (23) 1 (110) –1.68 (70)
4 –1 (23) 1 (110) 1 (130)
5 1 (32) –1 (80) –1 (70)
6 1 (32) –1 (80) 1 (130)
7 1 (32) 1 (110)    –1 (70)
8 1 (32) 1 (110) 1 (130)
9 –1.68 (20)  0 (95) 0 (100)
10 1.68 (35)  0 (95) 0 (100)
11 0 (28) –1.68 (70) 0 (100)
12 0 (28) 1.68 (120) 0 (100)
13 0 (28) 0 (95)  –1.68 (50)
14 0 (28) 0 (95) 1.68 (50)
15 0 (28) 0 (95) 0 (100)
16 0 (28) 0 (95) 0 (100)
17 0 (28) 0 (95) 0 (100)

 Response surface plot and statistical analysis 
of the experimental data were done by response 
surface methodology [31] using Statica version 14.0 
(TIBCO, USA). The optimal point of the responses was  
predicted by the second-order polynomial model  
expressed as following Equation (1). 

y = β0 + β1X1 + β2X2 + β3X3 + β11X1
2 + β22X2

2 + β33X3
2 

+ β12X1X2 + β13X1X3 + β23X2X3 + …+ ɛ (1)

where y indicated the response variable, β0  
represented the intercept while β1, β2 and β3 were 
linear terms with β12, β13, and β23 as interaction terms 
and β11, β22, and β33 as quadratic terms. X1, X2, and X3  
represented independent variables coded for  



R. Chaijalearn et al., “Optimization of Extrusion Process for Pentosanase-Supplemented Swine Feed: Evaluation of Physical Properties 
and Enzyme Stability.”

4 Applied Science and Engineering Progress, Vol. 16, No. 1, 2023, 5859

moisture content, die end temperature, and screw 
speed, respectively.
 
2.3  Supplementation of pentosanase and enzyme 
activity

Crude pentosanase was added to the feed ingredients 
at 0.5 g/kg. The extrusion was carried out with optimal 
conditions based on Section 2.2; feed moisture content 
at 20% (w/w), screw speed at 130 rpm, and 2 levels of 
die end temperature at 95 and 110 °C. The extruded 
feeds were dried at 50 °C for 3 h before determining 
their physical properties. The dried samples were 
preserved in polypropylene zip-lock bags and stored at 
room temperature (30 ± 2 °C) for 4 weeks. Pentosanase 
was extracted from the swine feed and determined for 
the residual activity at pH 3.0, and 6.8 using oat spelt 
xylan as the substrate every week. 

2.4  Analytical methods

2.4.1 Chemical composition

The raw materials’ protein, lipid, and crude fiber content  
of were analysed by AOAC [32] methods 12.1.07 
and 920.39C, and 978.10, respectively. The ash and 
moisture content were determined by AACC methods 
8-01 and 44-19 [33].

2.4.2 Physical properties 

A Vernier caliper and data randomly measured the 
diameter of twenty extrudates were averaged. were 
averaged. The expansion ratio of the feed samples was 
calculated by following Equation (2). 

Expansion ratio = Extrudate diameter/Die diameter
 (2)

 Ten pieces of the feed samples were randomly 
selected, to determine the bulk density, and their total 
weights were recorded. The samples' volume was 
determined by substituting with sesame seeds in a 
100 mL cylinder, and bulk density (g/cm3) was then 
calculated [34]. 
 The hardness of the samples was analyzed using a 
Texture Analyzer (Stable Micro System Co., Ltd., UK). 
Ten samples were used for the measurement using a 

cylinder aluminum P50 (50 mm) probe at 5.0 and 10.0 
mm/s as a pre-test and a post-test speed, respectively. 
The hardness was presented as the highest force to 
break the samples, and the data were averaged. 
 The color of the swine feed based on the L*, 
a*, and b* color scale was measured using a Hunter 
Lab (Color Quest XE, USA) in which L* represents 
the lightness, a* (red/green), and b* (yellow/blue)  
coordinates. Water activity was measured using 
an Aqua Lab/CX-2 water activity meter (Decagon  
Devices, Inc., Pullman, WA, USA) at 25 °C, following 
the method described in the manual.

2.4.3 Crude enzyme extraction and assay

Pentosanase was extracted from 1.0 g of swine feed 
extrudates by adding 10 mL of distilled water, shaken 
for 2 min, and centrifuged at 10,000 rpm, 4 °C for 
10 min. The supernatants were separated and used as 
crude enzyme [35] to determine their activity on oat 
spelt xylan (1% w/v) as substrate at two different pHs, 
3.0 and 6.8, using citrate phosphate buffer (CPB).
 The xylanase assay was determined by mixing  
200 µL crude enzyme and 1.80 mL of D-xylan  
solution and incubated at 39.5 °C for 5 min. Then 3 mL  
of dinitrosalicylic acid (DNS) was added to the reaction  
mixture and heated in boiling water for 15 min before 
cooling in the ice bath and centrifuged at 2000 rpm 
for 10 min. The supernatant was measured for its  
absorbance at 540 nm using a spectrophotometer 
[36]. The enzyme assay was carried out both at pH 
3.0, and 6.8.

2.5  Data analysis

Statistical analyses were performed using SPSS 11.5 
program (SPSS Inc, Chicago, IIinois, US). Duncan’s 
multiple range test determined the differences between 
data at 95% confidence level (p < 0.05).

3 Results and Discussion

3.1  Composition of raw materials 

Chemical compositions of the raw materials used for 
the swine feed extrusion are presented in Table 3.  
The fish meal contained the highest protein content 
(54.23%), followed by soybean meal (39.82%), rice 
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bran (12.56%), ground corn (7.81%), and broken rice 
(7.05). The protein content in broken rice and soy 
meals was close to those reported earlier [13], [14].  
The protein requirement of pigs varies according to 
the stage of development. Fishmeal, soybean meal, 
and broken rice composed of protein content at 55.0%,  
42.0%, and 8.0%, respectively, which were  
recommended for the growth and development of 
finishing pigs [29]. However, the other sources of 
raw materials including rice bran and ground corn, 
could supplement the protein in feed. Rice bran 
contained high fat (15.36%), ash (7.98%), and fiber 
content (11.25%). The non-starch polysaccharides in 
the fiber of each ingredient are composed mainly of  
cellulose, hemicellulose, and lignin, which could cause 
a problem in the digestive system of monogastric 
animals, especially poultry and pigs [21].  The higher  
temperatures during the feed processing can destroy 
the nutrition inhibitors, increase the digestibility of 
protein, might lower the heat-sensitive nutrition such 
as vitamins and minerals at the same time [37]. 

Table 3: Chemical compositions of raw materials for 
swine feed (% w/w)

MC (%) Protein (%) Fat (%) Ash (%) Fiber (%)
BR 9.51 ± 0.11 7.05 ± 0.21 2.55 ± 0.28 0.04 ± 0.02 1.03 ± 0.03
GC 6.09 ± 0.35 7.81 ± 0.04 5.42 ± 0.88 1.45 ± 0.14 2.46 ± 0.16
RB 7.49 ± 0.01 12.56 ± 0.10 15.36 ± 0.26 7.98 ± 0.29 11.25 ± 0.05
SM 9.27 ± 0.08 39.82 ± 0.08 2.88 ± 0.23 5.48 ± 0.13 6.80 ± 0.08
FM 6.68 ± 0.28 54.23 ± 0.08 10.02 ± 0.15 32.16 ± 1.84 0.61 ± 0.06

Note: BR (broken rice), GC (ground corn), RB (rice bran), SM (soy bean 
meal), FM (fish meal)
Values are mean ± SD from triplicate determinations.

3.2  Effects of extrusion variables on physical  
properties of swine feed extrudates

Table 4 summarizes the physical properties of the 
swine feeds produced from 17 extrusion runs with 
3 independent variables, feed moisture content (X1, 
20–35% w/w), die end temperature (X2, 70–120 °C),  
and screw speed (X3, 100–200 rpm). The visual  
appearance of the extruded feeds from each extrusion 
run is shown in Figure 1. All variables significantly 
affected the expansion ratio and feed hardness. The 
major components of the feed ingredients, broken rice 
(42.80% w/w) and ground corn (30% w/w), consisted 
mainly of starches. Extrusion is a thermomechanical 
process to break the bonds in starch and transform them 

into the viscoelastic dough by melting, breaking down, 
and gelatinization processes. Broken rice and corn 
contain amylose and amylopectin (α-glucan polymer  
molecules) gelatinized during heating at higher  
moistures [38]. An increase of feed moisture content 
tended to yield extrudates with a lower expansion 
ratios, while higher die end temperatures resulted 
in higher expansion ratios. The extrudate expansion  
depends on the starch gelatinization due to the  
interactions among water content, pressure, shear 
stresses and strains during the extrusion, and 
transformation of starch molecular during the  
evaporation process [39], [40]. The resistance to flow 
increases and results in a melt with higher viscosity 
under the low moisture content, while high moisture 
content can affect the amylopectin macromolecular 
structure, reduce the melt elasticity, and thus result 
in products with less expansion [41]. The higher  
expansion ratio of the extruded swine feeds indicated 
a lower bulk density and hardness. The higher die end 
temperature could increase the degree of gelatinization, 
the extent of superheated steam and the vapor pressure 
of the moisture, and thus a degree of puffing [14], [42]. 
 The preferred appearance of these extrusion 
runs should be considered together with their physical  
properties, which were discussed in the next section (3.2).
 An increase of screw speed presented a similar 
trend with the die end temperature, tended to increase  
the expansion ratio but less. Similar models for the effects  
of feed moisture content and die end temperature on 
expansion ratio were observed at all screw speeds  
examined. An increase in the expansion ratio resulted 

Figure 1: The appearance of swine feeds prepared 
from 17 extrusion runs. 

     
1 2 3 4 5 

     
6 7 8 9 10 

     
11 12 13 14 15 

 

  

  

 16 17   
 



R. Chaijalearn et al., “Optimization of Extrusion Process for Pentosanase-Supplemented Swine Feed: Evaluation of Physical Properties 
and Enzyme Stability.”

6 Applied Science and Engineering Progress, Vol. 16, No. 1, 2023, 5859

in a lower density and hardness of the products. The 
RSM surface plots of expansion ratio and hardness 
against feed moisture content and die end temperature 
are illustrated in Figure 2. Increase in extrudate hard-
ness was observed with an increased moisture content 
and lower die-end temperature. The fiber in the feed 
ingredients could interrupt the starch network resulting  
in a lower extrudate expansion.  The feed with lower 
expansion contained less porosity and resulted in 
higher hardness [14], [43]. Water activity (aw) and 

moisture content of the swine feed extrudates ranged 
0.43–0.57 and 4.05–7.85%, respectively, which  
indicated longer shelf life stability during storage. 
Products with higher expansion exhibited more  
porosity and light diffraction, result in higher L* values.
 Regression analysis for expansion ratio and 
hardness at any feed moisture content (X1), die end 
temperature (X2), and screw speed (X3) are shown 
in Equations (3)–(5). The coefficient of regression 
equations (R2) determination coefficient for these 

Figure 2: Response surfaces for the effects of feed moisture content and die end temperature on expansion ratio 
(a), and hardness (b) of the extruded swine feeds.

(a) (a)

Table 4: Physical properties of swine feed obtained from 17 extrusion runs

Run Feed MC 
(%)

Zone 3 
Temp. 
(°C)

Screw 
Speed 
(rpm)

Physical Properties of Extruded Swine Feed
Diameter 

(mm)
Exp. 
Ratio

Bulk Density 
(g/cm3)

Hardness 
(g) L* a* b* MC 

(%)
1 23.04 80.12 70.24 3.50 1.17 0.66 23,343 45.02 5.97 21.67 5.95
2 23.04 80.12 129.76 3.71 1.24 0.60 14,476 45.97 5.69 20.95 4.90
3 23.04 109.88 70.24 4.09 1.36 0.35 5,627 50.60 5.12 21.82 4.05
4 23.04 109.88 129.76 4.51 1.50 0.38 7,003 51.30 4.98 21.55 5.20
5 31.96 80.12 70.24 3.00 1.00 0.66 23,770 43.88 5.85 21.20 6.25
6 31.96 80.12 129.76 3.09 1.03 0.62 25,144 46.43 5.32 20.33 4.75
7 31.96 109.88 70.24 3.90 1.30 0.37 5,711 48.13 4.92 19.44 5.75
8 31.96 109.88 129.76 4.13 1.38 0.36 8,852 46.93 4.92 19.11 5.90
9 20.00 95.00 100.00 4.75 1.58 0.43 6,888 52.12 4.68 21.59 6.95
10 35.00 95.00 100.00 3.13 1.04 0.64 18,575 41.44 6.68 21.11 4.10
11 27.50 70.00 100.00 3.08 1.03 0.59 25,031 45.97 4.86 18.07 6.05
12 27.50 120.00 100.00 4.35 1.45 0.32 3,464 52.06 4.48 19.76 4.50
13 27.50 95.00 50.00 3.60 1.20 0.51 8,810 45.14 5.42 20.09 7.00
14 27.50 95.00 150.00 4.14 1.38 0.47 8,483 46.29 5.19 19.89 6.90
15 27.50 95.00 100.00 4.01 1.34 0.50 8,679 46.06 5.42 20.53 5.70
16 27.50 95.00 100.00 3.97 1.32 0.51 11,559 43.44 5.58 19.55 7.85
17 27.50 95.00 100.00 4.51 1.50 0.46 9,294 50.63 5.62 23.77 6.00

MC: moisture content, temp: temperature Exp: expansion, L* represents the lightness, a* (red/green) and b* (yellow/blue)
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process variables and product properties ranged from 
0.80–0.95. These models can be applied for selecting 
the condition that yields the required properties of the 
extruded feed.

Expansion ratio = 0.948 – 0.024X1 + 0.009X2 + 0.002X3   
                                                              R2 = 0.80 (3)

Bulk density = 1.476 – 0.036X1 + 0.001X2 – 0.003X3    
– 3.767 × 10–5 X1X2 – 1.88 × 10–5 X1X3 + 3.38 × 10–5 
X2X3 + 0.00X1

2 – 4.947X2
2 + 1.633 × 10–6 X3

2   
                                                              R2 = 0.89 (4)
 
Hardness = 203,664 – 3,146X1 – 2,164X2 – 650X3 – 
15.37 X1X2 + 3.67X2X3 + 10.36X1X3 + 74.96X1

2 + 
9.17X2

2 + 0.05X3
2

                                                              R2 = 0.95 (5)

 The extruded swine feeds were compared with the 
commercial swine feeds available in the market. The 
commercial feeds produced by pelleting, exhibited the 
bulk density at around 0.36–0.50 g/cm3 and hardness 
ranged 7,000–9,000 g. The conditions that yielded 
the swine feed with physical properties close to the  
commercial products from pelleting were feed moisture  
content at 18–21% (w/w), die end temperature of 
95–120 °C, and screw speed at 100–150 rpm. Several 
combinations of the three variables could yield the 
bulk density and hardness appropriate for swine feeds, 
including run 4, 8, 9, 13, 14, 15, and 17.  Extrusion run 
9 with feed moisture content at 20% (w/w), 130 rpm  
of screw speed, and the die end temperature at 95 °C 
yielded the extrudates with expansion ratio at 1.58, 
bulk density 0.43 g/cm3 and hardness at 6,888 g.

3.3  Supplementation of pentosanase and enzyme 
stability

The physical properties of swine feed supplemented 
with pentosanase at 0.5 g/kg extruded with two different  
die end temperatures, 95 °C, and 100 °C, are presented 
in Table 5. The extrudates showed the non-significant 
difference in diameter and expansion ratio, but the bulk 
density of the extrudates from 95 °C exhibited a higher 
bulk density (0.41 g/cm3), and lower hardness (8,891 g)  
compared to those extrudates from 110 °C, 0.38 g/cm3,  
and 6,972 g, respectively. Using a higher die end  
temperature led to a higher degree of gelatinization and 

the extent of vapor evaporation and degree of puffing 
as described above [14], [42].  
 However, as expected, the pentosanase was 
retained more in the extrudates made from the lower  
temperature (95 °C) than at higher temperature (110 °C).  
Generally, pentosanase is thermostable up to 75 °C for 
2–5 min. The extrusion is an HTST process with a very 
short residence (a few seconds).  Some activity loss 
occurred during the extrusion under high temperature.  
The xylanase activity in the pentosanase-added swine 
feeds from 95 °C was 11,000 U/ g samples (pH 3.0) and 
6,599 U/g sample (pH 6.8) while those samples from 
110 °C exhibited a lower enzyme activity at 7,259 U/g  
samples (pH 3.0) and 4,266 U/g sample (pH 6.8),  
respectively. After extrusion, the enzymes were stored 
at room temperature (30  ±  2 °C) for about 3 weeks, and  
the xylanase activity in the samples decreased to less 
than 50% of the initial activity presented in Figure 3. 
The xylanase activity at pH 3.0 was higher than the 
activity at pH 6.8, which indicated that xylan substrate  
in the feeds would be digested both in the pig’s 

Figure 3: Enzyme activity (at pH 3.0, and 6.8) remaining  
in the swine feeds extruded using 2 different die end 
temperatures, during 4 weeks storage; (a) 95 °C, and 
(b) 110 °C. 

(a)

(b)
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stomach and the small intestine. The pig stomach has 
acidic condition in which protein digestion starts in 
the stomach with pepsin in the stomach mucosa. The 
acidic condition in the stomach will be optimum for 
xylan digestion in monogastric animals [44]. Thacker 
and Baas [45] showed that the in vivo gastric situation  
was designed to mimic a low pH (2.5, 3.5) in the 
stomach and a high pH (4.5, 5.5, and 6.5) in the small 
intestine. Thus, incorporating pentosanase enzymes 
in the extruded swine feeds will potentially improve 
the digestion of the raw material and growth rate of 
the fed pigs. However, improving enzyme stability 
during the extrusion and storage is required. Improved 
stability by coating or encapsulating the enzyme or 
storage at lower temperatures could be considered in 
further study.

Table 5: Physical properties of swine feed supplemented  
with pentosanase at 0.5 g/Kg extruded with two different  
die end temperature

Die End 
Temp. 
(°C)

Diameter 
(mm)ns

Expansion 
Rations

Bulk 
Density 
(g/cm3)

Hardness 
(g)

95 4.68 ± 0.00 1.61 ± 0.00 0.41 ± 0.00a 8,891 ± 181a

110 4.69 ± 0.00 1.62 ± 0.00 0.38 ± 0.00b 6,972 ± 47b

Values are mean ± SD (n = 10) ns = means within a column with the 
same letter are not significantly different (p > 0.05).  

4 Conclusions 

Response surface methodology for optimal extrusion 
conditions for swine feeds from the main ingredients, 
including broken rice, ground corn, rice bran, soybean 
meal, and fish meal yielded the products with physical  
properties close to the commercial swine feeds produced  
by pelleting method. The supplementation of pentosanase  
for swine feeds at 0.5 g/ kg, with feed moisture content 
at 20% (w/w), die end temperature of 95 °C, and 110 °C,  
exhibited acceptable physical properties. However, 
lower temperatures showed the better retention of 
the enzyme during the storage. Xylanase activity was 
higher at pH 3.0 than at pH 6.8. However, the enzyme 
activities in the samples decreased to less than 50% 
after the storage at room temperature (30 ± 2 °C) for 
about 3 weeks. Further study on the improvement 
of enzyme stability during extrusion can help with  
pentosanase-supplementation for swine feed, resulting 
in higher feed energy values for higher pig growth 
rates.
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