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ABSTRACT
This study explores the dual challenge of enhancing the properties of protein-based foams produced from agricultural by-products
through the incorporation of red mud waste from alumina production. Foams were manufactured using an extrusion process,
employing gluten and zein proteins, with raw red mud and its oxalic acid leachates serving as additives. A factorial design was
utilized to assess the significance of various parameters on the mechanical properties of materials. The results indicate that red
mud-based additives do not improve foam mechanical stability in terms of stiffness (as measured by Young’s modulus) and thus
do not function effectively to form short crosslinking bridges. However, the results show red mud serves mainly as a plasticizer
and reducing/oxidizing agent, while also potentially enhancing the formation of long crosslinking bridges. This is evidenced by
a significant increase in foam strain when red mud powder is extruded with gluten, reaching 190% strain at break and densities
between 500 and 1500 kg/m3. Consequently, red mud shows potential to be repurposed as an additive in protein-based foams,
suitable for applications requiring elastic deformation while keeping a stable porous structure manufactured via continuous
extrusion.

1 Introduction

Waste production and accumulation is a major problem in
many industries, posing threats to the environment and, directly
or indirectly, to human health. Estimates indicate that global
solid waste generation is expected to exceed 2.5 billion metric
tons by 2030, with only 20% being recycled and the remainder
ending up in landfills, particularly in developing countries.
Given the continuous population growth, scientific advancement,
and urbanization leading to resource depletion, as well as the
associated risks and costs of managing solid waste and landfills,

strategies toward achieving zerowaste have been developed as the
challenge is urgent [1–4].

One waste known for its massive landfilling worldwide is red
mud (RM), the main waste stream generated in the industrial
production of alumina from bauxite ore through the Bayer
process [5–8]. Due to the heavy use of caustic soda (NaOH), the
liquid phase separated from the RM slurry is highly alkaline
(pH 11–13) [9, 10]. Its high alkalinity, along with the presence of
potentially toxic elements, makes storage and disposal of RM a
major environmental issue, causing groundwater contamination
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and alkaline dust and negatively impacting air quality. RM
disposal also requires large land areas, with ≈1–1.5 tons of RM
being generated per ton of alumina, and the demand for alumina
continually increasingworldwide [11]. Based on current forecasts,
an accumulation of up to 8 billion tons of RM worldwide is
expected by the year 2040, increasingwastemanagement strategy
concerns [12].

The composition of RM is complex and varies depending on
the geographic origin of the ore as well as the specific process
conditions in the Bayer process. On average, it mainly consists
of Fe2O3 (5–60 wt.%), Al2O3 (5–30 wt.%), TiO2 (0.3–15 wt.%),
CaO (2–14 wt.%), SiO2 (3–50 wt.%) and NaO (1–10 wt.%) with
also trace amounts of rare earth elements (REE), e.g., Sc, Y, Nd,
Dy, and V (≈0.1 wt.%) [7, 9, 13, 14]. Efforts have been made to
utilize RM either as a feedstock or as a source of raw materials to
reduce waste deposits and to explore its commercial valorization.
Currently, RM has been proposed for use in the construction
industry as a bulk raw material, specifically as a filler in asphalt
and building materials such as concrete and bricks, including
thermally and impermeable materials [11, 15–19]. On a smaller
scale, RM can also be utilized as a source of valuable metals
through various hydrometallurgical treatments for semi-selective
recovery of Fe, Al, Ti, and critical REEs, from which the final
effluent remains as a solution containing the leaching acid and
minor concentrations of various metals [16, 20–26].

At the same time, 10.5 million tons of starch—used in the food,
biofuel, and paper industries—were produced in 2022, generating
≈5 million tonnes of proteins and fibers as by-products [27].
As the demand for bioethanol continues to rise as an attractive
alternative to fossil fuels [28], an excess of proteins is continuously
produced. Proteins are natural polymers, and by combining
different proteins, synergistic effects can be harnessed to produce
thermoformed materials with various functionalities, such as
extruded biofoams for the replacement of fossil-based single-use
plastics [29–36].

Single-use polymeric foam materials have a range of impor-
tant industrial applications thanks to affordability, low density,
and thermal resistance, where they provide various functional-
ities such as absorption capacity, impact resistance, thermal-,
electrical-, and sound insulation. Current commercial single-use
polymeric foams consist mainly of fossil-based, hence carrying
the associated issues of high greenhouse gas emissions and
slow degradation in natural environments, where they instead
contribute to the widespread distribution of microplastics [32,
37]. Therefore, there exists a need to find sustainable alternatives
to our traditional synthetic polymers in all their current and
potential future application areas [38]. In this context, wheat
gluten (WG) and zein (Z), from wheat and corn production,
respectively, represent a good alternative. Using natural polymers
such as gluten and zein in foam materials would reduce the
negative environmental impacts of synthetic polymers while the
cohesive and viscoelastic properties of gluten and the overall pro-
cessing versatility of zein allow foam production via conventional
plastic manufacturing methods such as extrusion [29, 32, 37, 38].
Likewise, metal ions can be used to engineer these protein foams,
granting them different thermodynamic stability and favoring
folding/unfolding equilibrium by mediating crosslinks between
proteins [39]. Different metals can provide characteristics to

TABLE 1 Main components of red mud and their respective con-
centrations.

Fe Al Si Ca Ti

RM (wt.%) 208 108 57 36 25

Ce La Sc V Y

RM (ppm) 355.5 166.7 96.0 378.4 97.9

the polymeric chains and, consequently, to the foams, rigidity,
hardness, and elasticity [40]. Thus, with large-scale applications
of red mud being desirable, utilizing it as a secondary source
for metal ions may be of interest in the context of trying to
improve the mechanical properties of extruded protein-based
foams. However, work remains to be done regarding optimizing
the porous network for different applications as well as achieving
good mechanical stability of the foams.

In this work, we address the dual challenges of replacing single-
use, fossil-based polymeric foams with bio-based alternatives and
upcycling redmud. By utilizing redmud instead of a singlemetal,
the additive becomes a complexmixture ofmetals, either asmetal
oxides in the raw red mud or as a metal solution in the oxalic acid
leachate. This approach allows for various possibilities of metal-
protein interaction, increasing the likelihood of crosslinking and
other effects, and potentially developing diverse properties in
the final extruded material. The goal is to develop foams using
blends of wheat gluten and zein and to investigate the impacts of
incorporating red mud (either as leachate or raw red mud) on the
physical and mechanical properties of the product through the
characterization of the extrudates. The developed formulations
were analyzed regarding morphology, density, swelling capacity,
and mechanical properties.

2 Experimental Section

2.1 Material

The wheat gluten powder was supplied by Lantmännen Reppe
AB, Sweden (86 wt.% protein content) as a co-product from
industrial wheat starch production. Zein protein from corn was
purchased from Sigma–Aldrich, Sweden (88-96 wt.% protein
content). Glycerol (99%), sodiumbicarbonate (NaHCO3,> 99.7%),
and Oxalic Acid were purchased from Fisher Scientific (Sweden)
and Sigma–Aldrich (Sweden), respectively. The raw red mud was
provided by ETI Aluminum (Turkey). The main components and
their concentrations are shown in Table 1.

2.2 Red Mud Leaching

Raw red mud was leached with 1 N oxalic acid in a liquid–solid
ratio of 50:1 for 24 h under constant stirring at room temperature.
The final suspension was filtered, and the resulting solution,
referred to as oxalic acid leachate (HOx), was directly used in
the formulations. The metal composition of the leachate was
determined using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES, iCAP 7000 Series, Thermo Scientific).
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TABLE 2 Compositions of the extrudates in the RM-experimental
design, with the corresponding normalized values in parentheses.

Sample MQ Gly SBC RM

75Z 5 50 0 (−1) 0 (−1)
75Z/SBC 5 (+1) 0 (−1)
75Z/RM 0 (−1) 5 (+1)
75Z/SBC/RM 5 (+1) 5 (+1)
75WG 0 (−1) 0 (−1)
75WG/SBC 5 (+1) 0 (−1)
75WG/RM 0 (−1) 5 (+1)
75WG/SBC/RM 5 (+1) 5 (+1)

2.3 Extrudates Formulation

The prepared mixtures were based on wheat gluten (WG), zein
(Z), glycerol (Gly), sodium bicarbonate (SBC), and MilliQ-water
(MQ), with and without the addition of leachates or raw red
mud as powder. The content of Gly (50 wt.%), SBC (5 wt.%), and
MQ (5 wt.%) was based on previous studies [35], where good
extrudabilitywas obtained. The leachate solution andRMpowder
were each added at 5 wt.% based on the total protein content
(preliminary experiments with higher concentrations yielded no
expansion for 50 wt.% RM and clogging of the extruder for 50
wt.% HOx). Before using the RM as an additive, it was coarsely
grounded in amortar to breakup agglomerates and thenheated in
an oven at 100◦C for 24 h to remove adsorbed water. After drying,
it was ground again into a fine powder.

A full factorial design with 3 factors, each at 2 levels, was
conducted for the samples extruded with raw red mud powder
(RM). The three varied parameters were the WG:Z ratio, and
the presence or absence of SBC and RM. The eight experimental
conditions (23) are presented in Table 2. TheWG:Z ratio is shown
in the first column. For simplicity, the label included only the
component in higher proportion, 75 wt.% (the other component
is always at 25 wt.%). The label also includes information on the
addition of SBC and RM, which were varied at 0 and 5 wt.%. The
table also includes the values for 0 and 5 wt.% respectively, as low
(−1) and high level (+1) in the design matrix.

A two-level full factorial design (22) was used as a basis for the
number and composition of different samples to be extruded. The
presence or absence of two components in the formulations was
investigated for significant effects on the extrudate’s properties:
HOx and SBC. Table 3 presents the composition values of each of
the four samples extruded in the HOx-experimental design. The
labeling follows the same reasoning as Table 2.

2.4 Extrusion

A micro-compounder co-rotating double-screw DSM Xplore 5
(the Netherlands) with a circular die of 3 mm in diameter was
used for extruding the formulation mixtures. The temperature
in all three sections of the extruder was set to 100◦C and the
extrusion speed to 60 rpm, based on previously established

TABLE 3 Compositions of the extrudates in the HOx-experimental
design, with the corresponding normalized values in parentheses. The
weight percentages are relative to the total protein content.

Sample MQ Gly SBC HOx

75Z 5 50 0 (−1) 0 (−1)
75Z/SBC 5 (+1) 0 (−1)
75Z/HOx 0 (−1) 5 (+1)
75Z/SBC/HOx 5 (+1) 5 (+1)

optimal values [35]. The extrudates were kept in a desiccator over
silica gel for 1 week before analysis.

2.5 Characterization

2.5.1 Rheology

The mixtures first had to be compressed into thin discs with a
diameter approximately matching that of the rheometer probe
(25 mm) to test the rheological properties of and establish
processing windows for the formulation mixtures. This was done
using a hot press set at a temperature of 20◦C and applying a force
of 100 kN for 2min.Ametal template plate of 1mm thicknesswith
24 (3 × 8) cut-out circles of ≈25 mm in diameter was used to get
appropriate disc sizes. Triplicate specimens were compressed for
each formulation mixture.

Rheological measurements were carried out in a Discovery HR-2
Hybrid Rheometer (TA Instruments, USA) in shear mode, using
a parallel plate geometry (parallel plate of 25 mm and a Peltier
plate to achieve the set temperature). First, strain sweep testswere
performed to determine the linear viscoelastic range (where the
storage- and loss- moduli curves are constant and independent of
the applied strain). For these tests, the temperature and frequency
were fixed at 20◦C and 1.0 Hz, respectively, while the strain was
set to range from 0.002% to 2%. Subsequently, frequency sweep
tests were carried out at a constant strain and temperature of 1%
(within the linear viscoelastic range) and 20◦C, respectively, with
the frequency ranging from 0.2 to 20 Hz. Finally, temperature
ramps were performed from 20 to 150◦C, with constant strain-
and frequency values determined from the two previous sweeps
(0.01% and 1.0 Hz). The heating rate was set to 10◦C/min. Values
of the elastic- (storage modulus) and viscous (loss modulus)
moduli were collected (G′ and G″ respectively) as well as the
damping factor tan(δ) (= G″/G′). Measurements were performed
in duplicate.

2.5.2 Apparent Density

The apparent densities of the dry extrudates were estimated in
triplicate for each sample. A caliper was used for diameter and
length measurements, and a scale (Mettler Toledo AL104) was
used for weighing the specimens. The density was then estimated
by dividing the mass of each specimen by its volume, assuming
a cylindrical shape, and reporting the apparent density of the
sample as an average of triplicates with standard deviations.
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2.5.3 Liquid Swelling Capacity

The ‘tea bag test’, according to the nonwoven standard procedure
(NWSP) 240.0.R2, was used to estimate the free swelling capacity
(FSC) of the dry extrudates. For each extrudate, specimens with a
weight of ≈200 mg were each put in a dry, non-woven tea bag,
hooked on a rod, and immersed in MQ-water for 1, 5, 10, and
30 min. After each immersion time, the bags with the specimens
were hung for 10 s outside of the liquid. One by one, they were
then placed on tissue paper for 10 s to remove excess water and
thereafter weighed. The swelling capacity for each extrudate is
reported as an average of triplicates with standard deviations
using Equation (1):

𝐹𝑆𝐶 (𝑔∕𝑔) =
𝑊𝑖 − (𝐶𝐹.𝑊𝑏) −𝑊𝑠

𝑊𝑠

(1)

where Wi is the weight of the bag and sample after immersion,
CF is the correction factor (estimated from the average swelling
of three empty bags),Wb is the weight of the empty dry bag, and
Ws is the weight of the dry extruded specimen.

2.5.4 Mechanical Properties

After having kept the extrudates for conditioning at 21 ± 0.14◦C
and 50% ± 0.47% RH for 48 h, static tensile tests were performed
in a Universal Testing Machine (single column, Instron 5944)
with a 500 N load cell. For each extrudate, five specimens
were measured. The strain rate used was 10%/min. From the
stress–strain curves generated, values for Young’s modulus, yield
strength, ultimate tensile strength, and strain (extension) at
maximum stress could then be obtained as an average with
standard deviations.

2.5.5 Microstructure

Extrudate morphologies were investigated under SEM (Hitachi
Tabletop SEM TM-1000 at 10 kV acceleration voltage). Sample
preparation was carried out by immersing the specimen in liquid
nitrogen and thereafter shattering it to expose the cross-section
surface area.

2.5.6 Protein Structure

Effects of the extrusion and metal incorporation on the pro-
tein secondary structure were studied using a PerkinElmer
UATR Spectrum, two FT-IR spectrometers connected to the
PerkinElmer IR software, version 10.6.2. Spectra were gathered
in a range of 600–4000 cm−1, with 16 consecutive scans (accu-
mulations) per sample. Before analysis, the extrudates were dried
in a desiccator over silica gel for at least 1 week to minimize the
interferences of water.

2.5.7 SDS Protein Extractability (Estimation of
Crosslinking Degree)

1 g of each extrudate material was submerged in 1 mL of 0.1%
(w/v) sodium dodecyl sulfate (SDS) solution and stirred at 37◦C

at 1500 rpm for 30 min. The mixtures were centrifuged at 8000 g
for 5 min at RT, and the resulting supernatants were mixed with
4× SDS-PAGE loading buffer. Samples were denatured by heating
at 95◦C for 5min and analyzed by SDS-PAGE. The electrophoresis
was conducted for 25min at 150 V by loading 15 µL of each sample
per well into Mini-PROTEAN TGX Stain-Free Precast Gel (Bio-
Rad). 5 µL of Precision Plus ProteinUnstained (Bio-Rad)was used
as molecular weight ladder. The gel images were captured using
a Chemidoc MP imager (Bio-Rad).

3 Results and Discussion

The analysis ofHOx (Section SI, Supporting Information) showed
that the main components (Fe, Al, Si, Ca, and Ti) were leached
in higher proportions withoutmuch selectivity. Minor concentra-
tions of cerium and yttrium were also measured.

3.1 Extrusion

Figure 1a,b,e,f shows the appearance, composition, and expan-
sion ratios (ERs) for the four reference extrudates without HOx
or RM. Comparing the colors between the samples, the ones
without SBC can be seen to be dark brown, while the foams with
SBC appear light yellow. The browning of the non-SBC samples,
compared to the bright yellow color of the 75Z protein blend
mixture during extrusion, is indicative of reactions occurring that
involve the amino acid residues of the proteins, e.g., Maillard
reactions (i.e., non-enzymatic browning reaction of reducing
sugars with amino acids) [41].

The expansion ratios (ERs) of the samples were in the range of
1.04–1.36 ± 0.1. As expected, the extrudates containing SBC had
significantly higher ER values compared to corresponding non-
SBC samples. The ER for the 75Z extrudate increased by around
30% upon the addition of SBC. Yet, the 75Z extrudates were
brittle and hard in texture, easily snapping upon bending. These
directly apparent behaviors were expected due to the lower glass
transition temperature (Tg) of zein, in higher proportion in this
formulation, compared to wheat gluten, turning the extrudates
glassy and hard at room temperature, as opposed to viscoelastic
properties of gluten (which would turn the extrudates soft and
flexible).

The appearance, composition, and corresponding ER-value of
two samples extruded with 5 wt.% HOx can be seen in Figure S1.
The colors of the 75Z/5HOx samples (without and with SBC) can
be seen to be comparable to the corresponding reference extru-
dateswithoutHOx (Figure 1e).However, theERvalues are higher.
For both samples, with and without SBC, the ERs are 1.45 and
1.54, respectively, which are 38 and 12% higher than the extrudates
without HOx. The difference in ER between the HOx samples
with and without SBC (6%) is barely significant compared to
the difference between the corresponding reference samples. The
increased ER values observed for the HOx-containing extrudates
independently of the SBC may indicate increased crosslinking
during the extrusion process. The Tg would be expected to
increase due to the formation of a more rigid protein network
with restricted inter-chain mobility, while increased crosslinking
would also have an effect in reducing pore size via network
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FIGURE 1 Macroscopic images of the extrudates with correspond-
ing expansion ratios (ER) of the blends (a) 75WG, (b) 75WG/SBC, (c)
75WG/RM, (d) 75WG/SBC/RM, (e) 75Z, (f) 75Z/SBC, (g) 75Z/RM, (h)
75Z/SBC/RM.

FIGURE 2 Estimated apparent densities of extrudates.

collapse once foaming agent pressure is reduced, leading to lower
ER [34].Water has previously been shown to promote the collapse
ofmedium-sized pores [35], explaining lower ERs in formulations
without HOx.

Figure 1c,d,g,h presents images of each sample extruded with
5 wt.% RM added to the formulations with 75WG and 75Z. The
colors of the filaments appeared darker brown after extrusion
compared to the light brown/red formulation mixtures pre-
extrusion, thus following the same trend of shifting from lighter to
darker color shades during extrusion as observed for the reference
and HOx samples. Again, samples containing SBC exhibited a
lighter shade of color and higher ER values compared to samples
without SBC (see Figure 1d,h). The RM extrudates based on
the 75Z protein blend displayed higher ER compared to the
corresponding reference samples. The 75Z/RM samples without
and with SBC had ERs 34 and 10% higher than the reference,
respectively. Lower ERs were obtained for the samples based on
the 75WG blend compared to the 75Z blend. Significant increases
in ER values were obtained for the 75Z/RM, 75Z/SBC/RM, and
75WG/SBC/RM extrudates.

It is noteworthy that there are limitations to the extrusion of
formulations based on a 75WG protein blend. The higher content
of WG entails different viscoelastic properties, yielding higher
surface roughness and pressure increase during extrusion, which
can lead to clogging of the equipment. The blends with higher
zein content yielded smoother surfaces, thus avoiding machinery
issues. The effect of extruding porous protein-based materials
with high gluten content has already been reported elsewhere
[35].

3.2 Physicochemical and Absorption Properties
of the Extrudates

The estimated apparent densities of the extrudates are shown
in Figure 2. The values range from 500 to 1600 kg/m3, with
the lowest- and highest densities associated with the 75Z/SBC
reference sample and the 75WG/RM extrudate, respectively.

5 of 14
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Categorizing the samples into low (<800 kg/m3), medium
(800–1000 kg/m3), and high (>1000 kg/m3) density foams, the
following trends are apparent: the SBC-containing foams gen-
erally have the lowest densities; foams high in WG have higher
densities compared to foams with a higher Z content; and the
maximum density is associated with the sample high in gluten
and containing RM. These trends are expected. Since SBC is a
foaming agent, it leads to high porosity, hence increasing the
‘empty’ volumewithin the extrudate. At the same time, gluten has
a higher molecular weight than zein, and RM is a heavy additive
due to its high metal content.

Adding HOx to the 75Z blend results in a slightly lower density
in the blend without SBC (−7%) while increasing the density of
the foamwith SBC (+36%). The difference in density between the
HOx samples without and with SBC compared to the correspond-
ing references is smaller, which may indicate that HOx and SBC
interact to lower the effect of SBC. This corroborates the smaller
difference in expansion ratio between porous and non-porous
samples containing HOx.

RM increases the density of the 75WG/RM (+7%) as well as the
75Z/SBC/RM sample (+37%) while lowering the density of the
75WG/SBC/RM (−25%). As for the RM containing 75Z foams,
the density difference is smaller between the non-porous and
porous samples as compared to the references, which is also
correlated with the smaller difference in expansion ratio between
the porous and non-porous 75Z samples containing RM. As for
the 75WG samples with RM, the difference in density between
the non-porous and porous samples is considerably larger, and
the difference in ER between the same samples was also larger
compared to the references. This hints at the development of a
porous network with relatively large pores.

Figure 3a–c shows the SEM images obtained for the extrudate
cross sections and surface. For all samples, the porosity can be
seen to be higher when SBC is present (Figure 3a–c), which
agrees with the apparent density results (Figure 2), i.e., higher
density correlating to lower porosity. Looking at the reference
foams containing SBC, the 75WG system (Figure 3a) seems to
have a relatively wide pore shape and size distribution, while the
75Z system (Figure 3c) appears to have relatively high porosity
and regular pore shapes and sizes. No porosity is apparent in the
reference foams without SBC or on the surface of the samples
(Figure 3a,b). However, for the 75Z samples with RM and HOx
(Figure 3c and Figure S2, respectively), closed-cell pores can be
seen to have developed without the presence of SBC. Some pores
are expected due to the presence of water, with mainly small
closed-cell pores having been reported previously for foams with
a high WG content without SBC [32, 35]. The higher porosity is
apparent in Figure 3 for the foams without SBC and with HOx
and RM compared to the references matches the relatively low
apparent densities of these foams.

The 75Z/SBC samples with HOx and RM exhibit mainly closed-
cell porosity with relatively regular pore shapes. It can be
observed that the 75Z/SBC/RM sample (Figure 3c) shows rel-
atively high porosity with large pore sizes compared to the
75Z/SBC/HOx (Figure S2). The 75WG/SBC/RM (Figure 3a)
exhibitedmore open-cell porositywith larger- andmore intercon-
nected pores compared to the reference sample (i.e., 75WG and

75WG/SBC), which is consistent with the lower apparent density
estimated for this sample relative to the reference. Clusters
of metals can be seen both in the 75Z/RM and 75WG/RM
(Figure 3a–c, respectively, and Figure S3).

In a previous study by Hurtado et al. [34] no major differ-
ence in microstructure could be observed between samples
crosslinked with 2.5 wt.% of the natural crosslinking agent
genipin as compared to controls. However, a slight decrease in
pore size was obtained for the crosslinked samples. This was
related to the microstructure of a more crosslinked material,
which is characterized by smaller or absence of pores due
to the development of a more elastic porous network that
collapses once the pressure generated by the foaming agent is
reduced. Based on the microstructures of the foams contain-
ing HOx and RM, an increase in crosslinking density is still
unclear.

The average swelling capacities (FSC) are presented in Figure 4
for non-SBC (Figure 4a) and SBC containing extrudates
(Figure 4b). The value ranges match results obtained for similar
samples as reported in the literature [35]. Generally, dips between
data points can be observed that cause a zig-zag pattern of the
curves. The decrease in FSC in between weighing is due to the
mass loss of glycerol, which is highly soluble inwater [32, 25]. The
zig-zag pattern can thus be observed for the curves corresponding
to the samples where more mass is lost via glycerol diffusing into
the water than mass gained by water absorption.

The highest FSC was obtained for the 75WG/RM formulation,
both without (≈2.5 g/g) and with (≈4.0 g/g) SBC, while the 75WG
reference sample had the lowest FSC overall (≈1.5 g/g). Thus,
RM seems to increase swelling for foams with a higher gluten
content. A higher FSC was also obtained for the 75WG/SBC/RM,
which points to a foam network structure with open-cell poros-
ity. This is consistent with the low density estimated for this
sample as well as the relatively large pore size observed in
SEM.

Based on the overall results, HOx cannot be said to change the
swelling capacity of the 75Z blends significantly. This could be
related to the development of a network characterized by more
closed-cell porosity and smaller pores, as has been reported by
Bettelli et al. [32] when carboxylic acids are used as additives.
However, adding RM has increased the swelling capacity of the
75WG samples (without and with SBC), with the largest increase
obtained for the foam containing SBC.

Figure 5a–e shows the rheometric analysis for each sample for-
mulation mixture, with the storage modulus (G′), loss modulus
(G″), and tan(δ) (=G″/G′) plotted against temperature. As a
general trend, both moduli decrease until an inflection point,
after which they stabilize at lower values relative to the initial
plateau values. Thus, the plots can be divided into three distinct
regions where the mixtures exhibit different flow properties.
The first region is known as the glassy area and occurs at
temperatures below Tg [42]. This area is characterized by the
highest moduli values, as the protein chains are locked in
fixed positions with low chain mobility. The G′ values are high
since relatively large forces are required to change the polymer
conformations. This region is only present in the 75Z samples
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FIGURE 3 SEM images of extrudate cross-sections and 75WG systems surface.

FIGURE 4 Free liquid swelling capacity [g/g] for extrudates (a) without SBC and (b) with SBC in MQ-water.

(20–70◦C), demonstrating the higher structural stability of this
protein. As temperature increases, the thermal energy starts to
break up crosslinks between protein chains, which increases
chain mobility. The second region, the glass transition region
(70–140◦C for 75Z samples and 20–120 for 75WG ones), is where
segments of the polymer chains can start to move freely. The
temperature at the inflection point of the curve is the Tg, where
the polymer goes from being hard and glassy to soft and flexible.
This transition causes the modulus to decrease rapidly, and the

polymer becomes like leather in texture [43]. After the glass
transition region comes the rubber plateau zone, where the chain
segments are relatively mobile, and the polymer appears softer
and more flexible compared to the case in the transition region.
The chains are still held together via entanglements, and the
modulus barely changes with increasing temperature in this
region until the viscous zone is reached and themodulus drops as
chain entanglements are broken, and the chains can irreversibly
drift apart to yield a fluid state [44].
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FIGURE 5 Temperature ramps from rheometric analysis of the formulation mixtures pre-extrusion: (a) 75Z and 75Z/SBC, (b) 75WG and
75WG/SBC, (c) 75Z/RM and 75Z/SBC/RM, (d) 75WG/RM and 75WG/SBC/RM and (e) 75Z/HOx and 75Z/SBC/HOx. All mixtures contain 5 wt.% MQ
and 50 wt.% glycerol (relative to the total protein content).

The Tg of the proteins corresponds to the inflection point of the
G′-curve as well as the maximum value for tan δ in the glass
transition region [45]. The average Tg values were determined
from the tan δ curve for each formulation mixture (Table S2).
The values span from 80 to 100◦C. According to the estimated Tg
values, adding HOx or RM to the formulation mixtures does not
result in significant changes in Tg. The tan δ values can be seen
to be higher for the reference blends with a higher zein content
compared to the blends with a higher gluten content. The higher
values for the zein blends are consistent with the higher viscosity
of zein compared to gluten, yielding a larger loss modulus (G″)
relative to the storage modulus (G′). The opposite case holds for
gluten, with lower tan δ values due to its higher elasticity (G′)
relative to viscosity (G″) [35].

Generally, lower Tg values were obtained for the mixtures con-
taining SBC, although they do not show significant differences. A
less steep decrease in the moduli values in the inflection zone is
expected for the sampleswith SBC, resulting in higher values after
transition. The effect has been attributed to the greater porosity
of the SBC samples, which potentially alleviates the decrease in
moduli at higher temperatures [35]. This can be observed for

all mixtures except for the 75WG/RM formulations (Figure 5d),
where higher moduli values are seen after the inflection point for
the mixtures without SBC.

Additionally, the G′- and G″-curves do not drift apart from
each other after the glass transition region through a large
temperature interval as the reference. Since closer proximity of
the moduli values corresponds to higher flow and deformability
[35], the rheological behavior does not seem to change as much
at temperatures above 100◦C compared to the glass transition
region. Again, this could be due to a plasticizer effect induced by
the presence of oxalic acid that enhances the viscosity of the 75Z
formulation [46].

Adding RM to the 75Z (Figure 5c) resulted in a less steep decrease
inG′ values relative toG″ values, with the storagemodulus values
considerably larger than the loss modulus after glass transition
(tan δ < 1). Thus, both mixtures exhibited a more elastic than
viscous character at higher temperatures (after glass transition)
compared to both the reference and the mixtures with HOx. This
behavior could be related to the increase of elasticity via protein
crosslinking with the RM metals after the glass transition. The
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FIGURE 6 (a) Maximum tensile stress [MPa], (b) maximum tensile strain [%], and (c) Young’s modulus [MPa] for each extrudate.

transition region can also be seen to be broader for the RM blend
without SBC, with the G′ and G″ curves following each other
closely up to ≈120◦C. This indicates a larger processing window
compared to the reference, which is relevant for future industrial
applications where broad processing windows are preferable.

In the realm of works related to the extrusion of similar porous
materials, such as polyurethane (PUR) and starch-based foams,
processing typically occurs at foaming temperatures ≈180◦C and
rotational speeds of 100 rpm. The results in this study suggest that,
even with the incorporation of inorganic additives such as red
mud, our extrusion process operates at lower temperatures than
those commonly reported for PUR. This highlights the potential
for energy-efficient processing, and future works should explore
how energy and material output compare with those of relevant
bio-based materials [47, 48].

In the 75WG/RM blends, an increase is observed in initial values
of G′ and a less pronounced decrease in storage modulus values
over the whole temperature range as compared to the reference
mixtures (Figure 5b–d). The loss modulus values also decreased
less rapidly and stabilized at a higher level. This indicates that
RM increases the solid character of the 75WG mixtures. The
increase in solid character could be due to the RM promoting
crosslinking. In terms of the difference between the G′ and G″
curves, the glass transition region is easier to observe compared
to the references due to the closer proximity of the moduli curves
in that temperature range. This indicates that RM increases the
viscous character of the 75WG mixtures during glass transition.

Figure S4 shows representative stress–strain curves for each
sample tested, while Figure 6 presents the average values with
standard deviations for the maximum stress (σmax), strain (εmax),
and Young’s modulus. It is noteworthy that, despite efforts to

uniformly extrude the materials, inherent irregularities such as
scratches, pits, and some variation in the cross-sectional areas
throughout the material may cause the relatively large standard
deviation seen in the results for the mechanical properties.
Harder and glassier samples are expected to show higher stress
and lower strain at break (high ε) in contrast to more soft and
elastic foams that should exhibit higher strain values (lower ε).
Additionally, the more brittle the sample, the lower the strain it
can handle before fracturing. The results are consistentwith these
expectations: foams based on the 75Z protein blend (hard and
glassy in texture) exhibited lower strain (Figure 6b) and higher
Young’s modulus values (Figure 6c) compared to the samples
based on the 75WG blend (soft and flexible in texture). The
more brittle SBC foams all had lower stress, strain, and ε values
compared to the corresponding samples without SBC.

The highest average maximum stress (2.5 MPa) and Young’s
modulus (97 MPa) were obtained for the 75Z reference sample,
while the minimum average stress (0.3 MPa) and Young’s mod-
ulus (4.6 MPa) were obtained for the 75WG/SBC/RM sample.
The low values of the RM-containing foam may correlate to its
relatively low density and high swelling capacity compared to the
reference (75WG/SBC). In terms of average strain, the maximum
value (190%) was obtained for the 75WG/RM foam, while the
75Z/SBC/RM sample had theminimum strain (2.7%). Overall, the
SBC containing extrudates had lower maximum stress-, strain-,
and Young’s modulus compared to their non-SBC counterparts.
This is expected since the SBC samples have higher porosity,
with pores acting as defects in the material and making it more
vulnerable to the formation of cracks and, thereby, breakage. The
maximum stress at break is in accordance to previous works on
protein-based porous materials showing circa 2–2.5 MPa [34, 49].
However, Young’s modulus andmaximum strain in this work are
respectively ≈200 and 6 times higher, demonstrating the impact
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of RM in plasticizing the material without significant losses of
extensibility, corroborating with the rheology results.

AddingHOx to the 75Z blend decreased stress and Young’smodu-
lus, while the strain remained almost unaltered. ExchangingHOx
with RM in the same blends had no significant impacts. Adding
RM to the 75WG blends lowered tensile stress for the SBC sample,
while the sample without SBC exhibited a significant increase in
strain and no major changes in stress and Young’s modulus.

An increase in crosslinking density is expected to yield foams
with increased stress and decrease strain due to the formation
of a more dense and rigid protein network with less mobility
between protein chains [34]. Thus, the addition of HOx or RM
to the blends does not result in the typical mechanical behavior
in the presence of commercial crosslinking agents. The results
indicate that HOx and RM as additives yield a less dense and
rigid protein network with increased mobility between chains.
This is consistent with the results obtained from the rheological
measurements that suggestedHOx acts as a plasticizer to increase
chain mobility. In the case of both RM and HOx, the more plastic
behavior could also be accounted for by longer crosslink bridges
forming. This may especially apply to RM, which induced greater
increases in sample strain. A strain-increasing effect has been
reported previously by Hurtado et al. [34] when genipap oil was
used as an additive and compared to commercial genipin as a
crosslinking agent. The effect was hypothesized to occur due to
additional components in the genipap oil acting as formulation
plasticizers and/or the development of longer crosslinks between
protein chains.

Since both theHOx leachate and theRMpowder aremulticompo-
nent additives, they are potentially contributing to several effects
simultaneously. Added in the form of oxalic acid leachate, the
metals in red mud are present in an acidic aqueous solution,
chelated by the conjugate bases of oxalic acid (hydrogen oxalate
HC2O4

− and oxalate C2O4
2−). Using red mud as a dry powder

eliminates some components while introducing others, thereby
it is more alkaline than acidic, and the metals are mostly
present as oxides in a different composition compared to the
leachate. The results presented here thus reflect the combined
effects of all these components. Future work should study the
effect of the different components forming RM (blends of oxides
and minerals) on the protein blends individually, which can
allow to differentiate the specific role of each component more
systematically.

Normal probability plots for the maximum tensile stress and
strain results for the HOx and RM experimental designs are
shown in Figure 7a–d, respectively. For the HOx experimental
design, with two main parameters (HOx and SBC content) and
one interaction parameter, all three parameters influence the
maximum tensile stress according to Figure 7a. Extruding the
mixtures with either HOx or SBC significantly decreases tensile
stress (negative effects), while adding both increases the stress
via interaction effects (positive effect). These results match the
trends observed in Figure 6a. The negative effect of adding either
SBC or HOx corresponds to the 75Z/SBC samples exhibiting
lower stress compared to the ones without SBC and to HOx
lowering stress in the blendwithout SBC. The positive interaction
effect would mean that the stress for the HOx system with

SBC does not decrease as much as would be expected based on
the stress difference between the reference samples, with HOx
possibly lowering the stress-reducing effects of SBC. The effects
of the parameters on the maximum tensile strain appear to be
insignificant, according to Figure 7b.

For the RM experimental design, with three main parameters
(WG:Z ratio, SBC content, and RM content) and four interaction
parameters, the tensile stress seems to be significantly impacted
by three of the factors. According to Figure 7c, the SBC content
has a negative effect; there is a negative interaction effect between
the WG:Z ratio, SBC, and RM, as well as a positive interaction
effect between the WG:Z ratio and the RM. The negative effect
of SBC would translate to lower stress for samples with SBC
compared to those without, which has already been established
according to Figure 7a. The negative interaction effect between
WG:Z ratio, SBC, and RM corresponds to the result showing
the high gluten content blend with SBC and RM to exhibit
the minimum stress (Figure 6a). Lastly, the positive interaction
between the WG:Z ratio and the RM would result in a smaller
difference than expected between the 75Z/RM and 75WG/RM
samples compared to the references, indicating that the RM acts
to lower the stress-reducing effect of a high gluten content—also
seen in Figure 6a.

Four parameters are deemed significant with respect to their
effect on strain in the RM experimental design, as evidenced
by Figure 7d: WG:Z ratio (positive effect), SBC (negative effect),
the interaction between SBC and RM (negative effect), and the
interactions between WG:Z ratio and RM (positive effect). A
positive effect for theWG:Z ratio corresponds to the higher strain
values observed for the 75WG compared to the 75Z formulations
(Figure 6b). The negative interaction between SBC and RM is
also supported by Figure 6b, where lower strain values than the
references were obtained when RM is added to formulations with
SBC. Finally, the positive interaction between the WG:Z ratio
and RM also matches the observations that strain values increase
between the 75Z and the 75WG blends when RM is added,
meaning that the RM further reinforces the strain-increasing
effect associated with a higher gluten content blend.

Figure 8 shows the FTIR spectra of the extruded samples as well
as the raw protein powder. The amide I peak (≈1640 cm−1) of
the raw protein powder is marked in the figures as a dashed
line. Compared to the raw 75Z powder spectrum, it can be
observed that the 75Z extrudate and HOx extrudate spectra are
slightly shifted toward higher wavenumbers. Shifts to higher
wavenumbers indicate larger fractions of unordered random-coil
protein structures (e.g., α-helices), while shifts to lower values
are associated with more ordered structures (e.g., β-sheets). The
shifts are slightly larger for the samples containing HOx, thus
indicating more unordered structures as interactions involved
hinder more ordered protein structures [32, 33]. The same trends
can be observed in Figure 8b,c for the RM extrudate spectra, with
the highest shifts relative to the raw protein spectrum occurring
for the extrudates containing RM. The shifts are especially
apparent for the extrudates based on the 75WG protein blend
(Figure 8c). In the context of protein hydrogels produced in
the presence of metal ions, more random coil structures (shifts
to higher wavenumbers) were related to stronger interactions
between the proteins and metal ions in the gel [33]. Thus, the
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FIGURE 7 Parameter effects of the maximum (a) tensile stress and (b) strain for extrudates in the HOx experimental design, and maximum (c)
tensile stress and (d) strain for extrudates in the RM experimental design.

additional shifts observed in the spectra for HOx and RM indicate
changes in protein secondary structure and evidence a protein
network characterized by more chain entanglements. This is also
in agreement with the rheology and mechanical testing results,
suggesting HOx and RM contribute to plasticizing and physical
crosslinking, yielding more entangled, flexible (increased chain
mobility), and fluid foams.

Peaks around 1720 cm−1 are associated with carboxylic acid
groups. In the case of the HOx foams, absorbance is expected
in this region to a certain extent due to the presence of oxalic
acid. However, for the samples containing RM, absorbance in this
region could be related to hydrolysis. The peaks are more marked
in the spectra for the 75WG/RM foams (Figure 8c).

Future work should explore advanced characterization tech-
niques to build on the FTIR analysis and unveil the role of RM
in modifying the chemical structure of the protein-based foam,
such as in-situ temperature FTIR, solid-state NMR and Dynamic
Mechanical Analysis (DMA) on the extruded material.

3.3 SDS Extractability (Estimation of
Crosslinking Degree)

SDS extracts were prepared from extrudates to assess protein
crosslinking, where higher SDS extractability indicates reduced
crosslinking. SDS-PAGE analysis revealed distinct soluble protein
size distributions, reflecting the influence of extrudate composi-
tion on cross-linking. The study examined the effect of sodium
bicarbonate (SBC) to the following formulations: 75Z/HOx,
75WG/RM, and 75Z/RM. The SDS-extractable protein fractions
correspond to wheat gluten and zein, providing insights into
their solubility and interactions during extrusion. Variability in

molecular weight may arise from crop-specific factors such as
variety, growth conditions, or crop year [50].

In Figure 9, high molecular weight glutenins (≈100 kDa) in
most samples, forming polymeric structures crucial for the gluten
network. Monomeric gliadins (70–25 kDa) are also present, con-
tributing to wheat gluten’s viscoelasticity: ω-gliadins (55–70 kDa)
influence viscosity, γ-gliadins (35–40 kDa) enhance structural
integrity, and α-/β-gliadins (25–35 kDa) promote extensibility and
cohesiveness [51]. Protein signals at 20–25 kDa correspond to α-
zein, the predominant fraction in zein isolates, contributing to
hydrophobicity and film formation [52]. Bands ≈15 kDa indi-
cate smaller hydrolyzed protein fragments, likely resulting from
partial degradation of wheat gluten and zein during extrusion
[53].

HOx leachate samples exhibit well-defined protein bands corre-
sponding to wheat gluten and zein fractions. Soluble proteins
extracted at 20–25 kDa (α-zein) and 35–40 kDa (γ-gliadins) sug-
gest incomplete crosslinking, while a weaker signal at ≈100 kDa
indicates high molecular weight glutenins. Both samples show
qualitatively similar protein profiles, but differences in signal
intensity suggest that SBC influences the crosslinking degree in
the zein-dominant oxalic acid protein network. This correlates
withmechanical properties, as SBC-containing 75Z blends exhibit
lower stress and Young’s modulus, indicating a weaker, less
cohesive structure.

In the case of the red mud-containing samples, they exhibit
prominent protein bands, particularly for α-zeins and γ-gliadins,
indicating incomplete crosslinking: the incorporation of this
multivalent ionic material (such as Fe3+ and Al3+) introduces
metal–protein co-ordinations with the protein functional groups
[33, 54, 55]. In gluten, this coordination may interfere with
disulfide bond formation, while in zein, glutamine-rich regions
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FIGURE 8 FTIR spectra for (a) HOx and references, (b) RM and reference systems based on the 75Z protein blend, and (c) RM and reference
systems based on the 75WG/ protein blend. The frequency range is limited to contain the Amide I peak as well as a potential carboxylic acid peak for
hydrolysis detection.

FIGURE 9 SDS-PAGE fractions of the SDS-extractable protein from
the different formulations.

can disrupt the helical structure, promoting conformational
changes as manifested by FTIR spectra. These signals are slightly
stronger than inHOx formulations, suggesting that redmud, irre-
spective of the wheat gluten/zein ratio, may hinder crosslinking

in these fractions, altering the mechanical properties. Indeed,
the mechanical analysis confirm this behavior, as RM-containing
foams show increased strain but lower Young’s modulus, indi-
cating a plasticizing rather than reinforcing effect. This effect is
most pronounced in 75Z/SBC/RM, where stronger protein band
intensities suggest reduced protein network stability, a trend
similar to the observed in oxalic acid formulations.

In 75WG/SBC/RM sample, the absence of high molecular weight
glutenins (≈100 kDa) suggests enhanced crosslinking within
the protein matrix compared to the SBC-free counterpart. This
aligns with mechanical results showing a higher expansion
ratio, lower density (increased porosity), and reduced Young’s
modulus, leading to greater brittleness. In this case, SBC may
promote glutenin crosslinking in gluten-dominant formulations
by modifying pH or facilitating disulfide bond formation [56,
57]. However, this effect appears inconsistent, as 75Z/SBC/RM
sample exhibits detectable wheat gluten bands at ≈100 kDa. This
suggests that SBC’s ability to promote glutenin crosslinking is
more pronounced when gluten is the dominant protein in the
extrudate formulation but less effective when zein predominates.

4 Conclusion

This study explored the utilization of red mud, a significant solid
waste from alumina production, as an additive in the extrusion of
foams derived fromwheat gluten and zein, which are by-products
of the agricultural industry. Two forms of red mud were assessed:
oxalic acid leachate (HOx), produced through acid leaching of red
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mud powder, and raw red mud powder (RM). Adding HOx did
not significantly alter foamdensities, while RMnotably decreased
the density in the high gluten blend with sodium bicarbonate,
correlating with an open porous structure and high absorption
capacity. Rheological analyses showed that HOx reduced initial
storage modulus and moduli disparity post-glass transition while
slightly increasing storagemoduli, indicating roles as a plasticizer
and crosslinking agent. Conversely, the inclusion of RM substan-
tially increased storage modulus values, indicative of enhanced
crosslinking and potential oxidizing effects. These rheological
trends were corroborated by tensile tests, which showed that both
HOx and RM reduced stress and Young’s modulus, while RM
notably increased the strain of the 75WG foam to 190%. This
indicates a less rigid and dense network with increased chain
mobility between proteins, consistent with a more plasticized
matrix potentially containing long crosslinks. Changes were
also observed in protein secondary structures, favoring more
random coil formations potentially due to plasticizing effects and
metal-protein interactions. Consequently, HOx and RM act as an
additive, enhancing flexibility while impeding stiffness. There-
fore, applications should leverage their ability to accommodate
elastic deformations under low load rather than requiring rigid,
stable structures.
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