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Properties to analyse the thermal stability of the polypropylene (PP)/red mud (RM) polymer composites.

Specifically, it was used to assess the thermal stability of the composites, with results indicating
excellent stability for the 40 wt.% RM composites. Differential Scanning Calorimetry (DSC)
was used to compare the melting temperatures (Tm) of the composites. There is a slight in-
crease in Tm, from 169.08 °C for pure polypropylene to 171.45 °C for the composite with 40
wt% red mud. Furthermore, Dynamic Mechanical Analysis (DMA) results revealed a 58%
reduction from the storage modulus of the pure polypropylene (6.28 x 10° Pa) to the storage
modulus of the composite containing 40 wt% red mud (2.60 x 10° Pa).

The research highlights that red mud (RM) waste is a low-cost, sustainable filler material in
a polypropylene matrix. It enhances thermal stability and structural performance for various
engineering applications.
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INTRODUCTION

The demand for eco-friendly polymers and polymer
composites derived from renewable resources is increasing.
Growing environmental concerns and the depletion of fos-
sil resources drive this demand. The use of waste materi-
als has gained increasing attention due to their advantages
from both environmental and economic perspectives. The
chemical composition of red mud is 37.67% Fe,0;, 5.55%
TiO,, 20.42% Al,O;. Red mud has reddish-brown coloura-
tion and a very fine grain size. The characteristic fine grains
of red mud favour its use as an admixture in mortar and
concrete. The mineralogical composition of red mud varies
with the bauxite source and production method.

Red mud is a waste byproduct produced during the
extraction of alumina from bauxite through the Bayer pro-
cess. Acidic, electrothermic, and basic methods are used for
alumina production. The demand for alumina has increased
with global Al consumption. For one tonne of alumina or
0.5 tonnes of aluminium metal produced, approximately
one tonne of red mud is generated. Red mud is the most
significant waste issue in this industry due to the increas-
ing production of aluminium. Between 120 and 150 million
tons of red mud are produced annually [1]. Disposing of
red mud is challenging due to its toxicity and high alka-
linity. Red mud is a byproduct of aluminium production
and contains hazardous substances, including heavy met-
als and radioactive materials. There are various disposal
methods as follows: 1) Ocean dumping: the mud is released
into coastal waters, 2) lagoons: storing the mud in large
ponds, 3) dry stacking: the mud is stored in a dry form, 4)
dry cake disposal: solidifying the mud before disposal [2].
As aluminium production increases, bauxite consumption
and red mud generation also increase. The accumulation
of red mud causes several environmental problems. Under
hot, dry conditions, dried red mud particles can cause air
pollution through wind dispersion. Moreover, red mud
stored in dams or disposal sites may damage biological and
ecological systems. Red mud is hazardous industrial waste
composed of iron compounds and heavy metals. If disposal
dams are not constructed and managed in compliance with
applicable legislation and engineering standards, red mud
will irreversibly harm living organisms and the environ-
ment. Therefore, the industrial utilization of red mud is a
critical strategy to mitigate its environmental harm, and
research into its safe and sustainable reuse is ongoing [3,4].

Red mud has been assessed in various industrial sectors,
including building materials production [5,6], catalysis [7],
as well as in the development of materials like metal and/or
polymer matrix composites, geopolymers [8,9], iron, steel
manufacturing [10], and ceramics [11].

With the utilization of red mud, environmental pollu-
tion will be prevented, the storage problem will be elimi-
nated, the cost of aluminium production will be reduced,
and an economic contribution will be provided to the met-
allurgy, construction and chemical industries. Red mud has

various potential uses, such as an adsorbent, construction
material, and pigment in the ceramics sector. It can addi-
tionally function as an absorbent for exhaust gases. Another
possible use is the recovery of precious elements from red
mud, including iron, aluminium, titanium, and rare-earth
metals such as scandium, cerium, and lanthanum.

The first article on red mud was published in 1976, but
research on this topic gained much attention only in 2010.
Since then, the number of articles on red mud has increased
rapidly. This rise is primarily due to environmental concerns
about hazardous red mud and interest in adopting circu-
lar-economy practices to manage it. This upward trend is
expected to persist because current research doesn’t provide
enough information to achieve full industrial utilisation of
red mud. However, with further research, the full potential of
red mud can be unlocked, inspiring a new era of sustainable
waste management and circular economy practices [12].

Red mud can be added to polymer materials as a rein-
forcement and filler. In recent years, red mud has been
incorporated into polymer materials, thereby expanding
the use of newly developed blends. Red mud is a plentiful
and low-cost reinforcing material for thermoplastics used
in construction, electrical applications, decorative house-
hold applications, and the packaging industry [13].

Zhang et al’s study reported that as the red mud content
in PP-based composites increased, bending strength, ten-
sile strength, heat deflection temperature, and Vicat soften-
ing point all improved, whereas shock resistance decreased.
In their research, the PP composites reinforced with 15 wt%
red mud exhibited the highest tensile strength [14].

Akincr et al. investigated the impact of red mud content
(10, 20, 30, 40, and 50 wt.%) on isotactic polypropylene/red
mud composites in terms of tension, three-point bending,
and hardness test results. Their findings indicated that as
the red mud content increased, the composites’ hardness
improved, whereas bending strength, tensile strength, and
elongation at failure decreased [15]. Most existing studies
focus on either mechanical or thermal properties individ-
ually, often within a limited range of filler loadings [16,17].
Recent studies have also examined the tribological and
microstructural performance of filler-matrix interaction
and dispersion quality in terms of overall composite per-
formance [18,19].

The originality of this study lies in the use of untreated
red mud, an industrial waste by-product, as a filler in poly-
propylene matrix without surface modification or compat-
ibilizers. Most previous studies focus on chemically treated
red mud or systems designed for better dispersion. This
work provides a direct evaluation of the effects of raw red
mud on the morphological, mechanical, and thermome-
chanical properties of PP.

The main goal is to explore the potential use of waste RM
as a low-cost and sustainable filler in PP matrix. The exist-
ing literature indicates that PP composites incorporating RM
have primarily been examined for their limited mechanical
or thermal properties. In contrast, this study systematically
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investigates the combined effects of varying RM additions
on the dynamic mechanical behaviour, crystalline structure,
and thermal stability of the composites. In this context, the
study aims not only to evaluate the effect of RM on the over-
all performance of PP composites but also to reveal the struc-
ture—property relationships through detailed analyses. This
approach, based on recycling industrial waste, contributes to
both reducing material costs and mitigating environmental
impacts associated with RM storage. The results obtained
are expected to enable RM to find broader applications in
the development of high-performance polymer composites.
Figure 1 shows graphical presentation of the study.

EXPERIMENTAL

Materials

The red mud was obtained from Giiray Seramik Company
in Avanos, Nevsehir, Turkey. The PP (Moplen EP 3307) was
sourced from Lyondell Basell. It has a density of 0.900 g/cm?,
an MFI of 15 g/10 min (230°C, 2.16 kg), and a heat deflection
temperature (0.45 MPa, unannealed) of 95.0°C.

Production of The Composites
The red mud was pre-dried at 85°C for 24 hours to
break down associated hydrates. Then, Siemens Simatic

C7-621 is used to produce powders. The particle size of the
red mud ranged from 38 to 250 micrometres. Solid com-
positions were mechanically premixed with an LB-5601
liquid-solids batch blender for 15 minutes. The composites
were produced using a Microsan extruder at temperatures
of 170-220°C, a pressure of 25-30 bar, and a rotational
speed of 23 rpm. Following extrusion, the polymer com-
posites were dried in a vacuum oven at 80°C for 24 hours.
Finally, test samples were produced using an injection
moulding machine at temperatures of 170-220°C, a pres-
sure of 90-120 bar, and a screw speed of 23 rpm.

Table 1 presents the percentages of polypropylene and
red mud for each group.

Table 1. The makeup of the various polymer composite for-
mulations.

Groups PP (wt %) Red Mud (RM) (wt %)
1 100 -

2 90 10

3 80 20

4 70 30

5 60 40

Raw Materials

Extrusion & Compunding

Sample Production

i
H
[ [
-,Z | |
|
g = |5 it
Teamaiitesn £33

SEM

Figure 1. Graphical presentation of the study.
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CHARACTERIZATION METHODS

Fourier Transform Infrared Analysis

The FTIR Spectrum 100 Perkin Elmer was utilized to
analyze the samples in transmittance mode across a wave-
length range of 600-4000 cm™.

Surface Morphology
The examination was conducted using an EVO LS Zeiss
operating at 3 kV.

X-Ray Diffraction Examination

The measurements were carried out using a Panalytical
X’PERT PRO X-ray diffractometer equipped with mono-
chromatic CuKa radiation, functioning at 45 kV and 40 mA
under ambient conditions.

Dynamic Mechanical Analysis

The DMA 8000 Perkin Elmer was employed for the
analysis. The deformation mode used was single cantilever
bending with a 50 um amplitude, a frequency of 1 Hz, a
heating rate of 5°C/min, and a temperature range of -50°C
to 150°C.

Thermogravimetric Analysis

The EXSTAR TG/DTA 6300 Seiko device was employed
for the assessments. Samples weighing 5-10 mg were placed
in a platinum crucible under a nitrogen environment and
heated from ambient temperature to 800°C at a rate of
10°C/min.

Differential Scanning Calorimetry Examination

The DSC evaluations of the samples (8+1 mg, n=5)
were performed using a Perkin-Elmer Diamond DSC 8230
in a nitrogen atmosphere at a flow rate of 50 mL/min. The
gathered data was then processed using Pyris Software. The
specimens were heated at 10 °C/min over the 20-200 °C
temperature range.

RESULTS AND DISCUSSION

Fourier Transform Infrared Analysis

FTIR spectroscopy uses infrared light to identify chem-
ical bonds in molecules for organic and inorganic materials
[20,21]. Thus, it enables the content of the tested sample to
be determined. FTIR spectra of PP/RM composites blended
in varying proportions (0-40 wt% RM) were shown in
Figure 2.

The main transmittance bands observed in the FTIR
spectrum in this study were consistent with those reported
in the literature [22]. 2918 cm™ (CH,), 2951 cm™ (CH,),
2839 cm™ (CH,), 1457 cm ™' (CH,), 1376 cm™ (CHj,), 1359
cm™ (CH,- CH), 1330 cm™ (CH,- CH), 998 cm™ (CH,),
973 cm™ (CH,;, C-C), 841cm™ (C-H), 808 cm™ (C-C),
1304 cm™, 1223 cm™, 1261 cm™, 1168 cm ™', and 1154 cm™!
(CH,), (CH,), (CH), respectively. The intensity of the char-
acteristic PP bands decreased as RM was mixed with PP
in increasing proportions. In the FTIR spectrum of RM,
the absorption bands were seen at 3437, 2920, 2853, 1745,
1639, 1578, 1560, 1542, 1452, 1402, 995, 802 and 654 cm™
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Figure 2. The FTIR spectra of (a) pure PP, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 40 wt% red mud powder mixed PP

composites.
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[23]. The band at 3437 cm™ corresponds to an envelope of
hydrogen-bonded surface OH groups. The bands at 2920
and 2853 cm! were assigned to the CH, symmetric or
asymmetric stretch of the organic hydrocarbon compound
in the red mud. The absorption band at 1745 cm™ corre-
sponds to the C=0 double bond. The absorption band at
1639 cm™ is attributed to the bending vibration of H-O-H
from water in the structure of the aluminosilicate material.
It is estimated that the band at 1452 cm™ may be due to the
carbonate component originating from calcite. The band at
999 cm™ can be attributed to the stretching of the Si-O-Si
bond [24-26]. FTIR measurements confirmed that RM was
successfully incorporated into the PP matrix. The interac-
tion between PP and RM is mainly physical.

Surface Morphology

Figure 3 shows the surfaces of PP/RM composites with
different weight ratios (0, 10, 30, and 40 wt%) of RM. The
images reveal that RM particle clusters are mixed into the
PP, and as the amount of RM in the composite increases,
there is an increase in the agglomeration of the powder

¢
SEM HV: 20.0 kV
SEM MAG: 2.00 kx

WD: 15.34 mm
Det: SE

SEM HV: 20.0 kV
SEM MAG: 2.00 kx

WD: 15.22 mm
Det: SE

SEM HV: 20.0 kV
SEM MAG: 2.00 kx

SEM HV: 20.0 kV
SEM MAG: 2,00 kx

(Figure 3b-d). The rise in RM concentration leads to the
formation of agglomerates, thereby reducing the storage
modulus. This result was confirmed by the SEM images,
which supported the DMA result.

X-Ray Diffraction Examination

The XRD pattern of the RM, pure and 10 wt.%,20 wt.%,
30wt.% and 40 wt% red mud mixed PP matrix is given in
Figure 4. It can be seen from the XRD pattern of RM, its
composition is composed of many different components
in accordance with the literature. From Figure 4, the main
components of RM are Quartz (5iO,), Dicalcium silicate
(Ca,Si0,), Hematite (Fe,O5), Calcite (CaCO;), Rulite
(Ti0,), Sodium aluminium silicate (Na(AlSiO,)), Gibbsite
(AI(OH);) and Goethite (FeO(OH)). Phase identification
was performed by qualitative peak matching using the
ICDD database within X’Pert HighScore software, and
Rietveld refinement was not applied, as the XRD analysis
was intended to provide qualitative phase identification
rather than quantitative phase analysis for the multiphase
red mud-filled polypropylene composites. [27]. In the XRD

1
WD: 15.53 mm
Det: SE

WD: 15.48 mm
Det: SE

Ll

Figure 3. SEM images of (a) pure PP, (b) 10 wt%, (c) 30 wt%, (d) 40 wt% red mud powder mixed PP composites.



1132

Sigma J Eng Nat Sci, Vol. 44, No. 2, pp. 1127-1137, April, 2026

S T o ©
N NS
w—vy‘f\\mkm =, (d)
WJM - e (C)
=
< (b)
>
~—
Ig 0
g 16.7 -
= 13.9° K
N & —— RED MUD
£
20 40 60 80
20 (°) (3)
T v T v T v T /\\“—*1'
10 20 30 40 50
20 (°)

Figure 4. XRD patterns of (a) pure PP, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 40 wt% red mud powder mixed PP com-

posites.

pattern of the PP matrix given in Figure 4a, two different
crystal planes given in the literature were observed in 20 of
13.9°and 16.7° [28].

Upon analysis of the pattern, it was observed that the
addition of red mud (RM) led to an increase in the crys-
tallization degree of polypropylene (PP). The intensity of
the PP peaks decreased as the ratio of RM mixed with PP
increased. New peaks appeared in the spectrum due to the
mineral substances in the red mud. It is known that the
crystalline nature of the thermoplastic polymer affects its
thermal properties, and thus, modifying the crystallization
process can improve its thermal properties [29-31]. After
XRD measurement, the percentage of crystallinity of red
mud-reinforced polypropylene composites was determined
using the following equation [32]:

I

crystalline

x 100

Percent Crystallinity =

(1)

Icrystulline + Iamorphous

From the results obtained using Equation 1, the per-
centage of crystallinity increased with increasing red mud
content. The percent crystallinity were 90,29% for RM,
80,04% for PP, 80,18% for 10.0 wt% PP/RM composite,
83,75% for 20.0 wt% PP/RM composite, 87,34% for 30.0
wt% PP/RM composite and 94,94% for 40.0 wt% PP/RM
composite (Fig. 5).

The material’s crystallinity increased proportionally
with the increasing concentration of highly crystalline RM

in the matrix. This relationship is reinforced by the detec-
tion of an increasing number of new peaks in the XRD
spectrum as the RM ratio increases, indicating a higher
degree of crystallinity.

Dynamic Mechanical Analysis

Figure 6 compares storage modulus against temperature
for pure polypropylene (PP), and PP compounded with 10
wt.%, 20 wt.%, 30 wt.%, and 40 wt.% red mud (RM). The
storage modulus (E’) of the RM-doped composites was
lower than that of pure PP at lower temperatures. At 25°C,
E’ of pure PP was measured at 6.28 x 10® Pa. However, the
composite with 40 wt.% RM showed a storage modulus of
only 2.60 x 10® Pa at the same temperature, representing a
58% decrease. This reduction is likely due to the increased
agglomeration of red mud particles within the polypropyl-
ene matrix. As the filler loading increases, particle-particle
interactions become more dominant than particle-matrix
interactions [33,34]. The agglomeration reduces the effi-
ciency of stress transfer between the matrix and the filler.
Also, the lack of a compatibiliser or surface treatment weak-
ens interfacial adhesion. This heterogeneous dispersion
reduces stiffness.

Thermogravimetric Analysis

PP is a polymer with low thermal stability. This feature
limits its application areas. PP is mixed with various addi-
tives to improve its thermal properties. This study aimed to
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Figure 5. Percent crystallinity depending on red mud content (0, 10, 20, 10, and 30 wt%).
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Figure 6. Storage modulus of PP/RM composites containing varying amounts (0-40 wt%) of red mud powder.
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Figure 7. TGA thermograms of RM and PP/RM polymer composites with different percentages (0-40 wt%) of red mud
powder.
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Figure 8. DSC measurement results of PP/RM polymer composites with different percentages (0-40 wt%) of red mud
powder.
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enhance PP’s thermal stability by incorporating red mud,
a low-cost waste material. Thermal behaviour of the RM,
pure and 10 wt.%,20 wt.%, 30wt.% and 40 wt% red mud
mixed PP matrix is shown in Figure 7. For RM, the 2.98%
mass loss observed up to 200 °C is attributable to the loss
of physically adsorbed water. The 3.62% mass reduction
within the temperature interval of 200-600 °C is a result of
the dehydroxylation of the FeO(OH) and AIO(OH) phases
in the RM. The 7.98% mass reduction observed at tempera-
tures up to 800 °C can be attributed to the degradation of
the sodalite group in RM [35]. According to the TGA curve
of PP, it’s clear that all the mass loss occurs suddenly within
a specific temperature range, between 374 °C and 476 °C.
Incorporating red mud into PP resulted in mass degra-
dation in two steps. Between 25 °C and 800 °C, the mass
degradation of the composite decreased with increasing
red mud ratio. With increasing temperatures spanning 200-
500 °C, weight losses were 80.8% for 90wt/10wt composite,
79.32% for 80wt/20wt composite, 69.73% for 70wt/30 wt%
composite and 59.96% for 60wt/40wt composite. Within
500-700 °C, weight losses were 1.14% for 90wt/10wt com-
posite, 1.6% for 80wt/20wt composite, 2.68% for 70wt/30wt
composite and 3.22% for 60wt/40wt composite. When
measured between room temperature and 800 °C, the 60
wt/40 wt composite exhibited excellent thermal stability,
as it showed the lowest mass loss. The TGA results unam-
biguously indicate that incorporating red mud significantly
enhances the thermal stability of polypropylene [36,37].

Differential Scanning Calorimetry Examination

Figure 8 shows the DSC melting curves for pure PP and
PP/RM composites with different mixing ratios. The melt-
ing temperatures (T,,) of all samples (pure PP, 10 wt.%, 20
wt.%, 30wt.%, and 40 wt% red mud mixed PP matrix) were
169.08, 169.62, 169.65, 169.77 and 171.45 °C, respectively.
The Tm of the PP matrix shifted to higher temperatures
after mixing with RM, indicating that PP and RM mix well
and interact.

CONCLUSION

This study lies in the systematic evaluation of untreated
red mud, an industrial waste by-product, as a filler in poly-
propylene composites without the use of surface modifica-
tion or compatibilizers. Unlike most previous studies that
focus on chemically treated red mud or dispersion-optimized
systems, this work provides a direct assessment of the intrin-
sic effect of raw red mud on the morphological, mechani-
cal, and thermomechanical properties of PP composites.The
different crystal structures and mechanical properties of RM
influenced the PP-based composites’ thermal and dynamic
mechanical properties. SEM images revealed agglomeration
with increased RM content. At 25 °C, the storage modulus
of pure polypropylene is 6.28 x 10° Pa, whereas it decreases
to 2.60 x 10® Pa for the 60 wt/40 wt composite. There is a
reduction of about 58%. DMA results suggested that the

decreased storage modulus of the composites was due to this
agglomeration. FTIR analysis confirmed that the composites
comprised PP and red mud. The intensity of the PP peaks
decreased with increasing RM ratios, whereas new peaks
appeared in the spectrum due to red mud. The percentage of
crystallinity increased with RM mixed into the matrix, as evi-
denced by new peaks in the XRD pattern. According to X-ray
tests, crystallinity increases from 80.04% for pure polypro-
pylene to 94.94% for the 60 wt/40 wt composite. The melting
temperature rises slightly from 169.08 °C to 171.45 °C as red
mud content increases. The shift of Tm to higher tempera-
tures in the DSC result indicated a good mixing of RM with
PP. Thermogravimetric analysis indicates the composites are
more thermally stable, with less mass loss. The 60 wt/40 wt
composite exhibits the lowest mass loss up to 800 °C. TGA
results demonstrated that low-cost red mud improved the
thermal properties of PP, although it exhibited low thermal
stability. These results suggest that untreated red mud can be
an effective, low-cost filler for polypropylene composites for
engineering applications.

From an economic standpoint, utilizing waste materi-
als can help to create new industries and business oppor-
tunities while also reducing costs associated with waste
disposal. Overall, the utilization of waste materials has the
potential to be a win-win for both the environment and the
economy. These results suggest that untreated red mud can
be an effective, low-cost filler for polypropylene composites
for engineering applications.
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