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a b s t r a c t 

In plant protein-based meat substitutes, such as wheat gluten, oil is often added with the aim of improving 

sensory properties, like juiciness. When oil is added directly in the high moisture extrusion process, it must be 

homogeneously distributed and finely dispersed in the protein matrix to ensure both a stable process and a high 

quality of the final product. To gain a better understanding of droplet formation during the extrusion process, 

we investigate the relationship between process parameters, material properties and oil droplet size. We showed 

that at all oil contents, the use of reverse transport elements (RTE) prior to oil addition results in smaller oil 

droplets compared to forward transport elements. We attributed this to the fact that RTE increases the material 

temperature and residence time in the extruder and hence the viscosity of the protein matrix, which results from 

increased polymerization of the wheat gluten. The increased viscosity of the matrix can cause both an enhanced 

droplet breakup and a reduced coalescence of the droplets. However, with increasing the oil content from 1% to 

4%, we noticed a remarkable increase in droplet size, independent of the matrix viscosity, which indicates the 

occurrence of coalescence. 
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. Introduction 

In recent years, concerns about ecological, ethical and health issues
ave led to a change in consumer behavior. A growing number of con-
umers are giving up meat products and products of animal origin. In-
tead, alternative products that replace animal proteins with plant pro-
eins are becoming increasingly popular. These include cheese, milk, and
ogurt alternatives, as well as meat substitutes that mimic meat in ap-
earance, taste, and color ( Elzerman et al., 2013 ; Hathwar et al., 2012 ;
umar et al., 2017 ; Kyriakopoulou et al., 2021 ). A widely used process

or the production of such meat substitutes is the high moisture extru-
ion with an attached cooling die. Here, the plant proteins are mixed
ith water, heated, and sheared by two co-rotating screws ( Jia et al.,
020 ; Samard et al., 2019 ; Schmid et al., 2022 ; Wang et al., 2022 ;
hang et al., 2018 ). During extrusion processing, the proteins form a
ultiphase system due to thermodynamic incompatibility between dif-

erent protein fractions and protein conformations (native/denatured)
 Cornet et al., 2022 ; Tolstoguzov, 1993 ; Wittek et al., 2021b ). After the
crew section, the material is pushed through a cooling die, where the
aterial is cooled and solidified. The deformation of the multiphase

ystem along the flow direction results in the formation of anisotropic
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roduct structures that are intended to resemble the muscle fibers of
eal meat ( Akdogan, 1999 ; Cheftel et al., 1992 ; Osen and Schweiggert-
eisz, 2016 ; Wittek et al., 2021a ). 
In addition to muscle fibers, meat consists of inter- and intramuscu-

ar fat. The fat content in meat can vary greatly depending on the variety
nd origin and can account for up to 30% in total ( Frank et al., 2016 ;
ocquette et al., 2010 ; Moloney and Teagasc, 2002 ). The intramuscular

at influences the tenderness and juiciness of the meat and thus has a
reat impact on the overall sensory quality of the meat ( Choi et al., 2019 ;
gbert and Borders, 2006 ; Hoek et al., 2011b , 2011a ). However, meat
ubstitutes made from plant proteins often do not adequately reflect the
ensory properties of meat. In fact, meat substitutes are often described
s dry and poor in mouthfeel compared to real meat ( Kumar and Ku-
ar, 2011 ; Sadler, 2004 ). Therefore, plant fats or oils are added in order

o improve sensory characteristics by increasing the juiciness and ten-
erness of the product ( Egbert and Borders, 2006 ; Singh et al., 2021 ).
ince the extrusion process can be flexibly adapted via numerous ma-
hine and process parameters, different processing steps can be com-
ined in just one integrated processing step. This allows oil to be added
irectly into the extruder without the need for a previous emulsifica-
ion step. Previous studies have shown for the extrusion of both starch
 March 2023 
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Fig. 1. Experimental set-up of extrusion trials. Mixing zone (yellow), polymer- 

ization reaction zone (green), dispersive mixing zone (blue). 
ased ( Emin et al., 2012a ; Y ı lmaz et al., 2001 ) as well as protein based
ood products ( Gwiazda et al., 1987 ; Kendler et al., 2021 ) that oil added
n the extrusion process gets dispersed into droplets of different sizes.
or laminar flow, which is predominant in extruders, shear and elon-
ational stresses occur due to the rotation of the screws. The maximum
hear rates and shear stresses are generated between the tip of the screw
nd the barrel wall, being responsible for a breakup of the oil phase into
maller droplets ( Emin and Schuchmann, 2013a ). 

To describe the deformation and breakup of droplets in a laminar
ow, dimensionless numbers are often used. The capillary number is
efined as the ratio between the deforming viscous stresses and the
hape-retaining interfacial stresses. The critical capillary number indi-
ates the droplet diameter that can no longer be broken up in a given
ow field ( Taylor, 1932 ). For Newtonian systems, it was shown that the
ritical capillary number is a function of the viscosity ratio of dispersed
hase to continuous matrix ( Bentley and Leal, 1986 ; Grace, 1982 ).
min et al. (2012b) found the same correlation for oil in plasticized
tarch matrix in simple shear flow. Nevertheless, due to the high vis-
osity of the starch matrix, the absolute values of the critical capillary
umber are up to 100 times lower than in Newtonian systems, which
acilitates the break-up of the oil droplets. However, oil droplets may
ot only break up but also coalesce when being transported through the
xtruder ( Utracki and Shi, 1992 ). The prerequisite for flow-induced coa-
escence is that at least two oil droplets collide and the film between the
wo droplets drains during their contact time. Film drainage is reduced
t high matrix viscosities ( Chesters, 1991 ). As stress is applied, breakup
nd coalescence can form a dynamic equilibrium, where the (equilib-
ium) droplet size distribution is time-independent. By coalescing, the
ize of the oil droplets increases until a critical droplet size is exceeded,
nd the droplet becomes unstable and breaks up again. Coalescence
an be enhanced by the same factors that favor droplet breakup, which
akes it difficult to differentiate between them. Factors that affect the

ompetition between droplet breakup and flow-induced droplet coales-
ence are, e.g. collision probability, volume fraction of the dispersed
hase, shear stresses and matrix viscosity and elasticity ( Chesters, 1991 ;
lmendorp and van der Vegt, 1986 ; Janssen, 1993 ; Leal, 2004 ; Roland
nd Böuhm, 1984 ; Utracki and Shi, 1992 ). Oil droplet formation in
rotein matrices, which show the same viscoelastic behavior as poly-
er blends, has hardly been studied so far. The mechanisms of droplet

reakup and coalescence in polymer blends are described in more detail
n the recent review of Fortelný and J ů za (2019) . 

In meat substitute applications, plant proteins from various sources
re used ( Schmid et al., 2022 ; Singh et al., 2021 ; Wittek et al.,
021a ; Guyony et al., 2022 ). Several plant proteins used on the mar-
et, e.g. wheat gluten, are highly reactive and undergo denatura-
ion reactions due to thermomechanical treatment in the extruder
 Akdogan et al., 1997 ; Arêas, 1992 ; Cheftel et al., 1992 ; Liu and
sieh, 2008 ; Noguchi, 1989 ). Commercial wheat gluten, which we
sed in this study, is produced by a mechanical separation of wheat
our followed by a mild drying step at low temperatures. The gluten
olecules are therefore in their native, folded conformation, which is

tabilized mainly by non-covalent bonds that are sensitive to thermal
reatment ( Day et al., 2006 ). Upon heating, these bonds are disrupted
nd the wheat gluten molecule unfolds, exposing functional groups that
ere previously hidden inside the folded protein. New intermolecular
onds are formed between the exposed functional groups, leading to
n irreversible aggregation. In wheat gluten, aggregation is dominated
y the formation of covalent disulfide bonds ( Schofield et al., 1983 ;
eegels et al., 1994 ). As a result, a three-dimensional protein network

s formed and viscosity increases significantly ( Emin et al., 2017 ). It has
een reported for the high moisture extrusion of wheat gluten that the
ggregation of wheat gluten via disulfide bonds is highly influenced by
he material temperature, which in turn depends on various process pa-
ameters such as screw speed and screw configuration ( Pietsch et al.,
017 ; Jia et al., 2020 ). Therefore, if oil is added during the extrusion
rocess, it must be taken into account that, depending on the process
2 
arameters, the rheological properties of the wheat gluten change dur-
ng the extrusion process, and thus also the stresses acting on the added
il phase along the screw and die section of the extruder. This makes
he understanding of oil droplet formation during extrusion processing
uite complex. 

The objective of this study is to gain a better understanding of the
elationship between the process parameters, rheological properties and
nal oil droplet size during the high moisture extrusion of wheat gluten.
o decouple effects of viscosity changes due to wheat polymerization
rom viscosity-dependent competition between the breakup and coales-
ence of oil droplets, we chose an extrusion setup that allowed us to
reate two different processing zones in the extruder barrel by adjusting
he screw configuration. In the first zone, the thermomechanical energy
nput was changed by altering the screw elements (forward/reverse) to
btain different wheat gluten viscosities. In the second zone, the oil was
dded and mixed into the wheat gluten matrix, so that the effect of pro-
ein matrix viscosity on oil droplet size could be investigated. 

. Materials and methods 

.1. Materials 

Kröner Stärke (Ibbenbüren, Germany) kindly supplied vital wheat
luten, which is referred to as “gluten ” throughout this paper. It contains
3% protein on dry matter basis according to the manufacturer’s spec-
fications. Medium-chain triglycerides oil (MCT oil, WITARIX®60/40),
hich was purchased from IOI Oleo GmbH (Hamburg, Germany), is re-

erred to as “oil ” throughout this paper. The oil was stained at a concen-
ration of 0.02 g/l with the lipophilic fluorescent dye nile red, purchased
rom Carl Roth (Karlsruhe, Germany). 

.2. Extrusion processing 

The extrusion trials were carried out in a ZSK 26 Mc co-rotating twin
crew extruder (Coperion, Stuttgart, Germany) with a screw diameter of
5.5 mm and a length-to-diameter (L/D) ratio of 29. The extruder bar-
el consists of seven barrel segments which, with the exception of the
rst segment, can be heated and cooled separately. The temperature
rofile was set to 40/80/120/120/120/120 °C in the barrel segments
/3/4/5/6/7. The gluten was added into the first barrel segment by a
ravimetrically controlled DDW-DDSR40 feeder (Brabender, Duisburg,
ermany). A piston membrane pump (model KM 251, Alldos, Pfinztal,
ermany) was used to pump water into the second barrel segment. The
il stained with nile red was added into the sixth barrel element using an
D 2–200 HPLC pump (Besta-Technik GmbH, Wilhelmsfeld, Germany).
s the oil content (0, 1, 2, 4, 6%) increased, the water-to-gluten ratio
as kept constant at 1:1, resulting in water contents of 51–52%. The

otal mass flow rate was constantly set to 10 kg/h. The extrusion ex-
eriments were performed applying screw speeds of 200, 400, 600, 800
nd 1000 rpm. 

The experimental set up is depicted in Fig. 1 . By adjusting the barrel
emperature and screw configuration, different processing zones were
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Fig. 2. Schematic illustration of the screw configurations used. (a) Forward 

transport elements (FTE) and (b) reverse transport elements (RTE) in the poly- 

merization reaction zone. Differences in the screw configuration are highlighted 

in green. 
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enerated along the extruder barrel: the mixing zone (barrel segment 2–
, yellow), where gluten and water are mixed at mild temperatures (40–
0 °C), is followed by the polymerization reaction zone (barrel segment
–6, green), where the barrel temperature is increased to 120 °C and
hus the polymerization of gluten starts. In barrel segment 6, the oil is
dded into the dispersive mixing zone at 120 °C (barrel segment 6–7,
lue), in which the oil phase is dispersed into the polymerized gluten
atrix. 

The screw configurations are shown in Fig. 2 . Both configurations
iffer only in their design in the polymerization reaction zone, which
s highlighted in green. The screw configuration (a) consists of forward
ransport elements (FTE) in the mixing as well as the polymerization re-
ction zone and of three forward kneading blocks in the dispersive mix-
ng zone. The configuration (a) is referred to as “FTE ” throughout the
aper. Screw configuration (b) consists of forward transport elements
n the mixing zone. In the polymerization reaction zone, three reverse
ransport elements (RTE) are incorporated to influence the polymeriza-
ion reactions of the gluten. In the dispersive mixing zone, the configu-
ation does not differ, it also contains of three forward kneading blocks.
he configuration (b) is referred to as “RTE ” throughout the paper. 

The material temperature (T M 

) and the process pressure (p) at the
nd of the extruder as well as the torque were recorded to characterize
he process conditions. A rectangular cooling die with the dimensions
80 × 30 × 9 mm (l × w × h) was mounted at the end of the extruder
arrel and cooled to 40 °C with a refrigeration unit (Presto Plus LH
7, Julabo GmbH, Seelbach, Germany). For the experiments without
ooling die, a circular die with a diameter of 3 mm and a length of
5 mm replaced the cooling die. In the experiments with circular die,
he temperature of the barrel segments 6–7 was adjusted so that T M 

and
 corresponded to the processing conditions with cooling die. 

After the process conditions were stable for at least three minutes,
amples were taken. In order to evaluate the anisotropic structures of
he samples produced with cooling die, they were cut along the flow
irection and opened relative to the flow direction, immediately after
ampling. Images of the torn samples were taken with a digital camera
DMC-GH2, Lumix, Kadoma, Japan) at a resolution of 4608 × 3456 pix-
ls. Additional samples were stored in airtight plastic bags at − 18 °C
ntil further investigation. 

.3. Determination of residence time distributions 

The residence time distributions were measured by adding 0.3 g of
armine tracer to the first barrel segment and determining the time un-
il the tracer discharged, according to Hirth et al. (2014) . For this, the
xtrudate strand was filmed at the end of the cooling die and the color
hanges (a ∗ values) were analyzed using MATLAB. For evaluation, the
ime of the first tracer exit, which is briefly referred to as "residence
ime", was determined. The residence time distributions were measured
n triplicate. 

.4. Measurement of the complex viscosity 

Rheological measurements of the samples were performed using an
scillatory closed cavity rheometer (RPA elite, TA Instruments, New
astle, Delaware, USA), its function is described in more detail in
ittek et al. (2020) . For sample preparation, extrudate samples were

re-dried, milled to a particle size < 500 μm, dried to mass consistency,
3 
hen re-hydrated in a Thermomix (Vorwerk, Wuppertal, Germany) to the
riginal moisture content of the extrusion. This ensured that the water
oss that can occur while sampling the hot extrudate samples is com-
ensated and that all samples are adjusted to the same water content.
efore the rheological measurements, the re-hydrated samples were vac-
um packed and stored at 6 °C for at least 12 h to assure homogeneous
ater distribution. 

For the measurements, 5.5 g of the sample was placed in the
est chamber between two opposing cones. The two geometries are
emperature-controlled and grooved to prevent slippage. The cavity is
ealed and pressurized to 0.6 MPa in order to prevent water evapo-
ation during measurement. As the lower cone oscillates at a defined
requency and strain amplitude, the torque response is recorded. From
his, the rheological properties such as the complex viscosity can be cal-
ulated. For evaluating the influence of the process conditions on the
aterial properties, frequency sweeps were performed at a temperature

f 30 °C, in order to prevent the gluten from further polymerization re-
ctions. The measurements were carried out in triplicate and conducted
n a frequency range of 1–50 Hz within the linear viscoelastic range at
 constant strain amplitude of 5%. To compare different samples, the
omplex viscosity | 𝜂∗ | at a constant frequency of 10.4 Hz was taken
rom the frequency sweeps and plotted. 

.5. Determination of the oil droplet size via CLSM 

To investigate the influence of process conditions and material prop-
rties on the oil droplet size in the samples, the oil droplets were visual-
zed by confocal laser scanning microscopy (CLSM). The oil was stained
ith the fluorescent dye nile red before extrusion processing, the protein
atrix is autofluorescent. For the investigations via CLSM, the samples
ere cut using a CM 3050 cryo-microtome (Leica Biosystems GmbH,
ussloch, Germany). Small pieces of the samples (20 × 9 × 9 mm) were
mbedded in FSC 22 Blue Frozen Section Medium (Leica Biosystems
mbH, Nussloch, Germany) at − 17 °C and cut into 40 μm thick slices in

he cryo-microtome. After cutting, the slices were placed on microscope
lides, dried at 55 °C and fixated with Mowiol (Carl Roth, Karlsruhe,
ermany) and a cover slide. Per sample, three slices were taken. 

A 63x Plan-Apochromat/1.4 oil DIC immersion objective was used
o analyze the cryo-microtome slices in the CLSM (LSM 510 META, Carl
eiss Microscope Systems, Jena, Germany). A 488 nm wavelength was
sed to excite the samples with an argon laser. To distinguish the signal
f the stained oil from the protein signal, the emitted light was filtered
ith two different channels (oil: 575–615 nm, protein: 420–515 nm).
or each of the three slices, at least 10 images were taken, so that a to-
al of 30 images per sample were evaluated. MATLAB was used for im-
ge analysis and an area-weighted cumulative droplet size distribution
Q 2 ) was plotted from the obtained oil droplet areas. For each sample,
he mean values and standard deviations were calculated from the size
istributions of the individual slices. 

. Results and discussion 

.1. Formation of anisotropic structures 

To evaluate if high moisture extrusion of wheat gluten with different
il contents produces anisotropic product structures for the two screw
onfigurations used in this study, the extrudates were torn relative to
he flow direction directly after extrusion processing. Fig. 3 shows im-
ges of samples with different oil contents for the screw configuration
ith only forward transport elements (FTE) and for the configuration
ith additional reverse transport elements (RTE). Comparing samples
ith increasing oil content, it can be clearly seen that for both FTE and
TE the anisotropic structures are less pronounced with increasing oil
ontent. Especially in the case of FTE, it is apparent that the sample
ith 6% oil looks rather doughy and has hardly any defined structure,
hile the samples without oil have a structure that is clearly aligned
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Fig. 3. Images of extrudate samples torn immediately after extrusion processing. Influence of reverse transport elements (RTE) in the polymerization reaction zone 

on the anisotropic structure as function of the oil content. 
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long the flow profile prevailing in the cooling die. This correlation be-
ween oil content and anisotropic structures has already been reported
n literature ( Gwiazda et al., 1987 ; Kendler et al., 2021 ). 

A comparison of the samples extruded with the two different screw
onfigurations (FTE and RTE, respectively, in the polymerization zone)
hows that the anisotropic structures are more pronounced with RTE
han with FTE, independent of the amount of oil added after wheat
luten polymerization. In particular, for the samples with 6% oil, it is
oticeable that a weakly pronounced flow profile is still apparent when
TE is used, whereas no flow profile is apparent with FTE. In general,

he differences in anisotropic structures are considered to depend mainly
n die geometry, cooling temperature, mass flow rate, and rheological
roperties ( Akdogan, 1999 ; Noguchi, 1989 ). Since the die geometry,
ooling temperature, and mass flow rate were not changed, the differ-
nces between RTE and FTE samples are expected to be due to different
heological properties. The rheological properties of the protein matrix
nfluence not only the formation of the anisotropic product structures,
ut also the formation of the oil droplets dispersed in the protein matrix.
herefore, the following section will address the influence of the screw
onfiguration on process conditions and resulting rheological properties
f the wheat gluten matrix. 

.2. Influence of screw configuration on process conditions and resulting 

roperties of the matrix material 

In Fig. 4 (a) the material temperature at the end of the extruder barrel
s a function of screw speed is depicted for the screw configurations
TE and RTE. As the screw speed increases from 200 rpm to 1000 rpm,
he material temperature increases for both screw configurations. An
ncrease of about 10 K is observed for the FTE configuration, and about
5 K for the RTE configuration. As an increase in screw speed intensifies
ixing and increases the shear rates ( Emin and Schuchmann, 2013a ),

he mechanical energy input into the gluten matrix is increased. This
eads to an increase in material temperature due to viscous dissipation.
he same correlation between screw speed and material temperature
as found in several studies ( Emin et al., 2021 ; Kendler et al., 2021 ;
alanisamy et al., 2019 ; Pietsch et al., 2019b ). 
4 
Also, it can be seen that the use of RTE in the polymerization reac-
ion zone leads to higher material temperatures at all screw speeds. For
xample, at a screw speed of 800 rpm, the use of RTE leads to a temper-
ture increase of about 12 K compared to FTE. This can be attributed to
he fact that reverse elements restrict the material flow, so that more ma-
erial is subjected to high shear regions in this zone ( Emin and Schuch-
ann, 2013a ; Gogoi et al., 1996 ). Pietsch et al. (2017) also investigated

he influence of reverse transport elements on the process conditions for
he high moisture extrusion of gluten. They reported that the use of RTE
eads to an increase in specific mechanical energy input, resulting in an
ncrease in material temperature, which is in accordance to our results.

Fig. 4 (b) shows the effect of the screw speed on the residence
ime of the gluten matrix in the extruder barrel for both screw con-
gurations. A slight decrease in residence time is observed with in-
reasing screw speed. This correlation is well known from literature
 Choudhury and Gautam, 1998 ; Ganjyal and Hanna, 2002 ; Pietsch et al.,
019a ; Yeh et al., 1992 ) and attributed to the fact that at constant total
ass flow, the material is discharged faster as the screw speed increases.

urthermore, it is apparent that at all screw speeds, the residence time of
he RTE configuration is about 10–15 s longer than the residence time of
he FTE configuration. Reverse elements transport against the direction
f flow, which results in a local accumulation of the material and thus in
n extension of the residence time in the extruder barrel. Similar tenden-
ies have been reported in experimental ( Choudhury and Gautam, 1998 ;
chmid et al., 2021 ) as well as numerical ( Ruyck, 1997 ; Vergnes et al.,
992 ) studies with reverse transport or reverse kneading elements. Sum-
arizing, the results confirm that both the material temperature and the

esidence time in the extruder are significantly increased when reverse
ransport elements are used. According to Pietsch et al. (2019b) , this
ill have an effect on the polymerization of the gluten molecules and

hus on the rheological properties of the material. 
In order to quantify this effect, the complex viscosity of the sam-

les collected was determined using a closed cavity rheometer. Fig. 5 (a)
hows the complex viscosity of samples containing 0% oil as a function
f screw speed for both screw configurations, FTE and RTE, respectively.
s expected, the use of reverse transport elements (RTE) leads to higher
omplex viscosities at all screw speeds, with complex viscosities being
wo to three times higher for the RTE screw configuration. This is a result
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Fig. 4. (a) Material temperature and (b) residence time 

as a function of screw speed and screw configuration for 

samples without oil. Screw configuration with only for- 

ward transport elements (FTE) is shown by open symbols 

( ○), with additional reverse transport elements (RTE) by 

filled symbols ( ●). 

Fig. 5. Complex viscosity as a function of (a) screw 

speed for samples without oil and (b) oil content for 

samples containing 0–6% oil. Screw configuration with 

only forward transport elements (FTE) is shown by 

open symbols ( ○), with additional reverse transport el- 

ements (RTE) by filled symbols ( ●). 
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f higher material temperatures and longer residence times caused by
he reverse element, leading to higher polymerization degrees and thus
igher complex viscosities. For both screw configurations, an increase
n complex viscosity is observed as screw speed increases from 200 rpm
o 1000 rpm. According to the kinetic model of Pietsch et al. (2018) for
heat gluten polymerization under extrusion-like conditions, the ther-
al effect has a greater influence on the polymerization reactions than

he time effect for extrusion-relevant residence times ( > 90 s). Hence,
hen the screw speed is increased, the reduced residence time has less

ffect on polymerization than the increased material temperature, which
xplains why the complex viscosity increases with increasing screw
peed. 

To evaluate the influence of the oil addition on the material prop-
rties, the complex viscosities of samples with different oil contents (0–
%) were determined. Fig. 5 (b) shows the complex viscosity as a func-
ion of oil content for both screw configurations, FTE and RTE, at a
onstant screw speed of 800 rpm. As expected, the use of reverse trans-
ort elements (RTE) results in higher complex viscosities than the use of
orward transport elements (FTE) at all oil contents. Moreover, it can be
een that the addition of oil leads to a decrease in complex viscosity. For
TE, the addition of 4% oil leads to a reduction of the complex viscos-

ty by about 30%, for FTE by about 50%. That the addition of oil leads
o a decrease in matrix viscosity may have several reasons. On the one
and, the highly viscous protein matrix is diluted by the oil, on the other
and, oil could act as a plasticizer, leading to an additional increase in
he molecular mobility of the wheat gluten molecules ( Fu et al., 1997 ;
endler et al., 2021 ). 

.3. Oil droplet size 

In Fig. 6 (a) and (b) CLSM images of samples with an oil content of
% are depicted, using exemplarily the screw speed of n = 800 rpm. The
utofluorescent gluten matrix appears in green, while the oil droplets
ppear in red. In both images it can be seen that the oil phase is ho-
ogeneously dispersed into droplets of small diameters. These observa-
5 
ions match with results from previous studies ( Gwiazda et al., 1987 ;
endler et al., 2021 ). In Fig. 6 (c) the corresponding cumulative size dis-

ributions are shown. It can be observed that when RTE is used, the
urve is shifted to the left towards smaller droplet sizes compared to
TE. 

The two screw configurations used do not differ in their geometry
n the dispersive mixing zone, where the oil is added (see Fig. 2 ), re-
ulting in exactly the same maximum shear rates. However, due to the
ifferent rheological properties of the matrix resulting from the use of
TE and FTE in the polymerization reaction zone, the shear stresses in

he dispersive mixing zone are considerably different. This can affect
oth oil droplet breakup and coalescence. Higher complex viscosities
f the matrix should increase the breakup of the oil droplets due to
he higher shear stresses acting on them. At the same time, the proba-
ility of flow-induced coalescence is reduced because of the prolonged
lm drainage during droplet collisions. Due to both the increased oil
roplet breakup and decreased coalescence, the dynamic equilibrium is
xpected to shift towards smaller oil droplet sizes when RTE are used
n the polymerization reaction zone. In agreement with our observa-
ion, Emin et al. (2013b) found a decrease in droplet size at higher
atrix viscosities in extruded starch matrices. Their results indicated

hat a higher matrix viscosity has no remarkable effect on breakup, but
eads to a lower coalescence probability and thus to smaller oil droplets.
his study may provide some hint that reduced coalescence due to
igher matrix viscosity is the main mechanism leading to smaller droplet
izes. 

Subsequently, the oil content was increased from 1% to 4%. Fig. 7
hows CLSM images of samples with 4% oil extruded with the (a) FTE
nd (b) RTE screw configurations at a screw speed of 800 rpm. The
LSM images were analyzed via image processing and area-weighted
umulative size distributions were generated (not shown). From the cu-
ulative size distributions, the median droplet areas were taken and
lotted against the oil content (1–4%) for both screw configurations, as
hown in Fig. 7 (c). Here, it becomes evident that the oil droplet size is
maller when using RTE than when using FTE at all oil contents. These
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Fig. 6. Influence of the screw configuration on the oil droplet size. CLSM images of a samples with 1% oil extruded with the configuration (a) FTE and (b) RTE. (c) 

Oil droplet size distribution Q 2 for the samples depicted in (a) and (b). Screw configuration with only forward transport elements (FTE) is shown by open symbols 

( ○), with additional reverse transport elements (RTE) by filled symbols ( ●). 

Fig. 7. Influence of the oil content on the oil droplet size for two different screw configurations. CLSM images of samples with 4% oil for (a) FTE configuration and 

(b) RTE configuration. (c) Median oil droplet area as a function of the oil content (1–4%) for RTE configuration ( ●) and FTE configuration ( ○). 
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esults are in agreement with the results from Fig. 6 , which were dis-
ussed in the previous section. Furthermore, it can be seen that with
ncreasing oil content, the droplet size increases significantly for both
crew configurations. For example, for RTE, increasing the oil content
rom 1% to 4% leads to an increase in droplet size by a factor of about 10.
his may be due to both increased coalescence and decreased breakup.
n the one hand, an increase in oil content leads to a significant in-
rease in the number of oil droplets, which is expected to increase the
ow-induced collision frequency and thus the coalescence probability
 Chesters, 1991 ; Emin and Schuchmann, 2013b ; Kendler et al., 2021 ).
n the other hand, we have shown in the previous chapter that the ma-

rix viscosity decreases with increasing oil content. Therefore, the shear
tresses acting on the oil droplets can be expected to decrease, leading to
ess breakup of the oil droplets. Both increased coalescence and reduced
reakup may contribute to a shift in oil droplet size towards larger oil
roplets with increasing oil content. 

.4. Influence of the attached cooling die on oil droplet size 

In the previous section, we suggest that the oil droplet size is formed
n the dispersive mixing zone as a function of matrix viscosity, since
atrix viscosity affects both, the droplet breakup as well as coalescence
robability. The mixing efficiency through the rotation of the screws as
ell as the shear rates occurring in the dispersive mixing zone in the

xtruder barrel are remarkably higher than in the attached cooling die.
etween the tips of the screw and the barrel wall local shear rates of
p to 5000 s − 1 can occur ( Emin and Schuchmann, 2013a ), while for the
6 
ooling die geometry and total mass flow used in this study we calcu-
ated apparent shear rates of only 6 s − 1 according to Pahl et al. (1991) .
ue to the significantly lower shear rates, no further breakup of the oil
roplets is to be expected in the cooling die. At the same time, the flow-
nduced coalescence of the oil droplets is expected to be significantly
educed in the cooling die, as the matrix viscosity increases due to its
hear-thinning behavior as well as the temperature reduction. The size
f the oil droplets formed in the dispersive mixing zone should there-
ore not change remarkably in the transition and cooling zone after the
xtruder barrel. 

To evaluate this assumption, experiments were performed in which
he long rectangular cooling die was replaced by a planar, non-cooled
ircular die. This setup is referred to as “without cooling die ” throughout
his section. Here, the process parameters (die diameter, die length and
arrel temperature) were adjusted so that the process conditions, such
s material temperature, were the same for both setups (Appendix, Fig.
1). This approach has already been successfully used in a previous
tudy ( Pietsch et al., 2017 ). It ensures that the gluten matrix experiences
he same thermomechanical stresses in the extruder barrel. Hence, we
ssume that matrix viscosities in the extruder barrel are the same for
oth setups, resulting in comparable oil droplet sizes. 

In Fig. 8 , the mean oil droplet area is plotted against the oil content
or samples extruded with and without cooling die, respectively, using
he FTE configuration. The filled circle symbols correspond to the FTE-
urve from Fig. 7 . It can be seen from Fig. 8 that for both curves the oil
roplet size increases with increasing oil content and that both curves
re nearly on top of each other. This shows that the final droplet sizes
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Fig. 8. Influence of the cooling die on the oil droplet size. Median oil droplet 

area as a function of the oil content for samples extruded with a rectangular 

cooling die ( ○) and without a cooling die ( △) by using the FTE screw configu- 

ration. 
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f samples extruded with and without cooling die hardly differ from
ach other. The same trend could be observed for the RTE configuration
Appendix, Fig. A2). 

We suggest therefore, that the oil droplet size is generated in the
crew section and does not change significantly in the transition zone
nd along the cooling die, corresponding to the expectations drawn from
he shear rates and temperatures in the dispersive mixing and cooling
ections. 

. Conclusions 

The dispersive mixing of oil during high moisture extrusion of wheat
luten for meat substitute applications was investigated in this study. Oil
dded directly in the high moisture extrusion process needs to be homo-
eneously distributed and finely dispersed in the protein matrix in order
o achieve a stable process and high quality of the final product. To ob-
ain more information about the oil droplet breakup and coalescence,
e used two specific screw configurations (with/without reverse trans-
ort elements in the wheat gluten polymerization zone) that allowed
djustment of the matrix viscosity before oil addition. The influence of
he screw configuration on the rheological properties of the gluten ma-
rix as well as the oil droplet sizes in the extruded product were analyzed
or different oil contents. 

The use of reverse transport elements (RTE) in the polymerization
eaction zone (before the oil addition point) increased the material res-
dence time, material temperature, and matrix viscosity, which we at-
ributed to an increased polymerization degree of the gluten. The images
f the torn extrudates showed that the use of RTE resulted in more pro-
ounced anisotropic structures, especially at higher oil contents. CLSM
mages of samples containing 1–4% oil revealed that the use of RTE re-
ulted in smaller droplet sizes at all oil contents. Moreover, we observed
n increase in the oil droplet size with increasing oil content, which can
e attributed to both, an increased coalescence probability as well as a
educed oil droplet breakup due to decreased matrix viscosities. How-
ver, further research is needed to identify the underlying mechanisms
n detail. 

In summary, we demonstrated in this study that for polymerizing
roteins such as wheat gluten, the matrix viscosity in the screw sec-
ion can be adjusted by changing the screw configuration. We have also
hown that increasing the viscosity of the matrix results in smaller oil
roplets in the final product, which could be a potential strategy for fur-
her extrusion applications involving oil addition. However, since the oil
roplet size increases with increasing oil content, regardless of the vis-
osity of the matrix, the amount of oil that can be added directly during
xtrusion is still limited. 
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