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ABSTRACT 

 

The effects of die design on the functionality of faba bean protein by supercritical fluid extrusion 

process was investigated. Three dies with the same flow area but of different geometries (circular, 

annular and slit) known to provide different shears on the extrudates were used. Theoretical 

calculations showed that under identical product and process condition, the slit die imparted the 

highest shear, followed closely by the annular die and lastly the circular die. The effects of 

extrusion using these dies on protein functionality were evaluated and compared by measuring 

surface hydrophobicity, pasting profiles and viscoelastic properties. An increase in shear resulted 

in an increase in surface hydrophobicity and final viscosity. The circular die samples had the lowest 

shear and the highest storage modulus and loss modulus. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Functional properties of proteins 

In recent years, interest has increased in utilizing proteins as functional ingredient in addition to 

their roles as a source of nutrition in food formulations. Functionalization of proteins offers clean 

label possibilities if they can perform functions similar to those done by generally used additives. 

Functional properties of proteins such as emulsifying, gelation, water holding, solubility make 

them attractive and versatile for use in product development and formulations (Aryee et al, 2018). 

These functional properties can be obtained by applying processing techniques that alter the 

protein molecules physically, without the need for chemical interventions.  

  

1.2 Faba bean protein 

Faba bean also known as Vicia faba, is a rich source of protein and has been used for protein 

enrichment. Globulins are the major storage proteins in faba bean seeds. These globulins consist 

of 7S and 11S, known as vicilin and legumin respectively, that make up the major protein portions 

of faba bean, followed by albumins (Nikokyris & Kandylis 1997). Globular proteins being water 

soluble are good candidates for functionalization. 

 

1.2 Supercritical Fluid Extrusion (SCFX) 

Supercritical Fluid Extrusion (SCFX) process is a novel technology that offers great potential to 

functionalize proteins. In this process, supercritical carbon dioxide (SC-CO2) performs the 

function of a blowing agent and an in-line process modifier via pH control. It allows the process 

to be conducted at low temperatures (below 100 ͦC) and in a low shear environment (Alavi & Rizvi, 

2009; Rizvi et al., 1995). The SCFX process was successfully used to generate functionalized 

whey protein concentrates (Manoi & Rizvi, 2008; Nor Afizah & Rizvi, 2014). 
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1.3 Structural changes in proteins in the extruder 

Changes in the secondary and tertiary structures of globular proteins favor increased interactions 

and aggregation by exposing the buried hydrophobic amino acids to the surfaces (Foegeding and 

Davis, 2011). Protein structures are altered by the shear, temperature and pressure in extrusion 

processing and the conditions can be controlled to obtain a modified protein structure and 

functionality (Li-Chan et al, 2018). In a mixed protein system, an increase in temperature increases 

the number of collisions of unfolded and partially unfolded protein molecules leading to the 

formation of a network (Richardson and Ross-Murphy, 1981). Shear is one of the physical ways 

to functionalize proteins as it can break intra-molecular disulfide bonds, increase access to thiol 

groups and lead to the formation of inter-molecular disulfide bonds (Vaz & Arêas, 2010). Shear 

forces in the extruder expose the hydrophobic residues, align and orient the molecules and thus 

alter protein architecture and functionality.  

 

1.4 Extruder die 

The die is a small opening at the exit point of the extruder through which the food material is 

forced out. The extruder barrel weakens the tertiary structure of the native protein by unfolding 

the molecules and  aligning them as they move towards the extruder die. The die provides the site 

for the formation of disulfide bridges by cross linking of the exposed bonds (Harper, 1986; Camire, 

1991; Riaz, 2011). Different dies shear the extrudate differently and thereby impart varying levels 

of protein unfolding and functionality. The most commonly used die geometries are the circular 

or capillary die, annular die and slit die. The dies used for the texturization of vegetable proteins 

impart a smooth and streamlined flow that do not disrupt the cross-linked protein molecules 

(Strahm, 2006). Beck et al., (2017) studied the effect of shear rates and heat treatments on extruded 

pea protein isolate and reported that the aggregates formed by larger polypeptides by heat treatment 

were fragmented by applied shear to form smaller vicilin subunits. These authors also reported 

that changing the length of the die did not affect the viscosity of extruded pea protein isolate. An 

increase in disulfide bond formation within the die was observed with a high flow rate and short 

residence time and was attributed to high shear rates and increased number of collisions of the 

protein molecules within the die (Koch et al. 2017; Koch et al., 2018).  

  

https://www.sciencedirect.com/science/article/pii/B9780081007228000036#bb2070
https://www.sciencedirect.com/science/article/pii/B9780081007228000036#bb2070
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1.5 High pressure treatments  

Treatments involving high pressure processing (Galazka et al., 2000) and high pressure 

homogenization (Yang et al., 2018) have also been studied and used for modifying structure and 

functional properties of faba bean proteins. Galazka et al. (2000) homogenized faba protein at 200 

MPa and reported low emulsifying properties. Yang et al., (2018) conducted high pressure 

homogenization studies at 15 and 30 kpsi pressures and reported that these conditions led to the 

formation of supramolecular aggregates from larger aggregates. Both studies reported changes in 

the tertiary and quaternary structures of the faba protein, increased surface hydrophobicity and  

decreased emulsifying capacity. 

 

1.6 Scope of the study 

In this study, regular faba protein (RF100) and a combination of regular faba protein and 

modified potato starch in a ratio of 60:40 (RF60) were extruded under two different sets of 

conditions for each of the two formulations. Each formulation was extruded using an annular, slit 

and circular die while keeping the extrusion parameters for the three dies the same. The 

extrudates were dried and ground and sieved and analyzed. The results obtained were compared 

among the three dies and with those of the unextruded formulation. The information presented in 

this study would be valuable in understanding how different extruder die geometries affect the 

functional properties of proteins. This study would also add to the understanding of how the 

SCFX technology can be used to alter and modify the functional properties of bean-based 

ingredients for use in new product development, formulations and value-added food applications.   

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0268005X11001640#bib50
https://www.sciencedirect.com/science/article/pii/S0268005X11001640#bib82
https://www.sciencedirect.com/science/article/pii/S0268005X11001640#bib82
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CHAPTER 2 

 

EFFECT OF DIE DESIGN ON FUNCTIONALIZATION OF FABA PROTEIN  

 

2.1 Introduction  

 

Shear, temperature and pressure in extrusion processing alters protein structure and control of these 

conditions determines the modified protein structure and functionality (Li-Chan et al, 2018). Shear 

offers a physical method to functionalize proteins. Shear forces break intra-molecular disulfide 

bonds, increase access to thiol groups and lead to the formation of inter-molecular disulfide bonds 

(Vaz & Arêas, 2010). Shear forces in the extruder expose the hydrophobic residues, align and 

orient the protein molecules and thereby alter protein architecture and its functionality.  

 

Faba bean also known as Vicia faba, is a rich source of protein, mostly made up of globulins. Faba 

protein flour is obtained by mechanically milling and processing portion of the dehulled split faba 

bean cotyledons. It has been reported that extruded faba bean flour has high water absorption 

capacity than unextruded control (Rajawat et al., 2000).  

 

Hydrophobic interactions among non-polar groups may be energetically favorable in terms of 

enthalpy and entropy and mostly affect the structural stability of the proteins as well as their 

interactions with other food matrix molecules (Li-Chan et al, 2018). Surface hydrophobicity is an 

indicator for protein functionality. Pasting properties indicate the extent of interaction of food 

components in a food matrix and protein functionality (Meares et al., 2004). An increase in 

viscosity has been observed with an increase in protein cross-linking and due to the presence of a 

higher number of aggregates in pea protein isolate during extrusion  by Beck et al. (2017). 

 

The objective of this study was to quantify the effect of three different die geometries on the 

selected functional properties of faba protein extruded by supercritical fluid extrusion. 
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2.2 Materials and Methods 

 

2.2.1 Blend preparation  

Dry feed formulation was prepared with 99% faba bean protein, and 1% dimodan (RF100). 

Commercial faba protein concentrate Vitessence Pulse 3600 Protein by Ingredion was used. The 

composition of the faba protein concentrate was 62.4 g/ 100 g protein, 9.9 g/ 100 g starch, 2.7 g/ 

100 g fat content and 8.2 g/100 g moisture. The blend was prepared by mixing for 16 minutes 

(clockwise for 8 minutes and anti-clockwise for 8 minutes) in a horizontal single ribbon blender 

(Day, Cincinnati, OH, USA). Mixed protein blend formulation was stored in sealed buckets and 

preconditioned overnight.  

 

2.2.2 Supercritical fluid extrusion processing 

Faba protein formulation (RF100) was extruded with a Wenger TX-52 twin-screw co-rotating 

extruder fitted with supercritical carbon dioxide (SC-CO2) injection system. The length to diameter 

ratio of the extruder was 28.5:1 with SC-CO2 valves positioned at L/D ratio of 24. The protein 

blend was extruded using three different pairs of die inserts - circular die (4.4 mm dia), annular 

die (7.1 mm outer dia, 5.5 mm inner dia) and slit die (19 mm width, 0.8 mm height). The extruder 

was operated at a screw speed of 120 rpm, feed rate of 30 kg/h and SC-CO2 injection rate of 0.7 

kg/h. Table 2.1 shows the processing parameters for the faba protein formulation (RF100) through 

each pair of die inserts. The extrudates were cut at the die exit with automatic knives and dried in 

a convection oven at 80 ℃ for 2 hours. The moisture content of the samples was 2.1-3.5 g/ 100 g. 

The extrudates were finely ground in a hammer mill, sieved between mesh sizes 40 and 60 and 

stored at room temperature in air-tight containers until analysis. The extrusion was performed in 

duplicates. 

 

2.2.3 Die design and shear rate  

The die shape dictates the uniformity and profile of velocity. The cylindrical or capillary die 

exhibits a parabolic velocity distribution and a slit die exhibits parabolic distribution across the 

width of the die due to a sharp velocity drop at the edges (Harper, 1981; Kumar et al., 1982; Isayev 

and Famili, 1986). 
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Table 2.1 Extrusion processing parameters 

 

 

Altomare et al., (1992) developed an equation for parabolic velocity distribution of slit die for rice 

extrudates. The die and the flow across the die affect the textural properties of the extrudates 

(Holay and Harper, 1982; Kumar et al., 1989). The velocity distribution in radial dies is not 

uniform. The center experiences maximum velocity and the velocity tapers off towards the edge 

(Frame, 1993).  

 

Levine (2004) pointed out that for changing die shape or die size, keeping the same open or 

cross-sectional area based on the concept that the new die would have the same average velocity 

does not suffice. The focus should rather be on keeping the conditions within the extruder 

unchanged i.e. the back pressure on the extrusion screws must be kept constant. The same 

concept applies for extruding multiple shapes with similar thicknesses from a single die insert. 

Despite maintaining a constant open area or surface area, the pressure drops for different die 

sizes differ. As for changing the die shape, the new die hole geometry must have the same ratios 

as that of the control die holes i.e. if the die diameter is doubled, the die length must also be 

doubled (Levine, 2004). 

 

The shear environment in the die is important for such applications as texturization of proteins 

(Holay and Harper, 1982). Equations for shear rates and shear stress for channels and ducts have 

been derived by the flow rates and pressure drop relation (Harper, 1981; Michaeli, 1984; White, 

1994) which can be applied to dies of different geometries. The Rabinowitsch correction factor 

provides true shear rate in cylindrical channels considering the Newtonian shear rate and the power 

Faba protein formulation (RF100)  

Dry feed rate (kg/h) 30.00 

Water injection rate (kg/h) 8.25 ± 1.77 

SC-CO2 pressure (MPa) 13.79 

SC-CO2 injection rate (kg/h) 0.69 ± 0.01  

Die pressure (MPa) 9.65 ± 3.89  

Die temperature (°C) 84.50 ± 3.53 
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law-based Hagen Poiseuille equation. An analogous shear rate equation was obtained for the 

rectangular slit die (Whelan and Dunning, 1982). Wagner (2014) obtained an equation for the 

annular die while other studies (Whelan and Dunning, 1982) treat the annular die as a slit die with 

an effective slit width equal to the circumference of the annulus. Using these equations, Son (2007) 

verified the calculations for the apparent shear rate and the wall shear rate for a capillary die and 

a rectangular slit die. Winter (1984) and Awe et al. (2005) designed uniform shear rate dies where 

the flow residence times were constant for the applications of an internally consistent extrusion of 

shear rate sensitive materials.  

 

The mass flow rate at the die exit was 35.10 kg/h and was calculated by collecting and measuring 

the mass of the melt at the die exit at the end of 30 s. The density of the melt was 530 kg/m3. A 

flow behavior index (n) of 0.5 was used for the shear rate calculations. The details of the three die 

geometries used in this study and their shear rate calculations are given below. 

 

2.2.3.1 Circular (capillary) die 

The front and side views of the circular die and dimensions are shown in Fig. 2.1 below. 

 

 

 

 

 

 

 

Fig. 2.1 Dimensions and land length of circular die   

 

For Newtonian fluids, the wall shear rate for circular (capillary) die is obtained by using the Hagen-

Poiseuille relation as follows (Son, 2007):  

            (1) 

 

The corrected wall shear rate for non-Newtonian fluids using the Rabinowitsch relation (Colleyer 

& Clegg, 1988) for capillary die gives  

𝛾𝑎 = (
4𝑄

𝜋𝑅3
) 

𝛾𝑤 =
3𝑛 + 1

4𝑛
(

4𝑄

𝜋𝑅3
) 

 

5.50 mm 

R 2.20 mm 
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            (2) 

 

where n =  
𝑑 (log 𝛥𝑃)

𝑑 (log 𝑄)
 and is a constant equal to the flow behavior (power-law) index in 

accordance to the power law model (Son, 2007). Q is the volumetric flow rate across the die, R is 

the radius of the capillary and ΔP is the pressure drop across the die.  

 

2.2.3.2 Slit die  

The slit die is a rectangular duct with width (w) infinitely longer than the height (h). The front 

and side views of the die and its dimensions are shown in Fig. 2.2 below.    

 

 

 

 

 

 

 

Fig. 2.2 Dimensions and land length of slit die   

 

For Newtonian fluids, the wall shear rate for slit die is given as (Son, 2007): 

                                                                                    (3) 

 

For the non-Newtonian fluids, the shear rate is  

(4) 

 

where n is the flow behavior index.  

 

2.2.3.2 Annular die  

The front and side views of the annular die and dimensions are shown in Fig. 2.3 below. 

 

 

𝛾𝑎 = (
6𝑄

𝜋𝑤ℎ2
) 

𝛾𝑤 =
2𝑛 + 1

3𝑛
(

6𝑄

𝜋𝑤ℎ2
) 

6.35 mm 

19.05 mm 

0.84 mm 
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Fig. 2.3 Dimensions and land length of annular die   

 

For Newtonian fluids, the wall shear rate for annular die is given as (Wagner, 2014): 

                                                                                    (5) 

 

For the non-Newtonian fluids, the shear rate (Whelan & Dunning, 1982; Wagner, 2014) is  

 

(6) 

where h is the die gap, n is the flow behavior index, Ri is the inner radius and Ro is the outer 

radius. 

 

2.3 Physico-chemical analysis 

Tests for surface hydrophobicity, pasting properties and viscoelastic properties were performed. 

 

 

2.3.1 Surface hydrophobicity 

Protein stock solutions (0.10 %, w/v) were prepared by dispersing ground and sieved extruded 

product in 10 mM sodium phosphate buffer (pH 7.0) and mixing with a magnetic stirrer (1000 

rpm) for 2 hours. Each protein solution (0.10 %, w/v) was diluted to 5 concentrations ranging from 

0.02 % to 0.10 % (w/v). 20 μL of 8 mM ANS solution (in 10 mM sodium phosphate buffer at pH 

7.0) was added to 4 mL of each protein solution, mixed well and was placed in the dark for 15 

min. Fluorescence spectroscopy method with a spectrofluorophotometer (RF-6000, Shimdazu) 

and 1-anilinonaphthalene-8-sulphonate (ANS) probe were used to determine the surface 

𝛾𝑎 = (
6𝑄

𝜋(𝑅𝑖 + 𝑅𝑜)ℎ2
) 

𝛾𝑤 =
2𝑛 + 1

3𝑛
(

6𝑄

𝜋(𝑅𝑖 + 𝑅𝑜)ℎ2
) 

6.35 mm 

Ro 3.56 mm Ri 2.74 mm 
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hydrophobicity (So) (Karac et al, 2011). All fluorescence measurements were made with the 

excitation wavelength and slit width of 390 nm and 3 nm, respectively and an emission wavelength 

and slit width of 470 nm and 3 nm, respectively. The relative fluorescence intensity (RFI) values 

of diluted protein blanks (without ANS) were measured and subtracted from the fluorescent 

intensity of the protein solutions with ANS. The initial slope from the plot of the relative 

fluorescence intensity (RFI) against % protein concentration calculated by linear regression was 

used as the index of the protein surface hydrophobicity (So-ANS). The tests were performed in 

triplicates.  

 

2.3.2 Pasting properties  

The pasting profile evaluates the process of swelling and disruption of granules through a heating 

and cooling protocol under constant mixing. Ground and sieved extruded samples were analyzed 

using a Rapid Visco Analyser (RVA-TecMaster, Perten Instruments, Hägersten, Stockholm, 

Sweden). 25 mL of distilled water was added to the RVA canister, along with 3.5 g of powdered 

sample. The mixture was well mixed beforehand to ensure an even consistency. An RVA paddle 

was inserted to the canister and then loaded to the RVA together. A programed method was 

initiated which consists of the following temperature profile: the initial parameters were started at 

25 °C and 960 RPM for 10 seconds. The speed was lowered to 160 RPM and held for 2 minutes. 

The temperature was raised to 95 °C at 6 °C/min, held there for 5 minutes, cooled back to 50 °C 

at -6 °C/min, and finally held at 50 °C for 2 minutes (O’Shea & Gallagher, 2019). The tests were 

performed in duplicates. 

 

2.3.3 Viscoelastic properties 

The storage modulus (G’), loss modulus (G”) and loss angle tangent (tan δ) of the protein pastes 

were measured using a stress-controlled rheometer (Rheolyst AR-1000-N, TA Instruments, New 

Castle, DE, USA). The protein pastes containing 15% (w/v) were prepared by reconstituting 

extruded and unextruded (control) formulation in deionized water and homogenized with a high-

speed homogenizer (Ultra Turrax T25 basic, IKA Works, Inc., Wilmington, NC, USA). A parallel 

plate geometry (40 mm plate diameter) was used and 2g of protein paste was loaded on the parallel 

plate with a gap of 400 µm. The frequency range was 0.1 to 10 Hz at 65 ℃ and the measurements 
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were performed in the linear viscoelastic region by small amplitude oscillation test. The tests were 

performed in triplicates.  

2.4 Statistical analysis 

All statistical analyses were performed using MINITAB (Version 19, State College, PA, USA). 

Statistical significance of differences between means of the test values were determined using 

Tukey’s adjustment for One-Way Analysis of Variance (ANOVA) with p < 0.05 confirming the 

statistical significance. The data was reported as means with corresponding standard deviations.  

 

2.5. Results and discussions 

2.5.1 Shear rates 

The shear rates were calculated for the circular, annular and slit dies using the shear rate 

equations discussed earlier. 

 

Table 2.2 Die geometry, dimensions and shear rates 

 

Die Type Dimensions 

(mm) 

Flow Area 

(mm2) 

Land length 

(mm) 

Shear Rate 

(1/s) 

Circular R = 2.20 15.29 5.50 2766.69 

Annular Ro = 3.56 

Ri  = 2.74 

16.06 6.35 11281.79  

Slit W  = 19.05 

H   = 0.84 

15.99 6.35 13327.71 

 

The flow area through which the food material exits the circular, annular and slit dies were 

within the range of the mean 15.78 ± 0.42 mm2. The slit die imparted the maximum shear rate 

followed closely by the annular die and then the circular die. The circular die has a non-uniform 

velocity profile for flow of materials. While the annular die is not affected by the edge effects 

and has a uniform flow velocity profile. These differences make the dies and their shearing 

effects unique and different. 

 

2.5.2 Surface hydrophobicity 

The differences in aromatic surface hydrophobicity of  RF100 extruded with the circular, annular 

and slit dies and of the control (unextruded RF100) as measured by ANS probe are shown in Fig. 

2.4. The surface hydrophobicity index (So) has been measured by evaluating the initial slope of 
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protein concentration vs relative fluorescence intensity. The same set of extrusion conditions and 

parameters were used for comparisons among the three dies used in this study. All the extruded 

samples had a surface hydrophobicity higher than the unextruded RF100 with a statistical 

significance (p<0.05). Cepeda et al., (1998) reported that the emulsion stability of faba protein 

flour increased with an increase in the hydrophobic character. An increasing trend was observed 

among the circular, annular and slit dies in an ascending order. 

 

 

Fig. 2.4 Surface hydrophobicity index (So) of unextruded control and RF100 extruded using 

circular, annular and slit dies.  

 

The results are directly proportional to the shear rates imparted by the dies with the slit die 

imparting the highest shear rate, closely followed by the annular die and then the circular die. 

Increasing shear rates at the die increased the accessibility of ANS binding sites indicating 
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increased surface hydrophobicity of the protein molecules. The slit die increased the accessibility 

of the binding sites for the ANS probe more specifically thereby producing the highest surface 

hydrophobicity index (So). A statistically significant (p < 0.05) higher value for So was obtained 

for the slit die (435 ± 38.3 units) than for the circular and annular dies. The circular die imparted 

the lowest shear and thus showed a surface hydrophobicity significantly (p<0.05) lower than the 

slit die.  

 

Galazka et al. (2000) reported a three-fold increase in high pressure processed faba protein surface 

hydrophobicity from So of 19.5 to 54.6 for HPP treated samples. Yang et al. (2018) reported 1.5 

times increase in surface hydrophobicity of high pressure homogenized faba protein from So of 

975 to 1595 for HPH treated samples. The SCFX processed RF100 samples show a two-fold 

increase in So for the slit die and 1.5 times increase in So for the annular die in comparison to the 

unextruded control.  

 

2.5.3 Pasting properties 

The viscosity in the pasting profile of RF100 increased steadily as shown in Fig. 2.5. No 

breakdown was observed for the RF100 extruded as well as unextruded samples during the holding 

period at 95 ℃ which implies that there is no shear thinning behavior. This is in agreement with 

findings by Chung et al. (2008), Jiang et al. (2016) for faba bean flour and Liu et al. (2006) for 

other bean flours. This may be attributed to low starch content and the presence of protein, lipid 

and fiber (Chung et al., 2008).  

 

All extruded samples had a significantly (p<0.05) lower final viscosity than the unextruded control. 

This is in agreement with observations by Ai et al. (2016) for extruded bean powders. Similar trend 

was reported by Jiang et al. (2016) in their microwave treated samples of faba bean flour, with the 

heat-treated samples having lower viscosities. These authors proposed that the treatment promoted 

protein-starch aggregation which inhibited water absorption and swelling of starch granules, 

thereby lowering the viscosities in comparison to the untreated control.  
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Fig. 2.5 Pasting properties of unextruded control and RF100 extruded using the circular, annular 

and slit dies 

 

The peak viscosity of the slit die samples (1716 ± 89 mPa.s) were significantly (p<0.05) higher 

than both, the circular and the annular die samples. The slit die samples had a significantly (p<0.05) 

higher value of final viscosity (2221.5 ± 87 mPa.s) than the circular die. The annular die samples 

had a significantly (p<0.05) higher final viscosity than the circular die. The final viscosities were 

directly proportional to the shear rates imparted by the dies with the slit die imparting the highest 

shear rate, closely followed by the annular die and then the circular die. Increasing shear rates at 

the die increased the final viscosities of the extruded protein samples.  

 

Pasting properties indicate interactions of food components in a food matrix and protein 

functionality (Meares et al., 2004). An increase in viscosity was observed with an increase in 

protein cross-linking and presence of a higher number of aggregates in pea protein isolate during 

extrusion was reported by Beck et al. (2017). A higher shear rate may lead to higher viscosities. 

This explains that the die geometry and the shear imparted by the dies are factors for viscosity 

change for extruded protein pastes.  
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2.5.4 Viscoelastic properties  

The viscoelastic profiles of the extruded RF100 protein samples were also quantified. The storage 

modulus (G’), loss modulus (G”) and loss angle tangent (tan δ) of the extruded protein pastes with 

15% concentrations obtained from frequency sweeps from 0.1 Hz to 10 Hz are shown in Fig. 2.6. 

The G’ represents the elastic response and the G” represents viscous response of the material when 

subjected to stress. The viscoelastic profile indicated the elastic and viscous behavior of the 

samples across a range increasing of frequencies. The results are averages of data for 3 tests. 

 

 

(a) Unextruded control                        (b) Circular die  

 

 

  (c) Annular die             (d) Slit die  

Fig. 2.6 Variation of storage (elastic) modulus (G’), loss (viscous) modulus (G”) and tan δ with 

frequency for dispersions containing 15% (w/w) RF100 extruded with different dies; (a) 

unextruded control, (b) circular die (c) annular die and (d) slit die.   
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For all the plots, both G’ and G” increased with an increase in the frequency. All the samples show 

a higher G’ than G” over a range of frequencies. This implies that all the samples had more elastic 

properties over viscous ones and exhibit typical characteristics of a gel. The decreasing tan δ also 

implies that the samples acted more elastically and has a higher potential to store energy rather 

than dissipate it. The circular die yielded the highest G’ (63260 Pa) and G” (15110 Pa) at 1 Hz 

followed by the slit die (G’= 48345 Pa, G”= 10940 Pa ) and then the annular die (G’= 14073 Pa, 

G”= 3387 Pa). The G’ and G” of the circular and slit dies increased in comparison to the 

unextruded control (G’= 31860 Pa, G”= 7488 Pa) whereas the G’ and G” of the annular die 

decreased relative to control. This could be due to the circular and slit die having more orientation 

in the extrusion direction as opposed to the flow through the annular die. 

 

In a frequency sweep the low frequencies can depict the long term properties and storage stability 

of the protein samples while the higher frequencies can depict the short term properties (Hou et 

al., 2018). The annular die shows a gradual increase in the lower frequency region for both the 

moduli. Whereas the slit die samples have a very small increase across the low and high frequency 

ranges. The tan δ for the annular die was also higher than that for the slit and circular dies, although 

the decrease was more substantial with an increase in the frequency.  

 

2.6 Conclusion 

The supercritical fluid extrusion of faba protein using the circular, annular and slit extruder dies 

with similar flow areas and same processing conditions produced different results for surface 

hydrophobicity, pasting profiles and viscoelastic properties. Different dies shear differently, and 

the estimated shear imparted by the slit die was the highest, followed closely by the annular die, 

while the circular die had the lowest shear rate. The different shear effects of the dies impacted the 

functionality of faba protein via an increase in surface hydrophobicity, with the slit die generating 

the highest exposure of the hydrophobic residues. The final viscosities in the pasting profiles also 

increased with an increase in shear and may suggest an increased protein cross-linking as a result 

of higher shearing effect. The circular die samples had undergone the lowest shear treatment and 

were observed to have the highest storage modulus and loss modulus. All extruded samples were 

observed to exhibit typical characteristics of a gel. Faba protein extruded with different die 

geometries can be advantageously applied to different product applications of commercial utility. 
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CHAPTER 3 

 

EFFECT OF DIE DESIGN ON  

FUNCTIONALIZED FABA PROTEIN AND MODIFED POTATO STARCH BLEND 

 

3.1 Introduction  

 

Shear, temperature and pressure in extrusion processing alters protein structure and control of these 

conditions determines the modified protein structure and functionality (Li-Chan et al, 2018). Shear 

offers a physical method to functionalize proteins. Shear forces break intra-molecular disulfide 

bonds, increase access to thiol groups and lead to the formation of inter-molecular disulfide bonds 

(Vaz & Arêas, 2010). Shear forces in the extruder expose the hydrophobic residues, align and 

orient the protein molecules and thereby alter protein architecture and its functionality. 

 

The protein and starch interactions in the matrix is of importance to understand the effects on 

functionality. The pasting properties provide information about the protein-starch interactions in a 

mixed protein system.  

 

The objective of this study was to quantify the effect of three different die geometries on the 

selected functional properties of faba protein and modified potato starch formulation extruded by 

supercritical fluid extrusion. 

 

3.2 Materials and methods  

3.2.1 Blend preparation 

Dry feed formulation was prepared with 59% faba bean protein, 39% modified potato starch, 1% 

dimodan and 1% lecithin (RF60). Commercial faba protein concentrate, Vitessence Pulse 3600 

Protein by Ingredion with a composition of 62.4 g/ 100 g protein, 9.9 g/ 100 g starch, 2.7 g/ 100 g 

fat content and 8.2 g/100 g moisture was used. Pregelatinized modified potato starch provided by 

Emfix was used in addition to the faba protein concentrate. The blend was prepared by mixing for 

16 minutes (clockwise for 8 minutes and anti-clockwise for 8 minutes) in a horizontal single ribbon 
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blender (Day, Cincinnati, OH, USA). Mixed protein blend formulations were stored in sealed 

buckets and preconditioned overnight.  

 

3.2.2 Supercritical fluid extrusion processing 

Faba protein with modified potato starch formulation (RF60) was extruded with a Wenger TX-52 

twin-screw co-rotating extruder fitted with supercritical carbon dioxide (SC-CO2) injection 

system. The length to diameter ratio of the extruder was 28.5:1 with SC-CO2 valves positioned at 

L/D ratio of 24. The protein-starch blend was extruded using three different pairs of die inserts - 

circular die (4.4 mm dia), annular die (7.1 mm outer dia, 5.5 mm inner dia) and slit die (19 mm 

width, 0.8 mm height). The extruder was operated at a screw speed of 120 rpm, feed rate of 30 

kg/h and SC-CO2 injection rate of 0.7 kg/h. Table 3.1 shows the processing parameters for the faba 

protein and modified potato starch formulation (RF60) through each pair of die inserts. The 

extrudates were cut at the die exit with automatic knives and dried in a convection oven at 80 ℃ 

for 2 hours. The moisture content of the samples was 2.1-3.5 g/ 100 g. The extrudates were finely 

ground in a hammer mill, sieved between mesh sizes 40 and 60 and stored at room temperature in 

air-tight containers until analysis. The extrusion was performed in duplicates. 

 

Table 3.1 Extrusion processing parameters  

 

 

3.3 Die design and shear rates 

The details of the three die geometries used in this study and their shear rate equations and 

calculations are discussed in Chapter 1. For a non-Newtonian fluid, the Rabinowitsch relation 

Faba protein and modified potato starch formulation (RF60) 
 

Dry feed rate (kg/h) 30.00 

Water injection rate (kg/h) 10.60 ± 0.56 

SC-CO2 pressure (MPa) 13.79 

SC-CO2 injection rate (kg/h) 0.70 

Die pressure (MPa) 9.30 ± 0.49  

Die temperature (°C) 84.50 ± 3.53 
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provides the corrected wall shear rate. Colleyer & Clegg (1988) and Son (2007) described the 

approach of using the flow behavior index, n to obtain the wall shear rate.  

 

3.4 Physico-chemical analysis 

Tests for surface hydrophobicity, pasting properties and viscoelastic properties were performed as 

described in Chapter 1. The tests for hydrophobicity and pasting properties were performed in 

duplicates. The tests for viscoelastic properties were performed in triplicates.  

 

All statistical analyses were performed using MINITAB (Version 19, State College, PA, USA). 

Statistical significance of differences between means of the test values were determined using 

Tukey’s adjustment for One-Way Analysis of Variance (ANOVA) with p < 0.05 confirming the 

statistical significance. The data was reported as means with corresponding standard deviations.  

 

3.5. Results and discussions  

3.5.1 Shear rates 

The shear rate results are as discussed in Chapter 1. The slit die imparts the highest shear rate 

(13328 1/s) followed by the annular die (11282  1/s) and lastly, the circular die with the lowest 

shear rate (2767 1/s). The shear rate imparted by the slit die is nearly 5 times the that of the 

circular die.  

 

3.5.2 Surface Hydrophobicity 

The differences in aromatic surface hydrophobicity of  RF60 extruded with the circular, annular 

and slit dies were measured by the ANS probe. The results have not been shown due to high 

variability in the values of the surface hydrophobicity index (So). So was measured by evaluating 

the initial slope of protein concentration vs relative fluorescence intensity. The same set of 

extrusion conditions and parameters were used for comparisons among the three dies used in this 

study. An increasing trend was observed among the annular, slit and circular dies in an ascending 

order. 

 

Using a circular die increased the accessibility of the binding sites for the ANS probe more 

specifically thereby producing the highest surface hydrophobicity index (So) for RF60. The 
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samples obtained by extruding the formulation using the circular die were observed to have a 

statistically significant (p < 0.05) higher value for So than for the annular or slit dies.  These results 

do not follow the trend of the shear rates of the dies and no pattern was observed.  

 

Although the difference in the shear rates between the annular and the slit die is minimal, the slit 

die exhibits a higher So than the annular die. This implies that the shearing effect of the slit die 

geometry favors the accessibility of the binding sites for ANS more specifically than that of the 

annular die geometry.  The low protein content in RF60 could be the reason for an overall decrease 

in the hydrophobicity in comparison to RF100. It could also be attributed to the different shearing 

effect of the dies for protein and protein-starch formulations.  

 

3.5.3 Pasting properties 

The pasting properties provide information about the protein-starch interactions in a mixed protein 

system. The pasting profile of the RF60 formulation, as shown in Fig. 3.1, initially increases and 

then decreases during the holding period at 95 ℃. The breakdown for the circular, annular and slit 

die samples are significantly (p<0.05) higher than the unextruded RF60. This implies shear 

thinning behavior in the faba protein-modified potato starch blend formulation. The viscosity does 

not pick up during the cooling period. 

 

RF60 extruded samples have high peak viscosities but lower final viscosities. The starch granules 

were possibly covered by protein restricting the swelling of the starch and could account for the 

lower peak viscosities (Ragaee et al., 2006). Jiang et al. (2016) reported that microwave heating 

of faba bean flour (29% protein and 39% starch) induced protein-starch aggregation that restricted 

water absorption and structural swelling of the starch granules in the faba bean flour and resulted 

in low viscosity. The peak viscosity of the annular samples (2411.0 ± 43.8 mPa.s) were 

significantly (p<0.05) higher than the peak viscosities of the slit and circular dies. However, the 

breakdown for the annular die was significantly (p<0.05) higher than the slit and the circular dies. 

This implies that with an increase in time, and after the holding period, the viscosity of the annular 

samples was lower than slit die samples. 
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Fig. 3.1 Pasting properties of unextruded RF100 and RF100 extruded using the circular, annular 

and slit dies 

 

The final viscosities of RF60 samples extruded with circular, annular and slit dies were 

significantly (p<0.05) lower than the unextruded control but with insignificant differences among 

each other. This may be due to the extremely high value of final viscosity for the unextruded RF60. 

However, the final viscosities were directly proportional to the shear rates imparted by the dies 

with the slit die imparting the highest shear rate, closely followed by the annular die and then the 

circular die. Increasing shear rates at the die increased the final viscosities of the extruded protein 

samples.  

 

Pasting properties indicate interactions of food components in a food matrix and protein 

functionality (Meares et al., 2004). An increase in protein cross-linking may lead to an increase in 

viscosities of protein pastes (Beck et al., 2017). A higher shear rate may lead to higher viscosities. 

This explains that the die geometry and the shear imparted by the dies are factors for viscosity 

change for extruded protein pastes. 
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3.5.4. Viscoelastic properties 

The viscoelastic profiles of the extruded RF60 samples were also quantified. The storage modulus 

(G’), loss modulus (G”) and loss angle tangent (tan δ) of the extruded protein pastes with 15% 

concentrations obtained from frequency sweeps from 0.1 Hz to 10 Hz are shown in Fig. 3.2. The 

G’ represents the elastic response and the G” represents viscous response of the material when 

subjected to stress. The viscoelastic profile indicated the elastic and viscous behavior of the 

samples across a range increasing of frequencies. The results are averages of data for 3 tests. 

 

 

(a) Unextruded control            (b) Circular die 

 

  (c) Annular die              (d) Slit die  

Fig. 3.2 Variation of storage (elastic) modulus (G’), loss (viscous) modulus (G”) and tan δ with 

frequency for dispersions containing 15% (w/w) RF60 extruded with different dies; (a) unextruded 

control, (b) circular die (c) annular die and (d) slit die.  
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For all the plots, both G’ and G” increased with an increase in the frequency. All the samples show 

a higher G’ than G” over a range of frequencies. This implies that all the samples had more elastic 

properties over viscous ones and exhibit typical characteristics of a gel. The decreasing tan δ also 

implies that the samples acted more elastically and has a higher potential to store energy rather 

than dissipate it. The annular die yielded the highest G’ (184200 Pa) and G” (50840 Pa) at 1 Hz 

followed by the circular die (G’= 108250 Pa, G”= 24710 Pa ) and then the slit die (G’= 74275 Pa, 

G”= 16695 Pa). The G’ and G” of the annular die increased in comparison to the unextruded 

control (G’= 165467 Pa, G”= 27016 Pa) whereas the G’ and G” of the circular and slit dies 

decreased. This is in contrast with the observations for RF100 illustrated in Chapter 1. The trend 

does not adhere to the shear rates since the circular die imparts the lowest shear and the slit die 

imparts the highest shear.  

 

In a frequency sweep the low frequencies can depict the long term properties and storage stability 

of the protein samples while the higher frequencies can depict the short term properties (Hou et 

al., 2018). The annular die shows a gradual increase in the lower frequency region for both the 

moduli. Whereas the slit die samples have a very small increase across the low and high frequency 

ranges. The tan δ for the annular die was also higher than that for the slit and circular dies, although 

the decrease was more substantial with an increase in the frequency.  

 

3.6 Conclusion 

The supercritical fluid extrusion of faba protein (60%) and modified potato starch (40%) 

formulation using circular, annular and slit extruder dies with similar flow areas produced different 

results for surface hydrophobicity, pasting profiles and viscoelastic properties. Different dies shear 

differently, and the estimated shear imparted by the slit die was the highest, followed closely by 

the annular die, while the circular die had the lowest shear rate. The different shear effects of the 

dies impacted the functionality of  faba protein and the protein-starch interactions in the matrix. 

The circular die had a greater exposure of hydrophobic residues than the annular and slit dies.  

Increase in shear led to an increase in the final viscosities with the slit die having the highest final 

viscosity and could be due to increased protein cross-linking. The storage modulus and loss 

modulus did not adhere to the trend of increasing shear. The annular die had the highest G’ and 
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G”, while all extruded samples were observed to exhibit typical characteristics of a gel. Faba 

protein and faba protein with starches extruded with different die geometries can be 

advantageously applied to different product applications of commercial utility.  
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