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SUMMARY 
Linseed and linseed based products are being increasingly used in animal 

nutrition due to their favourable fatty acid composition. However, fatty acids 
are extremely susceptible to oxidation, especially free fatty acid. Therefore, 
following paper is presenting how several independent extrusion parameters 
influenced free fatty acid content (FFA) in linseed-sunflower meal co-
extrudate. FFA content increases during extrusion due to mechanical 
treatment and mixing of the material, which enables better contact between 
enzyme lipase and substrates. FFA in this experiment ranged from 3.04% to 
8.27% of oleic acid in fat phase. According to the results obtained, the most 
significant influence on FFA during extrusion showed starting moisture content 
of processed material (p<0.00001). Increase in starting moisture content of the 
material inactivated lipase which is responsible for liberation of fatty acids 
from triglycerides, thus decreasing FFA. The influence of the extruder screw 
speed was practically negligible compared to influence of moisture content, 
while increase in the total area of die openings decreased temperature in 
extruder barrel since the resistance to the passage of material through the die 
was weaker. Therefore, an enzyme inactivation was less pronounced, so the 
FFA values were higher.  
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INTRODUCTION 
Commercial extrusion processing of food and feed has been practiced for 

nearly seventy years. Most of new industries are installing extruders rather 
than the traditional processing systems, due to several advantages the most 
significant of which is obtaining products of high quality. Since extrusion is 
high-temperature/short-time (HTST) heating process, it minimizes degradation 
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of nutrients, while improves digestibility of proteins (by denaturing) and 
starches (by gelatinizing) (Riaz, 2000, Gomez and Aguilera, 1983). Extrusion 
process also destroys antinutritive compounds such as trypsin inhibitors, and 
undesirable enzymes (Wu et al., 2008; Čolović et al., 2010). Therefore, it is 
highly recommended before usage in animal nutrition in processing of linseed 
or linseed based products which contain cyanogenic glycosides (Ivanov et al., 
2012).  

Linseed-based products have been very popular in animal nutrition 
because of their favourable fatty acid (FA) composition and high content of α-
linolenic FA. Although high content of unsaturated FAs makes linseed 
attractive feedstuff, it also represents serious problem since it negatively 
influences linseed storage stability (Čolović, 2014; Popović et al, 2015). 
Unsaturated FAs are susceptible to lipid oxidation and represent the most 
suitable medium for the oxidation of the food. Beside deterioration of the 
nutritional quality and organoleptic characteristics of food, lipid oxidation 
causes formation of highly reactive products, which have a negative impact on 
health and development of animals that consume those (Laguerre et al, 2007).  

Extruded products are generally not subject to enzymatic rancidity. It is 
mostly the result of hydrolysis or oxidative changes. The main reason for that 
are free fatty acids (FFA), because they are more susceptible to oxidation than 
triglycerides (Riaz 2000). FFA content increases during extrusion due to 
mechanical treatment and mixing of the material, which enables better 
contact between enzyme lipase and substrates, resulting in releasing of FA 
from triglycerides. Under the right conditions, the effect of this enzyme can be 
inactivated so that the extrusion does not increase the FFA, but, on contrary, 
reduce it (Meister et al, 1994, Čolović, 2014).  

Bearing in mind all the exposed facts, the aim of presented study was to 
investigate how extrusion process influences FFA content in linseed based co-
extrudate in applied range of process parameters. 
 
 

MATERIAL AND METHODS 
Material 
Sunflower meal and linseed used for production of co-extrudate 

originated from Serbia. Linseed indigenous sort “Ljupko” was cultivated in the 
valley of the river Beli Timok (South-Eastern Serbia). Before processing, linseed 
was cleaned up and impurities were removed. Sunflower meal was produced 
in the local oil factory from Vojvodina, northern Serbian province, and it 
contained approx. 38% of protein expressed on dry matter (DM). Sunflower 
meal was chosen as a protein rich component since it is a by-product produced 
after pressing and extraction of oil, hence showing very good absorption 
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characteristic, suitable for suction of flaxseed oil and prevention of oil 
separation and leakage. 

 
Extrusion process 
All materials were milled on laboratory hammer mill (ABC Engineering, 

Serbia) with sieve openings of 4 mm. The two compounds were mixed in 50:50 
(w/w) ratio in double-shaft paddle mixer-steam conditioner (Muyang 
SLHSJ0.2A, China). Water and steam were added into material during 
conditioning, in order to adjust starting moisture content of the mixture at 
desirable level. Extrusion of the mixture was done on single screw extruder 
(OEE 8, AMANDUS KAHL GmbH & Co., KG Germany), with L/D ratio 8.5:1. 
Extrusion parameters were set according to the levels determined in applied 
experimental design. Extruded product was dried in fluid bed dryer/ cooler (FB 
500x200, AMANDUS KAHL GmbH & Co., KG Germany) for 10 minutes at the 
temperature of 25°C and material flow rate of 18 kg/h. 

 
Free fatty acid analysis 
FFA contents were determined using standard method of alcalimetric 

titration according to JUS Е.К8.026/1991 (Dimić et al, 2000), after cold 
extraction of fat phase with 1:1 mixture of diethyl ether and ethanol (95% 
vol.). The samples were milled in laboratory mill with cooling (FOSS KnifetecTM 
1095, Tecator technology, Denmark) before extraction, which was performed 
for 24 hours with gentle shaking. Solvent was removed from the extracts in a 
rotary evaporator at 40°C under vacuum. FFA contents were expressed as 
percentage of FFA in fat phase of co-extrudate calculated on oleic acid (C18:1), 
according to JUS ISO 729 (JUS, 1992). 

 
Experimental design and optimization of the extrusion process 
Response surface methodology (RSM) was a useful tool to identify and 

quantify how the inputs affect FFA during the process. The operational 
conditions were planned according to Box-Behnken experimental design (BBD). 
This design was chosen because it does not include combinations of 
parameters in which all the factor are at their highest or lowest levels (Ferreira 
et al., 2007), thus avoiding extreme conditions of extrusion. The examined 
independent variables were: moisture content of starting material (%), screw 
speed of the extruder (rpm), feeding rate (kg/h) and total die openings’ area 
(mm2). The ranges and levels of each of the four variables were defined as 
shown in Table 1. All measurements were limited with equipment’s 
possibilities and capacities. A total of 27 different combinations, according to 
selected experimental plan, were conducted in random order, each set of 
experiments was repeated three times, and the average value was taken.  
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Table 1. Levels of independent parameters in the experiment 

Factors Symbol 

Levels of independent factors 

-1 0 +1 

Starting moisture content of the material (%) X1 7 11.5 16.0 
Extruder’s screw speed (o/min) X2 240 390 540 
Feeding rate (kg/h)  X3 16 24 32 
Total die openings area (mm

2
) X4 19.8 39.6 59.4 

 
Statistical analysis of experimental data was performed using STATISTICA 

software version 10 (Statsoft, Tulsa, OK, USA). The analysis of variance 
(ANOVA) was used to detect significant factors in a multi-factor model, at the 
confidence level of 95%. The significance of the parameters influence on 
observed responses was determined by p-value and t-value, while the 
adequacy of the model was evaluated by coefficient of determination (R2), 
model p-value and F-value. Since BBD is used for fitting obtained data to 
second-degree polynomial model (3), this model was applied for description of 
the response (Y) (Lazić, 2004): 

   oijijiiiiii bXbXbXbY 2
           (3) 

Where are: Xi – independent experimental factors, b0 - intercept, bi – linear 
effect of the factors, bii - the quadratic effect of the factors, bij - the interaction 
effect of the factors.  

The graphical representations of the above equation in the form of 
response surface plots were used to describe the individual and cumulative 
effect of the two variables on the observed response, while the others were 
set at their central level. 

 
 
RESULTS AND DISCUSSION 
Table 2 shows FFA content of starting material and changes in FFA of 

extruded material. After statistical analysis of obtained results, following 
second order equation was generated for description of influence of process 
parameters on FFA (Eq 1). 

 

         (1) 
 

Limit F-value for the type of experimental design used in this experiment is 
2.6169 (Lazić, 2004). It can be considered that model predicts experimental 
data well if its F-value is above limit F-value, which was the case in presented 
results (F = 166.02). ANOVA also showed that coefficient of determination (R2) 
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has been 0.95, which has indicated good fitting of experimental data in second 
order polynomial equation. It means that FFA content in co-extrudate under 
set parameters can be predicted using generated equation, in the range of 
parameters used in this experiment. 

 
Table 2. FFA in fat phase of produced co-extrudate and starting mixture 

Extrusion parameters 
FFA (% oleic 

acid) 
Starting moisture 

content (%) 
Screw speed 

(rpm) 
Feeding rate 

(kg/h) 
Total die openings' 

area (mm
2
) 

11.5 240 32 39.6 3.35 
11.5 540 32 39.6 3.19 
11.5 240 16 39.6 3.16 
11.5 540 16 39.6 3.38 
11.5 390 24 39.6 3.32 
11.5 390 24 39.6 3.31 
11.5 390 24 39.6 3.35 
16 390 24 19.8 3.46 
16 240 24 39.6 3.16 
16 540 24 39.6 3.31 
16 390 32 39.6 5.80 
16 390 16 39.6 3.98 
16 390 24 59.4 5.29 

11.5 390 16 19.8 3.04 
11.5 390 32 19.8 3.18 
11.5 540 24 19.8 3.24 
11.5 240 24 19.8 3.27 
11.5 390 16 59.4 3.34 
11.5 390 32 59.4 3.28 
11.5 240 24 59.4 3.47 
11.5 540 24 59.4 3.25 

7 390 24 19.8 7.70 
7 240 24 39.6 8.27 
7 540 24 39.6 8.25 
7 390 32 39.6 6.54 
7 390 16 39.6 7.78 
7 390 24 59.4 6.64 

Starting mixture 1.41 

 
Inactivation of enzyme lipase during extrusion process occurs at 

temperatures higher than 120°C, weak influence of shearing forces and 
moisture content of 20% and more (Meister et al, 1994). Extrusion 
temperatures in presented experiment were lower than 120°C due to high oil 
content in linseed, which caused lubrication and easier passage of the material 
trough extruder barrel. Moisture content of the material ranged from 7% to 
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16%, thus extrusion did not inactivate lipolytic activity of enzyme, and caused 
increase in FFA. The destruction of enzyme activity is intensified with the 
increase in these two parameters, which have the most significant impact on 
enzyme inactivation (Ilo et al, 2000).  

Figure 1 presents significance of individual coefficients of the equation 2. 
Obviously, the far most significant influences on FFA in fat phase of co-
extrudate showed linear and quadratic influences of starting moisture content. 
P value was lower than 0.00001 in both cases.  
 

 
Fig. 1 Significance of individual coefficients expressed in percentages 

bx, bxy – coefficients belong to variables with the same subscripts 

 
Reducing of the moisture content increased content FFA and vice versa, as 

it can be seen on Figure 2. An increase in starting moisture content of the 
material inactivated lipase, as previously explained. This resulted in a less 
pronounced liberation of fatty acids from the triglycerides, therefore in lower 
FFA content. The lowest FFA value could be expected at the material moisture 
of about 13%, after which FFA again slightly increased. This can be explained 
by lowering the temperature at high moisture content. Although the moisture 
content of the material was high in this case, which favoured inactivation of 
the enzyme, the temperature in the extruder barrel decreased, which in turn 
positively affected increase of FFA content. The figure also shows that the 
influence of the extruder screw speed was practically negligible compared to 
influence of moisture content, since FFA content remained unchanged at any 
constant value of moisture content of materials, for different screw speed. 
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Fig. 2 Influence of starting moisture content and screw speed on FFA content 

 
Looking at Figure 3, similar conclusions can be reached. Still, the influence 

of feeding rate on FFA was stronger than the influence of screw speed. The 
highest values of FFA were measured at the lowest level of moisture content of 
the material (7%) and the lowest feeding rate (16 kg/ h). Under such 
conditions, temperature in extrusion barrel were the lowest, therefore both 
factors important for the inactivation of the enzyme lipase were at a low level, 
which is why the FFA reached its highest values (Čolović, 2014). 

 

 
Fig. 3 Influence of starting moisture content and feeding rate on FFA content 
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Figure 4 presents influences of starting moisture content of the material 
and the total area of die openings on FFA content in produced co-extrudate. 
Once again, the highest values of FFA were measured at lowest values of 
moisture content, but also at the highest values of total area of die openings 
(59.4 mm2). Increase in the total area of die openings decreased temperature 
in extruder barrel since the resistance to the passage of material through the 
die was weaker. Therefore, an enzyme inactivation was less pronounced, so 
the FFA values were higher. Looking at Figure 4, it can be noticed that, at one 
point, (humidity over 13%) FFA content increased, although moisture content 
also increased. It can be explained by decrease of temperature due to the dual 
effect of high moisture content of the material and increased total area of die 
openings. 

 
Fig. 4 Influence of starting moisture content and total die openings’ area on FFA content 

 

CONCLUSIONS 
Statistical analysis of experimental results enabled generation of 

polynomial equation which can be reliably used for prediction of FFA content 
in linseed – sunflower meal co-extrudate if investigated extrusion parameters 
are known.  

Extrusion temperature in presented experiment was lower than limit 
necessary for FFA content reduction (120°C), due to high oil content in linseed, 
which caused lubrication and easier passage of the material trough extruder 
barrel.  

The most significant influences on FFA in fat phase of co-extrudate 
showed linear and quadratic influences of starting moisture content 
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(P<0.00001 in both cases). Reduction of moisture content of the processed 
material increased content FFA and vice versa. The increase in total die 
openings’ area decreased temperature in extruder barrel, causing less 
pronounced inactivation of an enzyme and higher values of FFA. 

The influence of feeding rate on FFA content was stronger than the 
influence of screw speed of extruder, which can be neglected. 
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