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Red mud (RM) is a solid waste, considered a hazardous waste due to its high pH and
heavy metals concentration. Therefore, this study investigates the potential use of co-calcined red
mud and kaolin clay as a pozzolanic material and further comparison with fly ash, RM and calcined
RM. The resulting cement composite was characterized by using a pozzolanic reactivity test (lime
reactivity test, Strength Activity Index (SAI) and Frattini test). RM and kaolin clay (70:30) were
co-calcined together at 800°C for 1 h, and the resultant mixture was partially replaced by OPC
cement at a 30% substitution rate. Further, fresh, hardened and microstructural properties were
conducted to evaluate the performance of composite cement. The initial and final setting times of
the co-calcined RM mix were 65 and 260 min, respectively, and compressive strength was 25.4 and
29.2 MPa at 7 and 28 days, respectively. XRD and FTIR analysis showed the formation of C-S-H and
C-(A)-S-H phases, which are responsible for strength development. Co-calcined red mud demon-
strates the highest surface area (6.13 m2/g) with a further reduction in pore diameter (~28.7 nm).
The total electric energy consumption and global warming potential (kg CO, eq) (as per LCA anal-
ysis) for the production of composite cement containing co-calcined RM were reduced by 12.41%
and 20.80%, respectively, as compared to OPC cement. The research proves the application of
co-calcined red mud as a sustainable substitute for conventional supplementary cementitious

materials.

Red mud; co-calcination; kaolin clay; pozzolanic material; waste utilization; low carbon

cement

1 Introduction

The construction sector faces with the dual chal-
lenge of minimizing its ecological footprint while
meeting the growing global demand for infra-
structure and housing. Cement manufacturing
is a major contributor to the industry’s envi-
ronmental impact, accounting for nearly 8% of
global carbon dioxide emissions [1]. Portland
cement is the most widely used binding material
in construction during the 21t century. Glob-
ally, India is the second-largest cement consumer
after China. By 2023, global cement production
reached about 4100 million tons (MT), with China
contributing 2100 MT (51.2%) and India 410 MT
(10%) [2]. Consumption of cement is expected to
increase by 6-10% each year, which may double
the size of the market in 8-12 years. During this
period, the Indian government has also set a tar-
get of reducing industrial CO, emissions. Yet, the
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cement sector is confronted with a serious chal-
lenge in terms of limestone reserves and power
shortages because of constrained coal supplies. If
these issues remain unresolved, cement produc-
tion could decline or even cease in the future [3].
In addition, the cement industry is encountering
obstacles because of the scarcity of natural raw
materials. As a result, our primary objective is
to identify supplementary cementitious materi-
als [4, 5]. Furthermore, several kinds of indus-
trial wastes, such as red mud (RM), are frequently
released into the environment without any prior
treatment, as they are typically decomposed in
landfills [6, 7]. The utilization of this waste as
a supplementary cementitious material (SCM) in
cement manufacturing contributes to sustainable
development by reducing waste disposal volume
and conserving natural resources [8-10].

When bauxite is processed into alumina by the
Bayer process, red mud (RM) is generated as an
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industrial waste [11]. RM mainly composed of
Al,0,, Fe,0, and SiO,, which is around 75-80%.
Iron oxide is responsible for the red colour of the
red mud. For every tonne of alumina produced,
1-1.5 tonnes of RM are generated, amounting to
over 95% of global alumina output. In 2020, global
RM production exceeded 175 million tonnes, cor-
responding to an alumina output of 133 million
tonnes [12]. India’s annual production of red mud
was estimated to be around 9 to 10 million tonnes
[13]. Red mud is known for its high alkaline pH
and the presence of numerous chemical compo-
nents. Contact with landfill water may cause the
leaching of alkaline chemicals and other contam-
inants. This seepage can contaminate the ground
and groundwater within the area [14]. Kaolin clay
is an aluminosilicate mineral occurring naturally
and developing mainly as a result of weathering
aluminium-rich silicate rocks, most often feldspar.
It possesses a layered structure of tetrahedral silica
sheets bound to octahedral alumina sheets, with
a typical composition of 45-55% SiO,, 35-40%
Al 0,, and 12-14% H,0. In its raw form, kaolin
exhibits negligible pozzolanic activity. Thermal
activation between 600-800°C induces dehydrox-
ylation and structural reorganization, producing
metakaolin, which is a highly reactive pozzolanic
material. The suggestion to co-calcine RM with
kaolin clay or coal gangue additives introduces a
new mechanism for generating an enhanced poz-
zolanic product [15].

Jin et al. [15], emphasize that co-calcination
takes advantage of the synergistic interactions
between RM and other compounds, which exhibit
greater pozzolanic activity. These interactions
were achieved through thermal activation, which
transforms raw materials into reactive aluminos-
ilicates. For instance, Peys et al. [16] demonstrated
that co-calcination under optimal temperatures
(approximately 750°C) yields materials with com-
pressive strengths similar to or better than those
of conventional supplementary cementitious
materials (SCMs). In a particular study, mortars
containing 30% co-calcined red mud and kaolin
clay exhibited compressive strengths of 739,
87%, and 889% compared to Portland cement at
curing ages of 2, 7, and 28 days, respectively.
The co-calcined RM and the calcined clay refer-
ence samples both had comparable compressive
strengths when mortars were made with a 30%
substitution of CEM I. Co-calcination of red mud
with low-grade kaolinitic clay produced an SCM
with reduced free sodium concentration and mod-
erate reactivity. Zhang et al. [17] investigated coal
gangue and kaolin clay as additives to enhance
pozzolanic activity and mechanical properties.
These materials supply silica and alumina, which
react with calcium hydroxide during hydration
to improve strength and durability. Besides the
technical advantage, the co-calcination process
also mitigates environmental issues related to RM
disposal through the suppression of heavy metal
leaching. The process also aligns with global

sustainability goals by reducing the carbon foot-
print of cement production and promoting waste
valorization. Peys et al. [18] found that the poz-
zolanic reactivity of co-calcined RM also depends
upon the purity of kaolin clay. The desired reac-
tivity can be obtained by optimizing the RM and
kaolin clay ratio. The adequate reactivity can be
acquired using 40% kaolinite content in kaolin
clay. Arruda et al. [19] prepared a pozzolanic
pigment through the calcination and grinding of
red mud and kaolin waste. The obtained pozzola-
nic pigment exhibited better behaviour than the
commercial pigment in mechanical resistance,
sodium leaching reduction and higher colour sta-
bility due to the decrease in efflorescence. Zhang
et al. [20] demonstrated that RM and coal gangue
could replace up to 50% of raw materials to pro-
duce silica-alumina-based cementitious materials.
C-S-H gel and ettringite were the major hydration
products of red mud and coal gangue added mix-
ture, which were mainly accountable for strength
development. The concentration of Ca(OH),
increased first but then decreased after it attained
the maximum value at 21 days. Furthermore, the
C-S-H gel composition shifted towards higher Si,
Al, and Na contents with increasing hydration
age, while Ca content decreased.

This study explores the use of co-calcined red
mud with kaolin clay mixture as a pozzolanic
material for cement-based composites. The pri-
mary concern of this study is to assess the via-
bility of co-calcined red mud with kaolin clay as
a cement replacement in OPC variants in com-
parison to fly ash and other SCMs such as red
mud and calcined red mud. In addition, the sig-
nificance of this investigation lies in evaluating
variations in the source of raw materials, espe-
cially red mud and kaolin clay collected from dif-
ferent parts of the Indian subcontinent, that affect
the pozzolanic reactivity and performance of the
developed co-calcined red mud and kaolin clay
blend. Because the chemical and mineralogical
composition of these raw materials can vary con-
siderably with location, such variations are likely
to influence the phase transformation behaviour
during the co-calcination process, including the
degree of conversion from crystalline to amor-
phous phases. In addition, the presence of vary-
ing amounts of silica, alumina, iron oxides, alkali
content, and other impurities may alter the ther-
mal reaction pathway, formation of new phases,
and the overall development of microstructure
and strength development. This study explores the
pattern of behaviour of combined red mud and
kaolin clay when calcined in an attempt to deter-
mine sustainable cement replacement products.
The resulting cement composite was characterized
by the pozzolanic reactivity test (lime reactivity
test, Strength Activity Index and Frattini test).
Furthermore, RM and kaolin clay (70:30) were
co-calcined together at an optimized temperature
of 800°C for 1 h, and then this resultant mixture
was partially replaced by OPC cement at a 30%



substitution rate. Further, fresh (setting time),
hardened (compressive strength) and microstruc-
tural properties (XRD, FTIR, surface area and pore
size distribution) were conducted to evaluate the
performance of composite cement and then com-
pared with fly ash, raw RM, and calcined RM mix.
In addition to reporting experimental results, the
manuscript systematically studied the relationship
between thermal activation (co-calcination) con-
ditions, mineral and amorphous content transfor-
mation, pozzolanic reactivity, and the resulting
physico-mechanical and microstructural proper-
ties of the developed SCM system. Therefore, this
study also provides a scientific interpretation of
the mechanisms governing the performance of co-
calcined red mud-based SCMs. The results of this
research can minimize red mud environmen-
tal impacts during disposal, while creating an
environmentally friendly cement manufacturing
process. The co-calcination process enhances the
pozzolanic activity of red mud to produce desired
alternative cement materials that meet both envi-
ronmental requirements for red mud disposal as
well as climate change mitigation.

2 Materials and methods

2.1 Materials

The raw materials employed in this study were
red mud (Jharkhand, India), kaolin clay (Rajas-
than, India), class F fly ash (Uttar Pradesh, India),
and OPC cement (JK Super Cement). The chemical
composition of the raw materials is presented in

2.2 Methods

After the procurement of raw material, red mud,
kaolin clay and fly ash were kept in an oven at
100 + 10°C for the removal of moisture content.
The red mud and kaolin clay (70:30) ratio was
selected as per previous literature [16]. This mix
ratio was interground in a ball mill for unifor-
mity of mix and to obtain the desired particle
size. The resultant mix underwent calcination at
a temperature of 600-800°C for 1 h. The parti-
cle size distribution of the co-calcined mix after
co-calcination was D,y—1.60 pm, D.,-8.98 pm at
600°C, D,,-1.52 pm, D,,—-8.94 pm at 700°C and
D,,-1.26 pm, D,;,-8.47 pm at 800°C. XRD anal-
ysis of co-calcined mix at different temperatures
as shown in . The smoothing and base-
line correction were applied in the XRD graph to
minimize background noise and slope or uneven

Chemical composition of raw materials (wt%)

baseline. The crystalline phases of the co-calcined
mix at different temperatures were quantified
using Rietveld refinement (Bruker Topas v5 soft-
ware). In the QXRD-Rietveld analysis, rutile with
97.5% crystallinity was used as the external ref-
erence for calibrating amorphous content.
shows the Rietveld quantitative phase analy-
sis of co-calcined mix at different temperature
ranges. The content of quartz, hematite, and ana-
tase remains unaffected during the co-calcination
temperature (600-800°C) due to its crystalline in
nature. The kaolinite, boehmite and calcite content
were completely decomposed up to 800°C, indi-
cating the transformation to a reactive amorphous
phase. Also, the desilication phase (cancrinite)
was partially decomposed, leading to the for-
mation of an amorphous phase. This crystalline-
to-amorphous transformation is specifically
important because it dominates the availability
of reactive silicate/aluminosilicate phases and
thereby controls the pozzolanic reactivity. It
was observed that amorphous content increases
from 63.7% to 78.6% with an increment in co-
calcination temperature, resulting in an enhanced
pozzolanic reactivity. The kaolinite peak (around
12° (20)) in the co-calcined mix was reduced as the
co-calcined temperature increased, due to complete
transformation to the highly reactive metaka-
olin phase. In addition, the desilication phase
cancrinite at 24.5° (20) transforms to the reac-
tive amorphous phase during the co-calcination
process. Therefore, co-calcination of red mud and
kaolin clay was optimized at a temperature of
800°C for 1 h. A similar temperature was used
in the case of red mud to make calcined red mud.
This calcined mixture was followed by sudden
cooling after the respective calcination tempera-
ture. Various pozzolanic reactivity tests were car-
ried out on fly ash, raw red mud, calcined red
mud, and a co-calcined red mud mix, as per the
relevant standards. Furthermore, OPC cement
was substituted by SCM at the amount of 30%.
The replacement level of OPC cement by SCM was
taken from previous literature [16, 18]. After that,
casting for various properties was carried out,
followed by testing as per the relevant standard.
The results were compared with fly ash, raw red
mud, and a mix of calcined red mud containing
a mix at the same OPC cement replacement ratio.
The standard consistency test, performed using
Vicat’s equipment, indicates the quantity of water
required to develop a workable cement paste, as
stated in IS: 4031 (Part 4) [21]. The initial and

Raw Material  SiO, Al,0; Fe,05 Na,0 TiO, CaO MgO K,0 P,05 S0, LOI

Red mud 16.83 16.9 35.24 12.40 7.53 1.22 0.15 0.08 0.38 - 9.27
Kaolin clay 48.54 20.43 8.95 0.21 2.35 2.58 0.96 0.75 - - 15.5
Fly ash 60.69 24.72 4.86 0.06 1.67 0.65 0.5 1.56 0.37 - 1.76
OPC cement 21.32 5.02 3.10 0.90 - 61.59 2.17 0.45 - 2.54 2901
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XRD analysis of co-calcined red mud and kaolin clay at different temperatures from (a) 600°C for 1 h (b) 700°C

Rietveld quantitative phase analysis (wt%) of co-calcined red mud and kaolin clay
(70:30) at different temperature ranges from 600-800°C for 1 h

Mineral Phase Chemical Formula 600°C 700°C 800°C
Quartz Si0, 2.78 2.74 2.47
Kaolinite ALSi,05(0H), 11.04 0.97 0.27
Hematite Fe,05 13.48 14.25 14.34
Goethite FeOOH 1.93 2.42 1.83
Anatase TiO, 0.52 1.35 0.72
Boehmite v-AlO(OH) 1.23 0.07 0.02
Cancrinite NagCa,Al¢Siz0,,(CO5), 4.21 1.64 1.22
Calcite CaCO; 1.11 0.99 0.50
Amorphous 63.70 75.57 78.63
Rep 6.80 5.68 6.12

final setting times were calculated using Vicat’s
equipment in accordance with IS 4031 (Part 5)
[22]. Delaying the hardening and hydration pro-
cess requires a sufficient initial setting time. The
first setting occurs when the cement paste begins
to lose its plasticity. The final setting occurs when
the cement paste loses its plasticity fully.

For the lime reactivity test, the mortar was pro-
duced using 1:2M:9 (lime: pozzolana: sand) (IS
1727:1967) [23]. M represents the specific gravity
ratio of SCM to lime. The mortar cube samples that
are prepared are moist-cured at 50°C for a period
of eight days. After a period of eight days, the
compressive strength of the samples was assessed.



For the Frattini test, 16 g of OPC and 4 g of
sample were mixed with 100 mL of distilled water
and kept in an oven at 40°C for 8 days, and then
the sample was filtered through filter paper. The
filter solution was then subjected to titration for
OH- and Ca?* ion concentration. The concentra-
tion of OH- was determined by titration with a
0.1 mol/L diluted hydrochloric acid solution in the
presence of a methyl orange indicator. The pH of
the titrated solution was adjusted to 12.5 + 0.2
by adding sodium hydroxide, and then the Ca?*
concentration was determined by titration with
a 0.03 mol/L EDTA solution in the presence of
murexide indicators (EN 196-5:2011) [24].

The strength activity index (SAI) is an SCM mix
strength ratio relative to a control mix strength
(ASTM C311-11b) [25]. It involves comparing
the compressive strength of a test mortar, where
a portion of Ordinary Portland Cement (OPC) is
replaced with the SCM, against a control mortar
made entirely of OPC. This test was conducted at
7 and 28 days. For this test, mortar was prepared
with cement: SCMs (80:20), and w/c was main-
tained as per the workability of each mix using
a flow table.

Compressive strength is a crucial mechanical
property examined in almost all research studies.
It is assessed using a universal testing machine
(UTM) and is determined as the highest stress a
cube specimen can endure before it fractures. The
compressive strength of the RM-added composite
cement was measured. For this test, a 1:3 ratio
(RM added cement composite: sand) was used. The
50 mm? size of the mould used for casting the
cube, followed by curing of the mortar cube for 7
and 28 days. Compression tests were performed
after the relevant curing days.

X-ray diffraction (XRD) (Make: Rigaku, Japan;
Model: D-Max 2200) was utilized to obtain exten-
sive information on the mineralogical composi-
tion and crystalline structure of the samples. The
entire spectrum of diffraction angle with respect
to the corresponding incident angle was used to
identify the material. The system was operated
under an N, filter at room temperature, with an
optimal diffraction angle range of 5° to 80° (26)
under 40 kV, 25 mA conditions.

Fourier Transform Infrared (FTIR) spectroscopy
was employed to investigate the functional groups
and bonding characteristics of the hydrated mor-
tar samples. The spectra were recorded in the
region ranging from 4000 to 400 cm™!, and aver-
aging 16 scans was performed to ensure accuracy.

The Brunauer-Emmett-Teller (BET) surface
area and pore size distribution of the hydrated
mortar samples were determined using nitrogen
adsorption-desorption isotherms. Prior to analy-
sis, the samples were degassed under N, at 50°C
for 6 h to remove adsorbed moisture and contam-
inants. The adsorption isotherms were recorded
at liquid nitrogen temperature (77 K), and the
BET equation was applied in the relative pressure
range of 0-0.35 (P/P,) to calculate the specific

surface area. The total pore volume was obtained
from the amount of nitrogen adsorbed at a rela-
tive pressure.

After 28 days of curing, the hardened mortar
specimens were crushed into ~10-20 mm pieces.
Hydration was stopped using a solvent exchange
procedure. The crushed samples were submerged
in anhydrous isopropanol for 24 h to replace
the pore water with solvent, preventing further
hydration. After solvent exchange, samples were
dried at ~40°C for 1 h to remove residual alco-
hol. This technique eliminates unbound water
while minimizing damage to hydration products
and carbonation potential. The desolvated sam-
ples were kept in sealed containers with a des-
iccant (low-humidity settings) until testing. To
prevent moisture absorption during microstruc-
tural tests (XRD, FTIR, and BET) on hydrated
materials, which were gently crushed through a
75 pm sieve in an inert environment. Although
the solvent-exchange and sealed-storage pro-
cedures were employed to minimize additional
hydration and carbonation during -crushing,
drying, grinding, and transfer prior to testing.

The life cycle assessment of 1000 kg produc-
tion of composite cement containing co-calcined
RM and conventional OPC cement was performed
using SimaPro 10.4.0.0 software. The system
boundary for the production of composite cement
containing co-calcined RM was taken as cradle-
to-gate. The inputs were taken from the Ecoin-
vent 3-allocation (system) database. The various
impact categories were calculated according to the
ReCiPe 2016 Midpoint (E) (V1.12) method.

3 Results and discussions

3.1 Pozzolanic reactivity test

3.1.1 Lime reactivity test

This test determined the amount of lime con-
sumed during the pozzolanic reaction. The test
measures the reactivity of a pozzolanic material
with hydrated lime by assessing the compressive
strength of standard mortar cubes. The results
indicated that the material ability to react with
lime to form cementitious compounds, which is
a key property of pozzolanic materials. The poz-
zolanic reaction is carried out in three phases.
The first stage involves dissolving lime in water
(Equation (1)), which produces an extremely basic
medium (pH > 12). The second process is the dis-
solution of amorphous silica from the pozzolan
(Equation (2)), while the third step is the interac-
tion of H,Si0,%- with calcium ions to create C-S-H
(x Ca0-Si0,-yH,0) (Equation (3)) [26].

Ca(OH), 2 Ca*™" +20H" (1)
SiO, +20H + H,0 2 H,Si0,* (2)

xCa™ + H,Si0,”” +2(x—1)OH "~
+ (y—x)H,0 &2 xCaO- SiO, - yH,0 (3)
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The lime reactivity of mortar (lime: pozzolana:
sand) containing different SCMs is shown in
. For this test, three samples were pre-
pared for each mix. The average value and stan-
dard deviation were determined using the results
of the three samples. The standard deviation of
all the mixes was in the range of 0.19-0.25. The
lime reactivity of the co-calcined RM added mix
was 10.5, 126.3 and 45.0% higher than that of
fly ash, RM and calcined RM mix, respectively.
The threshold value for lime reactivity of any
pozzolanic material is 4 MPa as per IS 1344.
shows that the lime reactivity of fly ash
and co-calcined RM was higher than the thresh-
old limit. It shows lime added in the mix reacted
with fly ash and co-calcined red mud and forms
additional hydration products as compared to the
raw RM and calcined RM mix, which is responsi-
ble for strength development. Therefore, fly ash
and co-calcined RM could be used as a pozzolanic
material in a cementitious matrix. It might be due
to the conversion of crystalline to highly reactive
amorphous silica and alumina during the process
of co-calcination [27]. Another reason might be
that the sodium-containing phases react with
kaolinite, resulting in increased overall reactivity
[16].

3.1.2 Strength activity index (SAI)

The SAI is a ratio of the strength of the SCM mix
to the strength of the control mix (ASTM C311-
11b) [25]. SAI of cement mortar containing dif-
ferent SCMs is depicted in . The three
samples were prepared for each mix. The average
value and standard deviation were determined
using the results of three samples, which are
presented in . Red mud failed to meet
the standard pozzolanic requirement, as its SAI
values of 60 + 2.9% at 7 days and 66 + 2.5% at

Mix

28 days remained well below the 75% threshold
limit. Here, the “+” values represent the stan-
dard deviation. In contrast, thermal activation
enhances the reactivity of the mix. Calcined RM
shows an improvement over the raw RM, suc-
cessfully reaching the 75% benchmark by the 28
days. However, Co-calcined RM outperformed
among all the mixes, which emerged as the supe-
rior pozzolanic material. SAI of co-calcined RM
was 110 + 1.5% and 100 + 2.4% at 7 and 28
days, respectively. It means this mix showed
comparable mechanical properties compared to
the control mix. Increased SAI reflects increased
reactivity and strength gain contribution. The
pozzolanic reaction accelerated by calcination
results in increased consumption of lime and sub-
sequent greater production of strength-gaining
phases such as calcium silicate hydrate (C-S-H)
and calcium aluminate silicate hydrate (C-(A)-
S-H) [28-30]. Hence, co-calcined RM with kaolin
clay had increased strength gain among all the
SCMs investigated. RM had the lowest SAI values,
as expected, affirming its nil pozzolanic activity
and inert filler properties. Calcined RM had mod-
erate SAI improvement, particularly at 7 days.
Increased SAI in calcined RM added mortar was
due to soluble sodium in calcined RM, causing
early strength gain. Increased strength gain with
calcined RM is due to partial activation during
calcination.

3.1.3 Frattini test

This test allows for the determination of the
amount of lime used during the pozzolanic reac-
tion in an aqueous solution. Results that fall
below the lime solubility curve suggest pozzola-
nic material, as since Ca?* is removed from the
solution. Decreasing the hydroxyl concentration
causes an increase in the C-S-H and C-(A)-S-H
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the maximum Ca?* concentration as a func-
tion of OH-, as calculated using the Equation (4)
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(4)

illustrates that lime consumption has
taken place below the curve as both fly ash and
co-calcined RM have descended below it. Also,
co-calcined RM lies leftward as compared to fly
ash, which indicates that more lime consump-
tion takes place in the co-calcined RM mix as

compared to fly ash. Lime consumption leads to
the formation of the binding phase, in which sta-
ble phases like calcium silicate hydrate (C-S-H)
are developed, which are responsible for strength
development and durability improvement of the
composite cement [31, 32]. Their higher pozzo-
lanic activity characterizes their capacity for
enhancing hydration and microstructure densi-
fication. Whereas, RM was far above the curve,
which showed non-pozzolanic material and acted
as an inert filler. But in the case of calcined RM,
it touches the curve. This suggests that the cal-
cination process enhances the material’s reactiv-
ity to some extent by breaking down crystalline
phases and increasing the availability of reactive
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components, although it remains less reactive
compared to co-calcined RM and fly ash.

3.2 Fresh properties
Consistency and Setting Time

The workability of mortar was negatively
impacted by the addition of calcined and co-
calcined RM ( ). Therefore, the consistency
of cement paste containing calcined and co-
calcined RM was increased by 3.03 and 9.09%,
respectively, as compared to RM alone. The lower
workability of mortar containing co-calcined RM
and clay was observed because of the large sur-
face area and intricate particle morphology of the
kaolin clay. Also, the fineness of co-calcined RM
was increased with the addition of kaolin clay

Red mud Calcined RM  Co-calcined RM
Mix

and the co-calcination process, which resulted in
increased consistency in the case of calcined and
co-calcined RM [16]. In addition to these, the con-
sistency of fly ash was lowest among all the mixes
due to less surface area and spherical morphology
as compared to the other three mixes.

The setting time of the cement composite
containing co-calcined RM and kaolin clay was
delayed as compared to inert RM and calcined
RM, as shown in . The initial and final
setting time of co-calcined RM were increased
by 62.5%, 18.18%, 44.44% and 13.04%, respec-
tively, as compared to those of raw RM and cal-
cined RM, respectively, which meets the IS 1489
requirement (initial setting time > 30 min and
final setting time < 600 min). The setting time
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of the co-calcined RM mix was delayed due to a
reduction in the accelerating effect on the hydra-
tion process and the content of soluble sodium
during the process of co-calcination. But raw RM
contains a high amount of soluble sodium, result-
ing in a high initial heat peak that is translated
into a fast-setting time [16].

3.3 Hardened properties
Compressive Strength

The strength of cement composite contain-
ing various SCMs at a 30% replacement level
is shown in . Three samples were pre-
pared for each mix and two curing durations (7
and 28 days). The average value and standard
deviation were calculated using the three sam-
ple results, which are presented in
The strength of the co-calcined RM showed the
highest compressive strength (25.4 + 1.6 MPa)
among all the mixes, which was 19.70, 35.39 and
23.06% higher than fly ash, red mud and cal-
cined red mud at 7 days, respectively. In the case
of co-calcined RM added composite cement (30%
replacement) achieved 29.2 + 1.3 MPa at 28 days,
which was 36.44% and 25.75% greater than raw
RM and calcined RM at 28 days, respectively.
This shows that performance of the co-calcined
RM mix significantly increases over that of the
raw red mud and calcined red mud mix. Also, the
strength of the co-calcined RM mix was 19.70%
and 5.64% higher than widely used pozzolana fly
ash at 7 and 28 days, respectively. Also, 85-90%
of the total strength was achieved at 7 days in the
case of red mud-induced mixes. This was due to
the presence of soluble sodium content, which is
responsible for rapid hydration leading to early
strength. However, this alkali content reduces the
later-age strength. However, in case of co-calcined

RM, soluble sodium content was reduced due to
the interaction of sodium-bearing phases with
kaolinite, leading to the formation of a low-
soluble sodium co-calcined product [16]. Another
reason might be that co-calcination of red mud
can decrease polymerization degree of [SiO,] and
[AlO,] on the surface of RM particles, resulting
in increased overall reactivity. As the cementi-
tious activity mainly depends on the active con-
tent of Si0, and Al,O,, which was obtained from
the co-calcination of RM and kaolin clay [17].
Also, the amount of soluble sodium decreases
during the process of co-calcination, resulting
in increased long-term strength and durability
attributes. This is due to the fine particle size and
high reactivity of co-calcined RM. The superior
compressive strength of co-calcined RM may also
be linked to improved matrix densification by
the formation of additional hydration products.
The formation of amorphous phases during the
co-calcination process increases the pozzolanic
reactivity, which leads to an increase in mechan-
ical strength [16].

3.4 Microstructural properties

3.4.1 XRD

XRD graph of cement composite containing dif-
ferent SCMs at 30% replacement level at 28 days
are shown in , b. The peak intensity of
Portlandite (Ca(OH),) at 18.1 and 50.16 (26) was
highest in raw RM containing mortar, indicating
limited lime consumption and therefore weaker
pozzolanic activity. The peak intensity of Portlan-
dite was lowest in the case of co-calcined RM. This
indicates the highest lime consumption took place
in the case of co-calcined RM. This consumption
reflects the dissolution of reactive alumina and
silica species in the alkaline pore solution, which
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XRD graph of cement
mortar containing (a) fly ash and red
mud (RM) (b) calcined RM and
Co-calcined RM. C-Calcite (CaCO,);
E-Ettringite; Q-Quartz (SiO,);
P-Portlandite (Ca(OH),); G-Gypsum;
H-Hematite
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subsequently form additional hydration products
such as C-S-H and C-(A)-S-H gels. These hydra-
tion products densify the matrix and contribute
to the observed strength improvement, consis-
tent with the pozzolanic mechanism [28, 33]. The
presence of ettringite (9.1° 20) suggests ongo-
ing hydration of aluminates and sulfates, which
supports dimensional stability and contributes
to strength gain. Meanwhile, the persistence of
hematite (Fe,0,) in red mud-based mixes high-
lights the inert fraction of iron oxides that remain
unreacted even after hydration, acting as crys-
talline fillers rather than reactive components.
The quartz peak at ~26.6° 20 further confirms
the presence of crystalline silica, which remains
largely inert compared to amorphous silica phases.

20 30 40 50 60 70 80
2 theta

(b)

3.4.2 FTIR

The FTIR spectra of hydrated mortars incorpo-
rating fly ash, red mud, calcined red mud, and
co-calcined red mud as shown in . The
prominent absorption band observed at ~1411 cm™!
corresponds to the asymmetric stretching of
carbonate groups (C0,2-), which is indicative of
partial carbonation of Ca(OH), generated during
hydration [34], while calcination enhances the
stabilization of the carbonate phase. The band
observed at 872 cm~! was associated with the out-
of-plane bending vibration of carbonate groups
(CO,%) in calcite [34]. The band near ~975 cm™!,
mainly assigned to the Si-O stretching vibra-
tion, which is commonly linked to the formation
of C-S-H gel, which is the major binding phase



The FTIR spectra
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produced during cement hydration [35]. In addi-
tion, this band overlaps with Si-O-T (where T rep-
resents Al or Si) stretching vibrations in silicate/
aluminosilicate frameworks [34]. This band shows
less downward intensity in mortar contain-
ing calcined and co-calcined RM mix, reflecting
enhanced polymerization of silicate/aluminosili-
cate networks and increased pozzolanic reactiv-
ity. This range of Si-0 and Si-O-T stretching is
in the range of 1200-950 cm™!, which is typically
the strongest band in the silicate and aluminosil-
icate spectrum [34, 35]. This might be due to the
calcination, which disrupts hydroxylated phases
and increases the availability of reactive alumi-
nosilicate sites, thereby promoting the formation
of C-S-H and C-(A)-S-H gels [30, 32]. The band
around 466 cm~' is mainly attributed to Si-0-Si/
Si-0-Al bending vibrations of silicate and alu-
minosilicate structures. In hydrated mortars, this
indicates the presence of hydration product gels
and unreacted silicate-rich precursor phases [34].
The low downward peak intensity of thermally
activated red mud indicates lower transmittance
and stronger infrared absorption, due to the con-
version of crystalline to amorphous phases. Col-
lectively, these spectral features demonstrate that
co-calcination of red mud significantly improves
its pozzolanic activity, leading to the formation
of more polymerized aluminosilicate gels, which
result in the development of strength.

3.4.3 Surface area and pore size distribution
The BET plots of the hydrated mortar samples
confirm the reliability of the surface area mea-
surements, as evidenced by the excellent linear
fits (R > 0.999 for all samples). The monolayer
adsorbed gas quantity (X,) increases progres-
sively from red mud to co-calcined RM mix, indi-
cating greater adsorption capacity and higher
availability of reactive sites, as per the BET plot
of hydrated mortar samples shown in Supplemen-
tary Section II. The surface area was calculated
using the BET equation (given in the Supplemen-
tary Section I) [36].

shows the BET surface area, pore size
and pore volume of hydrated mortar mixes con-
taining 30% fly ash, red mud, calcined red mud
and co-calcined red mud each. The raw red mud
added mortar samples exhibit a relatively low sur-
face area among all four samples (4.54 m?/g) with
a larger average pore diameter (~32 nm), due to the
presence of crystalline phases, resulting in limited
pozzolanic reactivity. However, in the calcined red
mud mortar, the surface area increased to 5.25 m?/g
while the average pore diameter decreased to
~28.9 nm. This transformation can be attributed
to the dehydroxylation of hydroxylated phases
and the breakdown of crystalline phases such as
gibbsite and boehmite during thermal treatment,
which generates structural disorder and exposes
additional reactive sites. The co-calcined red mud

BET surface area, pore size and pore volume of hydrated mortar mixes

Mix BET (m?/g) Total Pore Volume (cm?3/g) Average Pore Diameter (nm)
Fly ash 4.87 0.0711 31.323
Red mud 4.54 0.0781 32.098
Calcined RM 5.25 0.0755 28.929
Co-calcined RM 6.13 0.0704 28.773
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added mortar sample demonstrates the highest
surface area (6.13 m?/g) with a further reduction
in pore diameter (~28.7 nm). This was due to the
disruption of crystalline phases and the stabiliza-
tion of amorphous aluminosilicate structures and
reaction of kaolinite content with red mud phases
during the thermal treatment, which provides more
nucleation sites for additional hydration product
[28, 29]. Apart from this, an amorphous metaka-
olin and DSP phase was also developed in the co-
calcined red mud mix during the co-calcination.
The total pore volume decreased from 0.0781 cm?/g
in red mud to 0.0704 cm?/g in co-calcined RM, sug-
gesting that while co-calcination modifies surface
reactivity and pore refinement. However, mortar
containing fly ash showed a lower specific surface
area (4.87 m?/g) as compared to calcined red mud
and co-calcined red mud, which might be due to
the smooth, spherical morphology and relatively
coarse compared with the thermally activated red-
mud particles. In addition, fly ash contributed to
the long-term pozzolanic reactivity [37]. Overall,
the progressive increase in surface area and reduc-
tion in pore diameter from red mud to co-calcined
red mud enhances pozzolanic activity, accelerates
hydration kinetics, and contributes to the forma-
tion of a denser and more durable microstructure.

4 Electric energy consumption and life cycle
assessment

4.1 Electric energy consumption

The reduction in total electric energy consump-
tion in composite cement containing co-calcined
RM compared to conventional OPC cement was
carried out in two segments. First, for energy con-
sumption for the production of 1000 kg of OPC
cement, and then second, for 1000 kg composite
cement. Assume, a Three-phase AC supply with
V =415 V, I = 40 A, maximum 300 kg of OPC
clinker and co-calcined red mud with kaolin clay
can be produced in one batch, ramp rate of the
muffle furnace is 10°C per min and cos6 (power
factor) — 0.9. The power and energy were calcu-
lated using Equations (5) and (6), respectively.

(a) Electric energy consumption for the produc-
tion of 1000 kg OPC cement

Power =3 x VxI x cos® (5)
(For Three-phase AC supply)
=3 x 415 x 40%0.9
(considering cosO (power factor) -0.9)
=25.88 kW

Energy = Power x Time (6)
=25.88 x 3.5kWh
3.5 h is required for 1500°C for 1 h
((2.5 h ramp time + 1 h dwell time) ]
= 90.58 kWh

Now, considering that only 300 kg of OPC
cement can be produced in one batch. Therefore,
approximately 3.5 batches are required to produce
1000 kg OPC clinker.

Energy consumption for 1000 kg OPC clinker
production = 90.58 x 3.5 = 317.03 kWh

Energy consumption for intergrinding OPC
cement clinker in a ball mill for 30 min (0.5 h)

Power = 40 kWh/t

=40 x 0.5 = 20 kWh

Energy consumption for 1000 kg OPC clinker
production = 317.03 + 20 = 337.03 kWh
(b) Electric energy consumption for the co-
calcination of red mud and kaolin clay for 300 kg

Power =13 x V x I x cosO (For Three-phase AC
supply)

=13 x 415 x 40 x 0.9 (considering cosf
(power factor) — 0.9)
= 25.88 kKW
Energy = Power x Time
= 25.88 x 2.33 kWh (2.33 h is required
for 800°C for 1 h (1.33 h ramp time + 1 h dwell
time))
= 60.30 kWh

Note: Ramping rate of the furnace is 10°C/min

Energy consumption for intergrinding red mud
and kaolin clay in a ball mill for 30 min (0.5 h)

Power = 40 kWh/t = 12 kWh per 300 kg

Energy = 12 x 0.5 = 6 kWh

Total electric energy consumption for inter-
grinding and co-calcination of red mud and
kaolin clay for 300 kg = 60.30 + 6 = 66.30 kWh

Energy consumption for 1000 kg composite
cement = 700 kg OPC cement (228.9 kWh) + 300 kg
co-calcined red mud with kaolin clay (66.30 kWh) =
295.2 kWh

Therefore, a reduction in electric energy con-
sumption was 12.41% as compared to conven-
tional OPC cement.

4.2 Life cycle assessment
Life Cycle Assessment (LCA) is an environmental
management tool used for the assessment of the
potential environmental impacts associated with
a product or process. shows the input and
output for the development of composite cement
using co-calcined RM and kaolin clay. Electric
energy consumption for the intergrinding and
co-calcination of red mud and kaolin clay was
considered. Also, assuming the pilot plant for the
production of composite cement using co-calcined
red mud is near the red mud disposal site.
shows the comparison of the developed compos-
ite cement with conventional OPC cement.
shows the comparison of the life cycle

assessment of OPC and composite cement using
various impact categories. shows the Life
cycle assessment of OPC and composite cement
for 1000 kg production with the help of various
impact categories.

The life cycle assessment results demonstrated
that the composite cement developed wusing
co-calcined red mud and kaolin clay exhibits a



MATERIALS

Table 4 Input and output for the development of composite cement using co-calcined RM and kaolin clay

Output to Technosphere: Product Quantity Unit
Composite cement using co-calcined RM and kaolin clay | 1000 | kg
Input from nature

Kaolinite (Kaolin clay) | 90 | kg
Materials/fuels

Cement, Portland (OPC cement) 700 kg
Process-specific burdens, residual material landfill (Red mud) 210 kg
Electricity/heat

Electricity, medium voltage 66.3 kWh

Table 5 Comparison of developed composite cement with conventional OPC cement

Product Amount Unit
Cement, Portland (OPC cement) 1000 kg
Composite cement using co-calcined RM and kaolin clay | 1000 kg

[ OPC cement

I Composite cement
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Figure 10 Comparison of Life cycle assessment of OPC and composite cement using various impact categories

lower environmental footprint compared to con-
ventional OPC cement across various impact cat-
egories. The global warming potential decreased
by 20.8%, primarily due to the reduced clinker
factor and lower limestone calcination, which
directly curtails CO, emissions. Ozone formation
impacts on human health and terrestrial ecosys-
tems decline by 22.0% and 22.4%, respectively,
reflecting the decline in NO, emissions from
reduced kiln fuel consumption. Terrestrial acidifi-
cation decreased by 15.5%, linked to curtailed SO,

emissions from minimized fossil fuel utilization.
A substantial 25.4% reduction in land use arises
from the valorization of industrial by-products,
which avoids extensive quarrying of natural raw
materials. Mineral resource scarcity decreases by
27.2%, underscoring the circular economy bene-
fits of utilizing red mud and kaolin clay instead of
high-grade natural resources. Fossil resource scar-
city was reduced by 12.1%, indicating that clin-
ker substitution lowers overall energy demand.
Therefore, the incorporation of co-calcined red
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Life cycle assessment of OPC and composite cement for 1000 kg production

Impact Category Unit Conventional OPC Cement  Composite Cement
Global warming kg CO, eq 919 728

Ozone formation, Human health kg NO, eq 2.45 1.91

Ozone formation, Terrestrial kg NO, eq 2.50 1.94

ecosystems

Terrestrial acidification kg SO, eq 1.87 1.58

Land use m?a crop eq 36.6 27.30

Mineral resource scarcity kg Cu eq 1.23 0.896

Fossil resource scarcity kg oil eq 124 109

mud and kaolin clay mix into composite cement
not only reduces the environmental footprint but
also enhances resource efficiency.

5 Limitations and future perspective

The present investigation concentrated on the poz-
zolanic reactivity, mechanical performance, and
microstructural characterization of co-calcined
red mud and kaolin clay blends in comparison
with fly ash, raw red mud, and calcined red mud.
The studies on calcined kaolin clay as a sup-
plementary cementitious material are a limita-
tion, as this is not in the scope of the presented
study. Studies such as SEM-EDS, Mercury Intru-
sion Porosimetry (MIP) were not included due to
instrumental constraints, restricting the visual-
ization of gel morphology, macropore distribution
and pore connectivity. The present study did not
include the quantitative analysis of XRD analy-
sis of hydrated mortar samples, which limited the
identification of the poorly crystalline nature of
C-S-H and C-(A)-S-H gels. Similarly, durability
assessments (e.g., water absorption, sorptivity,
chloride penetration, sulfate resistance, carbon-
ation resistance, and shrinkage) were not com-
prehensively covered in the present manuscript.
Environmental characterization such as heavy
metal leaching, sodium stabilization, and toxic-
ity analyses was beyond the scope of this study.
Apart from these, the presented work was carried
out using source-specific red mud, kaolin clay, fly
ash, hydrated lime and local river sand under lab-
oratory conditions. Therefore, the results should
not be generalized to all red mud or all composite
cement containing raw RM and thermally acti-
vated RM without prior characterization.

Future work should incorporate advanced char-
acterization techniques such as SEM-EDS, TEM,
and MIP to provide direct evidence of gel mor-
phology, pore structure refinement, and matrix
densification. Comprehensive durability test-
ing, including resistance to chloride ingress, sul-
fate attack, carbonation, and shrinkage, will be
essential to validate the long-term applicability
of co-calcined red mud composites. Environmen-
tal safety assessments, particularly heavy metal
immobilization, sodium leaching, and pH stability,

should be systematically investigated to strengthen
environmental and sustainability claims. These
future studies will help translate the present labo-
ratory findings into practical low-carbon compos-
ite cement, structural and non-structural concrete,
pigment, construction and building products such
as paver blocks, tiles, and bricks.

6 Conclusions

This study investigated the potential of co-calcined
red mud with kaolin clay as a supplementary
cementitious material using pozzolanic reactivity,
physico-mechanical, and microstructural proper-
ties, and the results were compared with those of
fly ash, red mud (RM), and calcined red mud. Con-
sidering the examination of the above findings,
the following conclusion can be drawn.

The pozzolanic reactivity of the co-calcined RM
mix was improved with an increase in temperature,
ranging from 600-800°C, due to the transforma-
tion of kaolinite and desilication phase (DSP), such
as cancrinite, to a reactive amorphous phase. As per
pozzolanic reactivity tests, the pozzolanic property
was highest in the co-calcined RM mix, indicating
the highest lime consumption takes place, resulting
in the formation of additional hydration products.
The workability of mortar was negatively impacted
by the addition of the co-calcined RM mix. This
is due to the addition of kaolin clay and the co-
calcination process, which increased the fineness of
the resultant mix, leading to increased consistency.
The setting time of the composite cement contain-
ing co-calcined RM and kaolin clay was delayed
as compared to inert RM and calcined RM due to
the reduction of sodium content during the process
of co-calcination. The strength of co-calcined RM
was highest (29.20 MPa), which was 36.44% and
25.75% greater than raw RM and calcined RM at
28 days, respectively.

According to XRD analysis, the intensity peak of
Ca(OH), in the co-calcined RM containing mix was
lower than other three mix, reflecting higher con-
sumption of lime and the formation of additional
hydration products such as C-S-H and C-(A)-S-H.
The band near ~975 cm™!, attributed to silicate and
aluminosilicate frameworks, becomes more intense
in mortar containing co-calcined RM systems,



reflecting enhanced polymerization of silicate net-
works. The surface area of the co-calcined RM mix
increased to 6.13 m?/g with a further reduction in
pore diameter (~28.7 nm). This was due to the dis-
ruption of crystalline phases and stabilization of
amorphous silicate and aluminosilicate structures
during the co-calcination process, which provide
more nucleation sites for additional hydration
products. The total electric energy consumption for
the production of 1 tonne (1000 kg) of compos-
ite cement was reduced by 12.41% as compared to
conventional OPC cement. As per LCA analysis, the
global warming potential (kg CO, eq) was decreased
by 20.8% as compared to OPC cement. Also, var-
ious impact categories, which are responsible for
the environmental footprint and natural resources
utilization were also decreased substantially.

This study investigated the effectiveness of
co-calcined red mud and kaolin clay as a poten-
tial substitute for conventional cementitious
materials. The 800°C co-calcination temperature
produced a product with higher pozzolanic reac-
tivity, physico-mechanical properties and envi-
ronmental performance than other SCMs added
mix. This new method provides a promising solu-
tion to industrial waste management and sustain-
able construction challenges. As the construction
industry continues to look for sustainable options,
the co-calcination of red mud and kaolin clay is
a viable option for future development and appli-
cation. This study not only aims at the develop-
ment of high-performance cementitious material
but also looks into serious environmental issues
related to the disposal of industrial by-products
such as red mud. Through the application of cal-
cination methods, pozzolanic activity of red mud
was improved when blended with kaolin clay.
This development has significant applications
in the construction industry, providing a route
towards lower carbon emissions and environmen-
tally friendly cement manufacturing methods.
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