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ABSTRACT

Red mud (RM), a by-product of aluminum production, poses environmental concerns with 
its disposal. This study explored calcining RM at 600 °C for 0–6 hours to utilize it as a cement 
substitute. Calcination up to 2 hours decreased particle size and increased surface area due 
to moisture loss, while further calcination reversed these effects. XRF analysis showed high 
Fe2O3, Al2O3, SiO2 contents. XRD revealed goethite transformed to hematite and gibbsite to 
alumina. SEM images displayed a loose then denser structure over time. 10% calcined RM 
incorporated into cement showed 2-hour calcined RM exhibited optimal properties, including 
high strength (46.27 MPa) and strength activity index (117.24%). SEM confirmed improved 
C-S-H gel formation with 2-hour calcined RM. In summary, calcining RM optimally at 600 °C 
for 2 hours allows its effective use as a sustainable cementitious material, providing environ-
mental and technical benefits of RM utilization in cement composites.
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1. INTRODUCTION

In recent years, there has been a growing emphasis on 
the development of novel technologies to transform waste 
into value-added products, particularly within industrial 
and mining sectors. This is due to the increased recognition 
that reducing waste is a significant environmental concern. 
By recycling these industrial products, it is possible to mit-
igate potential environmental and health-related complica-
tions, as well as enhance sustainability [1–3]. The present 
study is mainly focused on utilizing alumina industrial res-
idue (i.e., red mud) as a cementing material. Red mud is a 
semi-solid residue produced during the extraction of alu-
mina from bauxite, known as the Bayer process, in alumina 
production. Specifically, for every tonne of alumina extract-
ed, 1.5 tonnes of red mud is generated as a residue [4, 5]. 

According to the Alam [6] & Mymrin [7], 4 billion tonnes of 
red mud is accumulated on open lands. Additionally, more 
than 140 million tonnes of red mud is added to this accu-
mulation from throughout the world every year. Disposal of 
this large amount of red mud is very difficult due to its alka-
line nature and is uneconomical as it requires much land [8]. 
Moreover, this disposal creates several environmental prob-
lems, such as air, water, and land pollution. Recycling of red 
mud is limited due to its fineness and high alkalinity, which 
may create an environmental imbalance [9, 10]. Besides, as 
a waste product, RM does not incur any additional produc-
tion costs nor does it increase emissions; rather, it decreases 
emissions from cement production. Utilizing RM as a sub-
stitute for cement not only addresses storage concerns but 
also has the potential to enhance concrete properties, pro-
vided that it is used in appropriate quantities [11].
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There are mixed opinions regarding the potential of red 
mud as a cementing material in cement/concrete compos-
ites, based on its strength and durability properties. Nikbin 
[12] reported that red mud has low cementing activity and 
shows a negative impact on compressive strength. There-
fore, the usage of red mud is limited to the construction of 
non-structural elements. Su & Li [13] study revealed that 
incorporating 10% RM resulted in a minor reduction in 
the compressive strength of concrete, whereas incorporat-
ing more than 10% led to a significant decrease. A study 
by Yang [14] examined cement mortars that were based 
on red mud. The researchers replaced red mud in varying 
amounts, ranging from 0% to 9%. The results showed that 
the addition of red mud increased the mortar's density and 
improved its compressive strength. According to Ghaleh-
novi [15], the use of red mud in self-compacting concrete 
(SCC) resulted in a decrease of 10% and 20% in compres-
sive strength when the red mud content was 7.5% and 10%, 
respectively. Similarly, Venkatesh [16] reported a 19% de-
crease in the compressive strength of concrete with the ad-
dition of 15% red mud. However, another study found that 
as the amount of red mud used in concrete increased, the 
concrete's strength decreased [17]. The decrease in strength 
can be attributed to the fact that replacing cement with red 
mud, which has low reactivity, reduces the amount of hy-
dration products per unit volume. Contrarily, W. C. Tang 
et al. [18] replaced fly ash with red mud in concrete. The 
study found that as the replacement percentage of red mud 
increased, the compressive strength improved. Specifically, 
when 50% of the fly ash was replaced with red mud, higher 
compressive strength was observed along with good im-
provement in Interfacial Transition Zone (ITZ). Further-
more, XRD analysis showed the presence of hatrurite and 
larnite. For instance, many investigations have started using 
red mud as a secondary or tertiary cementitious material 
in both normal and geopolymer concretes. In their studies, 
researchers have blended red mud with various cementing 
materials, including Slag [19], Metakaolin [20, 21], Fly ash 
[22], GGBFS [23], Phosphogypsum [24], Granite powder, 
and marble powder [25], and silica fume [26]. When red 
mud blend with other cementing materials has shown the 
considerable improvement in their strength and durability 
than its individual usage.

Although using red mud to prepare cement and con-
crete has promising application prospects, the presence of 
sodium in red mud can be detrimental to the strength and 
durability of cement and concrete. As a result, the amount 
of red mud utilized must be carefully controlled, or alter-
natively, the red mud must undergo a process of dealkali-
zation, which ultimately restricts its application in cement 
and concrete production [27]. The conventional methods of 
dealkalization, such as acid neutralization, water leaching, 
and wet carbonation, are efficient. However, they also reduce 
the reactivity of red mud and have a negative impact on the 
performance of concrete. High-temperature treatment is an 
efficient method for enhancing the reactivity of red mud, as 
it can decompose some of its inert phases, such as cancrin-
ite, gibbsite, and aragonite, into reactive ones that can easily 

dissolve in the pore solution [28]. According to Luo [29], the 
ideal temperature for calcination to completely decompose 
cancrinite and birnessite in red mud is 1000 °C for one hour, 
while Danner [30] indicated that calcination at 800 °C for 
15 minutes significantly enhanced the reactivity of red mud 
while decreasing the solubility of sodium. Manfroi [31] per-
formed a calcium hydroxide consumption test and found that 
calcination at temperature of 600 °C for one hour was the op-
timal temperature for activating the pozzolanic reactivity of 
red mud. Liu et al. [32] stated that red mud demonstrated its 
highest pozzolanic activity when it was calcined for 3 hours 
at a temperature of 600 °C, which was attributed to the devel-
opment of poorly-crystallized Ca2SO4. Therefore, the general 
consensus is that calcination is a necessary precondition for 
red mud to exhibit reactivity. Without calcination, red mud 
would remain chemically unreactive in Portland cement 
blends, potentially resulting in weakened strength.

Research significance: Between 2010 and 2023, a total 
of 6,350 research articles were published on red mud as a 
cementing material, but less than 50 articles focused on the 
effect of calcination on red mud (The data was collected 
from Google Scholar using the following search limitations: 
a custom range in years from 2010 to 2023, article type set 
to research articles, and the keyword 'red mud as cementing 
material'.) There are varying opinions on the ideal calcina-
tion temperature for red mud, as its chemical composition 
differs from one location to another. The red mud produced 
by Indian aluminium industries, in particular, has limited 
usage in cement and concrete production due to a lack of 
literature on its cementing properties. Addressing this re-
search gap, the present study conducted a comprehensive 
investigation into the physical and chemical properties of 
red mud, as well as its cementing activity when calcined at 
temperatures ranging from 600 °C for 1 hour to 6 hours. 

2. MATERIALS AND METHODS

2.1. Materials
The present study obtained red mud from the NALCO 

in Orissa, India, which was in the semi-solid form with 
30–40% moisture content during collection. It was dried 
in a laboratory (approximately 30 ºC) for 3 days and then 
ground in ball mills. OPC-53 Grade cement was used for 
compressive strength and strength activity index tests, and 
all properties were within the limits of ASTM C150 [33]. 
Specifically, the specific surface area was 300 m2/kg, and the 
specific gravity was 3.12. Table 1 illustrates the Non-cal-
cined red mud (NC-RM) and cement chemical composi-
tions. The fine aggregates were used in accordance with IS: 
383–2016 [34] and Table 2 shows its physical properties.

2.2. Calcination Process
In this study, a high-temperature muffle furnace was used 

for the calcination of red mud (RM), and a heating rate of 
10 °C/min was maintained throughout the calcination pro-
cess. The RM was calcined at a temperature of 600 °C for 1–6 
hours and it is cooled at ambient air temperature for 5 hours 
in the laboratory after which it was ground in ball mills.
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2.3. Characterization Methods
In this study, the specific surface area of both calcined 

and non-calcined red mud samples was determined using the 
Micromeritics Gemini 237 and Gemini V instruments. Sim-
ilarly, the particle size of the red mud samples was measured 
using the SZ-100Z nanoparticle analyzer from Horiba Ltd., 
Japan. The STA72000 thermal analyzer was used in this study 
to perform TG-DTA. Nitrogen (N2) was used as a stripping 
gas, and all red mud samples were heated at a temperature 
range of 20 °C to 600 °C with a heating rate of 10 °C/min, 
as per Wu [35]. The Rigaku MiniFlex 600 with the following 
parameters was used to identify XRD patterns/phases: 40 kV 
voltage and 15 mA current, step scan of 0.0200º, scan range 
from 10º to 70º (2Ɵ), a scan speed of 100.00 deg/min, and 
CuKa/1.541862 A wavelength. VEGA 3 SBH, TESCAN Bmo. 
S.R.O., CZECH REPUBLIC, was used for identifying the sur-
face morphology of calcined and non-calcined red mud sam-
ples. In the present study, the X’pert HighScore software tool 
has been used to analyze the XRD results, and it is supported 
by the new ICDD PDF-4+/Web licenses.

2.4. Mix Proportions
According to ASTM C109/C109M [36], the mix pro-

portions of cement mortar samples are calculated, and the 
proportional ratios are as follows: 1:3:0.52 (i.e., binder: fine 
aggregates: water-to-cement ratio). In this study, 10% of var-
ious calcined red mud has been replaced with cement in all 
the mixes. A total of 48 mortar samples (with a size of 50 mm 
on each side of the cube) are prepared and cured for 7 and 
28 days in portable water, following ASTM C31/C31M [37].

2.5. Strength Activity Index
The compressive strength and strength activity index 

(SAI) tests are evaluated on the red mud-induced cement 
mortar samples according to the ASTM C109/C109M [36] 
and ASTM C311/C311M [38] standards. Equation 1 is used 
to evaluate the strength activity index of red mud-induced 
cement mortar samples.

3. RESULTS AND DISCUSSION

3.1. Calcination Effect on Physical Properties of Red 
Mud
In this study, particle size analysis was conducted on 

the calcined red mud particles, as shown in Figure 1. The 
results show that all the red mud particles fall within the 
range of 1–50 µm, with an average particle size of 8 µm. 
The specific surface areas were measured using the BET 
apparatus and are illustrated in Table 2. Non-calcined red 
mud has a specific surface area of 1.86 m2/g, which increas-
es to 2.2 m2/g after 2 hours of calcination. This increase is 
attributed to the loss of moisture in the particles and the 
destruction of alumina silicates present in the red mud par-
ticles, as mentioned by Liu [32]. They also state that specific 
surface area values decrease to 1.95 m2/g after 6 hours due 
to particle aggregation. According to Wu [35], the crystal-
linity of red mud particles increased with the enlargement 
of red mud particle size and the reduction in specific sur-
face area resulting from calcination. Nath [39] have made 
similar conclusions, stating that particle size is enriched up 
to 200 ⁰C of heating due to improved crystallinity. However, 
particle collision observed at a temperature of 500 ⁰C leads 
to a reduction in particle size.

In this study, the specific gravity of red mud was mea-
sured according to IS 4031 Part-11 (1988) [40]. Table 3 
illustrates the variations in the specific gravity of red mud 
when calcined at a temperature of 600 °C for 1 to 6 hours, 
and it is compared with non-calcined red mud. The spe-
cific gravity of red mud decreased by about 1.65% during 
2 hours of calcination compared to non-calcined red mud, 
attributable to moisture loss in the particles. However, af-
ter 2 hours of calcination, the specific gravity values in-
creased from 0.4% (at 3 hours) to 3.25% (at 6 hours). This 
effect can be attributed to agglomeration between the red 

Table 1. Chemical composition (weight %)

 SiO2 Fe2O3 Al2O3 CaO MgO Na2O TiO2 K2O LOI

OPC 21.26 4.81 4.99 63.71 1.32 0.36 – 0.38 3.17
NC-RM 13.98 21.37 20.97 4.49 0.39 8.12 11.87 3.6 15.21

Table 2. Physical properties of aggregates

 Specific gravity  % of water absorption Fineness modulus Bulk density

Fine aggregates  2.69 1.10 2.56 1.46

Figure 1. Particle size distribution of various calcined red 
muds.
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Figure 2. TG-DTA analysis of calcined red muds (a) NC-RM, (b) RM1HR, (c) RM2HR, (d) RM3HR, (e) RM4HR, (f) 
RM5HR and (g) RM6HR.

(a)

(c)

(e)

(g)

(b)

(d)

(f)
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mud particles Zhang [41] and Wang [42] reported that 
specific gravity values significantly varied when red mud 
was thermally activated.

In this study, thermogravimetry analysis was conducted 
on all calcined red mud particles to measure the mass loss, 
as shown in Table 3. Figure 2 depict the TG-DTA curves 
of all calcined red mud particles. The mass of the red mud 
particles varied with different calcination durations: 4.7% 
for non-calcined, 7.94% for 1 hour at 600 ⁰C, 12.82% for 
2 hours at 600 ⁰C, 4.47% for 3 hours at 600 ⁰C, 4.34% for 
4 hours at 600 ⁰C, 4.14% for 5 hours at 600 ⁰C, and 4.04% 
for 6 hours at 600 ⁰C. However, the reason for the mass loss 
observed up to 2 hours of calcination was attributed to dis-
sipation of physical and chemically bound water.

Based on the obtained results, it was observed that all 
the physical properties, namely specific gravity, particle 
size, specific surface area, and mass loss, exhibited simi-
lar behavior. The calcination of red mud significantly in-
fluenced its physical properties. However, moisture loss 
was observed in the red mud for up to 2 hours of calcina-
tion. Subsequently, the physical properties were enhanced, 
which can be attributed to particle agglomeration.

3.2 Calcination Effect on Chemical Properties of Red 
Mud
Table 4 displays the chemical composition of red mud 

under different calcination durations at a temperature of 
600 ⁰C. Alumina, silica, and iron oxides were found to 
be the major components in all calcined red mud sam-
ples. Among them, the red mud subjected to a 2-hour 
calcination at 600 ⁰C exhibited higher levels of silica and 
calcium oxide compared to the other calcined red mud 
samples. This increase in silica and calcium oxide con-
tent contributes to the enhanced cementitious activity of 
the red mud particles.

In this study, X-ray diffraction analysis was conduct-
ed to evaluate the phase transformations in red mud 
during calcination at a temperature of 600 ⁰C for dif-

ferent durations (1 to 6 hours), as shown in Figure 3. 
The following mineralogical phases/compounds were 
identified: 1. Goethite (FeO(OH)), 2. Hematite (Fe2O3), 
3. Gibbsite Al(OH)4, 4. Boehmite (AlO(OH), 5. Alu-
mina-(Al2O3), 6. Lawsonite-(CaAl2Si2O7(OH)2(H2O), 
7. Margarite-(CaAl2(Si2Al2O10)(H2O), 8. Rutile-(TiO2), 
9. Perovskite (CaTiO3), 10. Sodium titanium oxide(Na-
2TiO3), 11. Quartz-(SiO2), 12. Sodalite-(Na7.89(AlSiO4)6(-
NO3)1.92, 13. Sillimanite-(Al2(SiO4)O.

Gibbsite was observed at 2Ɵ=14.47 with a d-spac-
ing of 6.1215 in non-calcined red mud. However, after 1 
hour of calcination at 600 ⁰C, it transformed into boeh-
mite due to moisture loss in the particles. Subsequently, 
boehmite further converted into alumina after 2 hours 
of calcination at 600 ⁰C. Hematite showed no significant 
phase changes throughout all the calcined durations, 
with traced positions at 2Ɵ=33.20, 35.68 and d-spacing 
of 2.6982, 2.5164. According to Nath [39], hematite re-
mains stable up to 1200 ⁰C.

Table 3. Physical properties of red mud after calcination

 NC-RM RM1HR RM2HR RM3HR RM4HR RM5HR RM6HR

SSA (m2/g) 1.86 1.95 2.2 2.16 2.1 2.05 1.95
Mass loss (%) 4.7 7.94 12.82 4.47 4.34 4.14 4.04
Specific gravity 2.46 2.44 2.42 2.47 2.5 2.51 2.54

Table 4. Chemical composition of calcined red mud (weight %)

Temp/time CaO Al2O3 Fe2O3 SiO2 Na2O K2O TiO2 MgO LOI

NC-RM 4.49 20.97 21.37 13.98 8.12 3.6 11.87 0.39 15.21
RM1HR 7.53 26.15 22.54 17.6 5.44 3.03 7.92 0.84 8.95
RM2HR 10.84 22.62 21.79 21.92 3.87 1.89 5.5 0.65 10.92
RM3HR 9.66 24.63 22.47 19.82 5.03 2.48 6.72 0.92 8.27
RM4HR 8.44 21.08 24.01 19.46 5.81 2.19 7.01 1.26 10.74
RM5HR 8.54 22.54 24.06 18.47 8.24 2.27 7.19 0.41 8.28
RM6HR 12.3 20.2 21.46 16.89 10.35 2.22 8.17 0.33 8.08

Figure 3. X-ray diffractogram of calcined red muds.
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Lawsonite transformed into sodalite, which explains the 
separation of calcium oxide during the calcination process. 
Rutile, initially present in the non-calcined red mud, changed 
to perovskite after 1 hour of calcination at 600 ⁰C, and further 
calcination resulted in the complete transformation to sodi-
um titanium oxide. S.N. Meher [43] also observed similar 

phase transformations, from rutile to perovskite. This phase 
change suggests that the calcium oxide present in the red mud 
may react with titanium oxide and form perovskite (CaTiO3).

Quartz was detected between 2Ɵ values of 25 to 30 in 
the 2-hour calcined red mud, and it continued to be present 
in further calcined red mud samples as well. The chemical 

Figure 4. TG-DTA analysis of calcined red muds (a) NC-RM, (b) RM1HR, (c) 
RM2HR, (d) RM3HR, (e) RM4HR, (f) RM5HR and (g) RM6HR.

(a)

(d)

(g)

(b)

(e)

(c)

(f)

Table 5. Elemental composition of calcined red mud replaced mixes (weight %)

Mixes    28 days

 O Ca Si Al Fe Ca/Si Total

NC-RM 56.51 22.69 16.91 3.19 0.7 1.34 100
RM1H 56.45 21.42 18.17 3.1 0.86 1.18 100
RM2H 58.71 18.2 19.19 3.09 0.81 0.95 100
RM3H 57.89 18.91 19.1 3.05 1.05 0.99 100
RM4H 61.01 21.05 15.25 2.24 0.45 1.38 100
RM5H 55.52 25.59 15 3.19 0.7 1.71 100
RM6H 55.52 24.42 16.1 3.1 0.86 1.52 100
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composition results (mentioned in Table 3) also indicated 
the presence of stable or higher levels of silica (SiO2) after 2 
hours of calcination.

Scanning electron microscopy (SEM) analysis was con-
ducted to examine the surface morphology of red mud 
particles during various calcination processes. Figure 4 il-
lustrates the SEM images of different calcined red mud par-
ticles. Microscopic observations revealed that the red mud 
particles exhibit an irregular shape. However, up to 2 hours 
of heating at 600 ⁰C, the red mud particles maintain a loose 
structure. In particular, Figure 4c shows a more poorly crys-
talline structure compared to others, which may indicate 
higher reactivity and better cementitious activity. A simi-
lar conclusion was made by Liu [32], stating that red mud 
forms a poorly crystalline structure when thermally acti-
vated, providing ideal cementitious activity. Subsequently, 
a dense structure is observed from 2 hours to 6 hours of 
heating at 600 ⁰C as the particles undergo agglomeration, 
resulting in their combination with surrounding particles. 
Similar observations regarding the physical properties of 
red mud were made in this study.

3.4. Calcination Effect on Cementitious Properties of 
Red Mud
The present study conducted the strength activity index 

test according to ASTM C311/C311M [38] to investigate 
the cementitious properties of red mud particles. In this re-
gard, the cement mortar mixes were prepared by replacing 
the 10% of cement by calcined red mud (Calcined at a tem-
perature of 600 ⁰C during 1 to 6hours). The results showed 
that the cement mortar samples containing 600 ⁰C@2hr 
(i.e., RM2HR) calcined red mud exhibited high strength, 
specifically 46.27 MPa, as shown in Figure 5. This effect can 
be attributed to the higher percentage of silica and the in-
creased specific surface area of the red mud particles, which 
enhance the hydration process of the cementitious matrix.

Figure 6 illustrates the strength activity index percent-
ages of calcined red mud induced cement mortar mixes; 
107.65% for RM1HR, 117.24% for RM2HR, 102.78% for 
RM3HR, 82.29% for RM4HR, 80.27% for RM5HR, and 
79.29% for RM6HR. According to the ASTM C311/C311M 
[38], Wang et al. [44] and [45, 46] If the strength activity in-
dex values exceed 75%, the material exhibits good cementi-

tious properties and is suitable for use as a cementitious ma-
terial in concrete/mortar. Microstructure analysis revealed 
that red mud possesses significant cementitious properties 
as like cement. SEM images in Figure 7 indicate the forma-
tion of C-S-H (calcium silicate hydrate) and CH (calcium 
hydroxide). Notably, the cement mortar mixes with 2hr 
calcined red mud replacement exhibited better C-S-H gel 
formation than other mixes, as observed through the Ca/
Si ratios in the elemental composition of red mud replaced 
mixes, as shown in Table 5. The RM2HR calcined red mud 
containing mortar mix has low Ca/Si of 0.95 this is the 
reason for achievement of high strength (i.e., 46.27 MPa) 
and strength activity index values (i.e., 117.24%). Accord-
ing to Rossignolo [47] and MSR chand [48], the presence 
of C-S-H can be justified by the Ca/Si ratio of the EDXA 
(Energy-Dispersive X-ray Analysis) elemental weight per-
centages. A Ca/Si ratio ranging from 0.8 to 2.5 confirms the 
presence of C-S-H gel, while a lower Ca/Si ratio indicates 
a stronger or higher C-S-H gel formation Venkatesh [49].

4. CONCLUSIONS

In this study, red mud, a by-product of the Indian alu-
mina industry (specifically NALCO), was calcined at a tem-
perature of 600 ºC for 1 to 6 hours to evaluate its potential 
usage as a cementing material in cement/concrete produc-
tion. The following conclusions were drawn after compre-
hensive assessments of its physical, chemical, morphologi-
cal, and cementing properties.
• Chemical evaluation studies have identified that red 

mud contains abundant amounts of silica, iron oxide, 
and alumina. In the case of calcined red mud at 600˚C 
for 2 hours (600˚C@2hr), it was found to contain 10.84% 
CaO, 21.92% SiO2, and 22.62% alumina, making it more 
suitable as a cementing material.

• Based on the XRD analysis, hematite remained stable 
throughout the calcination process. However, gibbsite 
in non-calcined red mud transformed into boehmite at 
RM1HR, and further calcination at 600 oC for 2 hours 
resulted in its conversion into alumina.

• The RM2HR calcined red mud replacement mixes ex-
hibited high compressive strength and strength activi-
ty index values, specifically 46.27 MPa and 117.24%. It 

Figure 5. Compressive strength. Figure 6. SAI Vs. Compressive strength.
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was observed that this particular red mud contained a 
higher amount of silica (21.92%), a large specific surface 
area (2.2 m2/g), and a poorly crystalline structure. These 
factors played a positive role in the cementing activities.

• Finally, NALCO-produced red mud can be utilized as a ce-
menting material in cement/concrete production after un-
dergoing calcination at a temperature of 600 ºC for 2 hours.
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