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ABSTRACT

Full Name : [ZAKARIA MOHAMED NOR]

Thesis Title : [DEVELOPMENT OF STRUCTURAL SUPERCAPACITOR USING
RED MUD-BASED CEMENTITIOUS COMPOSITE AS AN ELEC-
TROLYTE]

Major Field : [CIVIL AND ENVIRONMENTAL ENGINEERING]
Date of Degree : [December 2023]

The disposal of red mud (RM), a waste material generated by the aluminum industry, re-
mains a global environmental concern because of its high alkalinity and smaller particle
size, which have the potential to pollute air, soil, and water. Recently, efforts have been
made to develop a strategy for reusing industrial byproducts, such as RM, and turning
waste into value-added products. The use of RM as (i) a supplementary cementitious ma-
terial for construction and building materials, such as cement, concrete, bricks, ceramics,
and geopolymers, and (ii) a catalyst is discussed in this review. Furthermore, the physical,
chemical, mineralogical, structural, and thermal properties of RM, as well as its environ-
mental impact, are also discussed in this review. It is possible to conclude that using RM
in catalysis, cement, and construction industries is the most efficient way to recycle this
byproduct on a large scale. However, the low cementitious properties of RM can be at-
tributed to a reduction in the fresh and mechanical properties of composites incorporating
RM. On the other hand, RM can be used as an efficient active catalyst to synthesize organic
molecules and reduce air pollution, which not only makes use of solid waste but also lowers
the price of the catalyst. The review provides basic information on the characterization of

RM and its suitability in various applications, paving the way for more advanced research

XV



on the sustainable disposal of RM waste. Future research perspectives on the utilization of

RM are also addressed.

The most basic capacitor consists of two conducting plates submerged in an electrolyte and
an insulating surface between them. These plates possess different charges; one is negative
and the other is positive. The former acquires positive charges from the electrolyte when a
voltage is applied across the capacitor, whereas the positive plate acquires negative ions.
The separation and the charges in the capacitor produce an electric field, which charges the
capacitor. This is because the insulating material prohibits the movement of electrons.
When necessary, the two plates may instantly deliver this pair of charges after maintaining
them for a lengthy period. Supercapacitors are simple capacitors with incredibly enormous
charge storage capacities. The idea of supercapacitors becomes more relevant when con-
sidering the global rise in energy demand, the quick depletion of nonrenewable energy
supplies, and environmental issues like climate change and global warming. For these rea-
sons, the exploitation of unconventional renewable energy sources is of great interest on a
global scale. Because of its high-power density, high specific capacitance, and improved
cycle stability, supercapacitors stand out among other energy storage technologies as
highly effective portable power storage units that may be used for a variety of applications,
including consumer electronics and electric vehicles. One of the building materials that are
thought and studied in this work to be a good candidate for supercapacitor manufacturing

is bauxite residue or red mud (RM).
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Structural supercapacitors (SSCs) made of building materials have been viewed as prom-
ising devices for large-scale energy storage applications because of their enormous volume
and porosity. However, because it is challenging to combine both electrochemical perfor-
mance with load-bearing capacity for building materials-based electrolytes, Moreover, be-
cause electrode materials still need to be explored to match the electrolytes, the shortage
of desirable electrolytes and electrode materials impedes the rapid development of Struc-
tural supercapacitors. In this work 5 samples were tested and studied which are superca-
pacitors made of 0%, 20%, 40%, 60% and 80% replacement of sand by RM. Doing Me-
chanical tests such as compressive strength, split tensile strength and modulus of elasticity
revealed that the optimum replacement was the 20%. So further the supercapacitor made
with 20% RM replacement were investigated in order to assess the performances of the
supercapacitor using Galvanostatic Charge Discharge (GCD), Cyclic voltammetry (CV),

Electrochemical Impedance Spectroscopy (EIS) and Cyclic stability tests.
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CHAPTER 1

INTRODUCTION

Red mud (RM) is a type of industrial waste produced in large quantities during the Bayer
process of extracting alumina from bauxite ore. The chemical and mineral composition of
the RM varies widely depending on the bauxite source and the processes involved. In gen-
eral, it is composed of six major oxides: calcium oxide, silicon dioxide, iron (I11) oxide,
aluminum oxide, titanium dioxide, and sodium oxide, with minor amounts of other con-
stituents. It is estimated that the global stock of RM had exceeded 5 billion tons until 2020
had.!*! Due to the high alkalinity of RM, large-scale disposal would result in significant
harmful emissions.!?! Thus, it is necessary to investigate various alternative approaches for
the efficient and sustainable use of RM. Because RM contains metal oxides in relatively
higher concentrations such as aluminium oxides, iron oxides, titanium oxides, silica oxides,
and hydroxides, it is a suitable industrial waste material as a low-cost adsorbent for waste
gas purification and wastewater treatment applications. RM has also been widely utilized
as a construction and building material, contributing towards sustainability because the
process of producing ordinary Portland cement (OPC) is regarded as one of the major con-
tributors to global carbon-dioxide (CO,) emissions.®l According to various studies, the
production of one ton of cement results in the emission of one ton of CO: into the atmos-
phere. Therefore, the demand for low-carbon cementitious materials is growing in the con-

struction sector to limit the discharge of such greenhouse gases by employing low-carbon



cementations alternatives to OPC. The use of supplementary cementitious materials and
alkali-activated materials, among other strategies, has been recommended in the literature
as different ways to reduce CO> emissions during the production of cement and concrete.
RM, among other waste materials, is used as a partial replacement for cement in concrete
mixes, with various beneficial effects. RM serves as a strong binder material and protects
the reinforcement from corrosion.[! As a result, it can be utilized as a partial replacement
for OPC in mortar and concrete mixes. Furthermore, RM can be used as an alternative to
conventional raw materials in the manufacture of bricks, which not only reduces raw ma-
terial costs but is also very important in terms of sustainability. In addition, RM can be
used for pigment work. The only product made from RM is pozzolanic pigment, which is
utilized to color concrete through calcination at temperatures ranging from 600 to 800 °C.[!
Another potential use for RM is in ceramics and as a corrosion-resistant material. Interest-
ingly, the use of RM allows for the recovery of valuable elements like sodium, aluminum,
and iron. Further, because RM is a mixture of oxides and hydroxides with fine particles,
the idea of using it as an adsorbent was inspired. Numerous studies have documented the
usage of RM for adsorbing pollutants from water or wastewater, including as phosphate, €]

congo red, [ fluoride,® nitrate,®! heavy metals, %! etc.

Another potential application for RM is as a catalyst, which could be a good alternative to
commercially available catalysts.''! Noble metals and metal oxide catalysts have attracted
a lot of attention for decades as an efficient catalyst for numerous industrial applications,
such as pharmaceuticals, agrochemicals, paints, polymers, and others. This is because no-
ble metals are active, selective, and easy to tune to a wide variety of catalysts. The real

drawback of using noble metal-based homogeneous catalysis is its high cost, low stability,



complexities in handling, volatilization, poisoning, and sintering nature.l! In addition, the
cumbersome preparation of the ligands, multiple steps, the use of tons of toxic organic
solvents, and the chromatographic separation of the catalysts from the product are all time-
consuming tasks. These catalysts have a low reusability because they are highly sensitive
to air, moisture, and oxygen. In this context, immobilization of the same catalysts onto the
solid supports becomes the obvious choice for enhanced stability, effortless separability,
and higher cycles of reusability. Saving noble metals and reducing the cost of catalyst fab-
rication are both highly desirable. Transition-metal-mediated heterogeneous catalysis in
this context opens up a completely new promising area for the organic functional group
transformation. Transition metals, such as V, Cr, Ti, Fe, Co, Ni, Mn, Cu, Zn, and their
metal oxides, such as V20s, CrOs, Fe203, Fe3Os, TiO2, ZnO, NiO, CuO etc., are more sta-
ble, economical and offer ample opportunities to modify their surfaces and combine with
other metals to develop bimetallic or composite systems. As a result, heat-treated RM[“
can be a valuable asset because it contains a series of transition metals, such as Na, V, Fe,
Ni, Cu, Al, Si, and their corresponding oxides,® which can be used to substitute commer-
cial transition metal or metal oxides-based catalysts for numerous organic functional group
interconversions.[®! In line with these efforts, a series of organic functional group transfor-

mations catalyzed by RM have appeared in the literature and are discussed in this review.

This thesis focuses on the characterization of RM in terms of morphological, elemental,
structural, and physical properties. Furthermore, this review discusses potential applica-
tions of RM in various fields, including construction as a building material, masonry bricks,
ceramics, geopolymers, and, finally, as catalysts. Its effect on the fresh and hardened char-

acteristics of concrete has been addressed. Towards the end, future research perspectives



are proposed for expanding and improving the beneficial applications of RMs, as well as

contributing towards the sustainable use of this industrial waste material.



CHAPTER 2

LITERATURE REVIEW

2.1 Characterization of RM

Characterization is a highly useful technique to evaluate physical, mechanical, chemical,
thermal, structural, and microstructural characteristics of a material. It aids in identifying
advanced materials, comprehending their behavior at the micro-macro level, and under-
standing their impact on the environment. It is a crucial process for improving material
quality and developing more advanced materials/products. With technological advance-
ments, various cutting-edge material techniques for characterizing materials are now avail-
able. For morphological characterization, for example, the most commonly used character-
ization techniques are Field Emission Scanning Electron Microscopy (FE-SEM), Trans-
mission Electron Microscopy (TEM). For chemical structure characterization, X-Ray Dif-
fraction (XRD), Fourier Transform Infrared spectroscopy (FTIR), and Raman spectros-
copy are used. For elemental composition characterization, Energy Dispersive Spectros-
copy (EDS), X-Ray Photon Spectroscopy (XPS), and X-Ray Fluorescence (XRF) are used.
For physical characterization, Brunauer-Emmett-Teller (BET) is widely used. For thermal
characterization, Thermogravimetric analysis (TGA), Differential Scanning Calorimetry

(DSC), and Thermomechanical Analyzer (TMA).



Various researchers used the aforementioned techniques to characterize the RM obtained
from various sources. The sections that follow discuss the characterization studies on RM

material that have been reported in the literature.

2.1.1 Morphological Characterization

Various researchers have examined the morphology, shape, and surface texture of the RM
particles. For instance, Pinnock and Gordon [12] conducted SEM micrographic analysis
and revealed that 70% of the RM particles are less than 1um in size. Amorphous coatings
of either alumina gel, amorphous iron oxide hydrate, or a combination of the two were used
to adhere the RM particles to single or agglomerated particles. Deihimi et al. [13] studied
the RM morphology and reported that most of the RM particles were spherical in shape,
with a few flaky particles ranging in size from a few to 20 um. This wide range in particle
size distribution was attributed to the presence of old minerals (crystalline form) as well as
the formation of new minerals (amorphous form) in bauxite ore. Some of the RM mineral
phases were also crystallized during the disposal process. A similar morphology of RM as
spherical with a few flaky particles was reported in another study. [14] Manfroi et al. [15]
used a laser grain size technique to determine the RM particle size distribution and reported
that all particles were < 18 um in size (Fig. 1). Wu and Liu[16] reported a loose and highly
porous microstructure of the RM using SEM micrographs. The particle size of grounded
RM ranged between 1-80 um, with an average size of 26.7 pum; however at elevated tem-
peratures (around 13500C), the average particle size increased to 38.2 um due to crystal-
linity enhancement. According to Yal¢in and Seving, [17] the particle size of RM was be-
tween 5-35 um, with 88% of the particles being less than 10 um. Wang and Liu [18] tested

the particle size distribution of RM and found that the RM particles ranged in diameter



from 0.8 to 50 um, with an average size of 14.8 um. Snars and Gilkes[19] studied the
particle size distribution and surface texture of RM derived from various sources. The par-
ticle size was reported to be between 2-20 um in most cases, with a sandy clay loam to clay
texture. Fig. 1 depicts a few representative SEM micrographs of RM reported by different
researchers. Meanwhile, Fig. 2 shows the particle size distribution curve of the RM re-

ported by Manfroi et al. [15].

Figure 1 SEM imaging of RM (a) adapted with permission, Deihimi, et al.[13] Copyright 2018,
Elsevier; (b) adapted with permission, Luo, et al.[14] Copyright 2019, Elsevier; (c) adapted
with permission under the terms of the CC- BY 3.0 license, Wang and Liu[18]
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Figure 2 Particle size distribution of RM. Adapted with permission,[15]
Copyright 2014, Elsevier.
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2.1.2 Structural Characterization

This section discusses the studies reported in the literature on structural characterizations

of RM using XRD and FTIR techniques.

a. XRD analysis
XRD diffractograms of the dried RM exhibited low intensity peaks for gibbsite and boehm-
ite, indicating that the majority of alumina was amorphous.[12] Deihimi et al. [13] used
XRD to investigate the RM from the Jajarm mine (Iran) and discovered iron, titanium, and
aluminum as the major components. Furthermore, it was also reported that significant
amount of aluminum in RM indicates that the aluminum oxide was improperly soluble
under the Bayer process operating conditions. Manfroi et al. [15] detected chantalite, cal-
cite, quartz, cancrinite, gibbsite, and hematite phases in the XRD diffractograms of dry
RM. Pera et al. [20] conducted an XRD analysis of RM and reported the existence of min-
erals, such as hydrogarnets, hematite, boehmite, perovskite, calcite, geothite, gibbsite, and
rutile. The formation of hydrogarnets and perovskite are attributed to the occurrence of

8



chemical reactions between calcium carbonate and bauxite during the Bayer process. Ri-
beiro et al. [4] analyzed the XRD patterns of RM and reported the existence of major com-
ponents, such as aluminum hydroxide (AI(OH)3), iron oxide (Fe203), and calcium car-
bonate (CaCO3), as well as a relative amount of SiO2, muscovite, and FeO(OH). Wu and
Liu[16] reported the existence of calcite, gibbsite, dicalcium silicate, hematite, perovskite,
and CaO as the main mineral phases in RM using XRD diffractograms. Luo et al. [14]
revealed the presence of carcinite, birnessite, calcite, hematite, perovskite, katoite, and
gibbsite mineral phases using XRD analysis of RM. The crystalline phases of gismondite,
goosecrekite, and epistilbite mineral compounds from the zeolite group were also discov-
ered through XRD analysis.[21] Yal¢in and Seving[17] conducted an XRD analysis of RM
and reported the presence of phases, such as hematite (a-Fe203), sodium aluminum oxide
(NaAlO2), sodium aluminum silicate hydrate (1.01 Na20. Al203. 1.68 SiO2. 1.73 H20),
sodium titanium oxide (Na2Ti307), sodalite [Na4AlI3Si3012(0OH)], sodium silicate
(Na2Si03), iron titanium oxide (Fe2TiO5), and calcium silicate (CaSiO3). Bhat et al. [22]
measured the (001) basal reflections of RM through XRD analysis and reported a d-spacing
0f 32.76 A at 20 of 2.71 degrees. Using XRD analysis, Wang et al. [23] discovered the
presence of four main phases in RM: calcite, geothite, hematite, and quartz. Li et al. [24]
also reported the existence of major phases, such as calcite, katoite, hematite, diaspore,
andradite, and muscovite. Wang and Liu[18] described the existence of perovskite, arago-
nite, hematite, sodium aluminate, and calcite as the main phases in the RM. Fig. 3 shows

representative XRD diffractograms of RM from the literature.
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b. FTIR analysis

Deihimi et al. [13] demonstrated the existence of physisorbed water on the RM using an
FTIR spectrum with an O-H bending vibration band at 1612 cm-1. Similarly, several other
bands were observed indicating the presence of coordinate water molecules hydroxyl (O-

H stretching vibration, 3600-3100 cm-1), carbonate (1410-1470 cm-1), CaCO3 (1413 cm-

1), calcite (873 cm-1), katoite (CaSiO4; SiO4 tetrahedral anti-symmetric Si-O stretching
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vibrations, 919-999 cm-1), alumino silicates (Cancrinite,
(Na,Ca,K)8(Al,Si)12024(S04C0O3)3H20)) (C-O stretching vibration at 1432 cm-1, Si-O-
Al symmetric and asymmetric stretch at 680-600 cm-1 and 1100-1120 cm-1), and hematite
(Fe-O stretching vibration at 460-500 cm-1), etc. According to Bhat et al., [22] the raw RM
exhibited the hydroxyl stretching vibration (O-H) band at 3417 cm-1, Si-O stretching vi-

bration at 993 cm-1, and O-H bending at 1636 cm-1 in the FTIR analysis.

c. XPS analysis
XPS is one of the potential techniques used for studying the elemental states of a material.
The information on the chemical states of different elements or phases in red mud would
be extremely useful in clarifying the bonding or chemical interactions or any further treat-
ment of RM in various applications, such as cementitious matrix, geopolymer matrix, hy-
drothermal/acid treatment, electrochemical, catalytic applications, etc. Mudgal et al. [*]
characterized the RM using XPS technique to study its interactions in the geopolymer (Fig.
4 (a-d), and reported that the XPS characteristics peak of iron (Fe 2ps2) in RM at 711.0 eV
corresponds to Fe>Oz. Furthermore, the O1s XPS spectrum of RM revealed that 10% in-
corporation of RM as a replacement for fly ash in the geopolymer matrix enhanced the
geopolymeric chain, i.e., the (Si-O-Na)/(Si-O-Si) bonding ratio was reduced by 1.35 times.
Additionally, the spectrum revealed a higher Si-OH contribution in RM fly ash geopolymer
compared to only fly ash geopolymer, resulting in enhanced geopolymer composite
strength. Pande et al. [?] reported that the high convoluted O1s XPS spectrum of RM ex-
hibited three components (Fig. 4e). The first component at ~ 530 eV represents the oxygen
present in transition-metal oxides, for example iron and titanium oxides, and constitutes

about 45% of the total oxygen. The second component (33% of total oxygen) at 531.6-
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531.8 eV represents oxygen in alumina and metal carbonates, while the third component

at 533 eV, which constitutes about 18%, corresponds to hydroxyl groups. Further, a low

intensity photopeak at 536.7 eV is attributed to the Na KLL Auger peak. Zhao, et al. [>"]

studied the XPS survey spectrum of RM that contained major elemental peaks of O, C, Fe,

Ca, and Al. Furthermore, a semi-quantitative analysis of the Fe deconvoluted XPS spec-

trum indicated that the Fe2Os3 at 810.7eV:Fe,O4 at 709.2 eV ratio was around 2.6. This

information was further utilized in an absorption study with RM. Similarly, other studies

have used the XPS technique to characterize the RM to obtain valuable chemical infor-

mation in order to optimize and improve the performance of RM applicability.?®! Fig. 4

depicts representative RM XPS patterns.

(a) Si 2P5;,

Red Mud

93 96 99

(b) Al 2P,

Red Mud

70

75 80 85

Binding Energy (eV)

(c) Fe 2P,

Red Mud

I v T v T M T M 1 v
690 700 710 720 730

Binding Energy (eV)

T
740

(e) O1s

RM-500

I v T T T T T T T T T T
525 528 531 534 537 540 543
Binding Energy (eV)

540 535 530 525
Binding Energy / eV

Figure 4 XPS pattern of RM. (a-d) Adapted with permission,[25] Copyright 2021, Elsevier. () Adapted with
permission under the terms of the CC- BY 4.0 license,[26] Copyright 2012, The Authors.
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2.1.3 Physical Characterization

a. BET analysis
Deihimi et al. [*®! performed a BET analysis of RM and found that it has a specific surface
area of 26.75 m?/g. Pera et al. [* reported that the BET surface area of the RM was ap-
proximately 10.7 m?/g with a specific gravity of 3.05. Park and Junf®®! conducted N2/77
adsorption, surface area, pore volume, and surface free energy studies of RM. The RM
exhibited a Type-11, N2 gas adsorption isotherm with a specific surface area of 30 m?/g and
a total pore volume of 0.1047 cm®/g, while the surface free energy parameters were s

(55.4), ys- (39.1), ys* (2.27) and ys™ (28.98).
2.1.4 Thermal Characterization

a. Thermogravimetric and differential thermal (TG-DT) analysis
Wu and Liul*®! used the TG-DT analysis to demonstrate a continuous weight loss distribu-
tion in the RM between 50 and 1450°C, as shown in Fig. 5. The TGA curves indicated a
mass loss of 8.26% due to chemically bound and physically adsorbed water at temperatures
ranging from 50 to 550°C, and a mass loss of 21.81% due to calcite decomposition at tem-
peratures ranging 550 to 900°C. The DTA endothermic peaks of RM revealed the decom-
position of gibbsite (300-550°C), calcite (600-800°C), and the formation of tricalcium alu-
minate and gehlenite (800-900°C). Luo et al. [**l investigated the thermal performance of
RM and reported that the physically adsorbed and chemically bounded water evaporated
at temperatures ranging from 25 to 100°C. Gibbsite, birnessite, and calcite decomposed at
temperatures ranging from 120 to 310°C, 400 to 550°C, and 550 to 700°C, respectively,

while cancrinite and katiote decomposed at temperatures between 780-950°C. Yal¢in and
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Seving* reported that the surface adsorbed water on the RM dehydrated at temperatures
between 240-350°C, while chemically bounded water evaporated at temperatures ranging
from 460 to 590°C. Furthermore, the SOz decomposition occurred at temperatures around
700-780°C, while the burning of organic matter and release of CO2 occurred at tempera-
tures around 370°C and 850-940°C, respectively. Bhat et al. [?? reported that the RM is
thermally stable up to 267°C, with only 11% weight loss observed at 600°C with 88%
residue, indicating its good thermal stability. Wang and Liul*®! evaluated the thermal per-
formance of RM and dispovered a continuous weight loss at temperatures between 25-
900°C. The free water evaporated at temperatures ranging from 25 to 150°C, while the
CaCOs decomposed at 625°C. Fig. 5 depicts a set of representative TG-DT analysis curves
of RM from the literature. Table 1 summarizes the details of RM characterization reported

in the literature.
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Figure 5 TG-DT analysis of RM (a) Adapted with permission under the terms of the CC license,[16] Copyright
2012, The Authors. (b) Adapted with permission,[14] Copyright 2019, Elsevier.

14



Table 1 Characteristic details of RM obtained from different sources

Source of Particle size BET sur- | Pore vol- | Spe- pH Year | Ref.
RM and shape face area | ume cific
(m2/g) (cm3/g) gravity

Surface ofa | 70% < 1um - - - - 1992 | [12]
pond (Oper-
ation B)
Jajarm mine, | Few to 20 um, | 26.75 - - - 2018 | [13]
Iran spherical and

few flaky type
Henan, 0.1-1000 pm | - - - - 2019 | [14]
China
Minas Ge- <18 um - - - - 2014 | [15]
rais
Guizhou, 26.7 um - - - - 2012 | [16]
China
Konya, Tur- | 5-35 um - - - - 2000 | [17]
key
Guizhou, 0.8-50 um di- | - - 2.64 - 2012 | [18]
China ameter
Australian - 15-30 - - 8.4- 2009 | [19]
and oversea 12.6
Gardened, Finer than 100 | 10.7 - 3.05 - 1997 | [20]
France. pMm
ALCOA Average 8 20.27 - 2.90 12.95 | 2012 | [4]
Brazil pum, max. 40 kg/dm3

pm
Shanxi Prov- | 76% passing - - - - 2016 | [21]
ince, China | through 45 pm

sieve
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Western - 21.0 0.058 - 12.0 2005 | [23]
Power, (mL/g)

Australia

Korea 80 nm 30.0 0.1047 - 11.20 | 2005 | [29]
Chemical Co

According to the studies presented in this review article on RM characterization, the RM
particle size ranges from 80 nm to 1 mm, the BET surface area ranges from 10.7 to 30.0
m2/g, and the total pore volume ranges from 0.058 to 0.1047 cm3/g. The specific gravity

of the RM ranges from 2.64 to 3.05, and the pH ranges from 8.4 to 12.95.

2.2  Impacts of RM on the Environment

RM is one of the toxic solid wastes produced in alumina plants during the bauxite alumina
extraction process.[30] In general, every ton of alumina produced yields 1 to 1.5 tons of
RM.[30b] For instance, in Saudi Arabia, approximately 230 million tons of bauxite ore
were processed in 2016. RM contribute significantly to environmental contamination due

to its high alkalinity (pH>12) and heavy metal content.

Alkaline solution and RM slurry are frequently leaked into the soil or underground water
from RM landfills and pipelines.[31] Additionally, dams used for RM storage are large and
extremely expensive to build and maintain.[30b] An alumina plant with a capacity of 1
million ton/year needs about 1 km2 of land every five years to effectively dump RM, which
would be logistically challenging and expensive for the alumina manufacturing indus-
try.[32] Over 3.0 billion tons of RM are currently estimated to be stockpiled on land, with

a worldwide yearly growth rate of about 120 million tons. After drying, the RM-covered
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soil can no longer be used for construction or cultivation because the toxic compounds in

it leach into the soil, pollute it, and contaminate groundwater.[33]

Because RM is a very fine powder, its improper disposal would have a negative impact on
the surrounding air, land, and water environments.[34] In both drier and warmer climates,
inhaling caustic chemicals from emission sources poses a serious threat to human health.
The most severe effects of RM waste exposure include land consumption, air pollution,
corrosion of building exteriors, water and soil contamination, radioactive hazards, and eco-
system destruction (Figure 6). The construction industry is one of the fastest growing in-
dustries, and RM can be utilized as an alternative construction and building material, mit-

igating the hazard posed by RM waste.
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Figure 6 RM impacts on the environment

2.3 Impacts of RM on the Environment

Over the years, RM has been widely utilized in different applications, such as compost-
ing,[36] wastewater treatment,[37] stabilization material,[38] metal recovery,[30b] phos-
phate removal,[39] and extraction of rare earth metal.[40] Moreover, 55% of RM applica-
tions are directed to the construction and building materials sector (Fig. 7),[30a, 41] with
civil and construction accounting for 34%, ceramic materials accounting for 13%, and steel
making and slag additives accounting for 8%. Many proposals have been advanced for the
utilization of RM in the manufacturing of masonry bricks,[42] ceramics,[43] cement and
concrete,[3-4,21,32,44] composite materials,[44q,45] aggregate,[46] pigments,[20,47] ge-

opolymer,[25,30a,41a,42¢,48] painting,[49] and road construction and pavement.[50]
18



Therefore, the best RM application perspective is in the building and construction industry
(see Figure 6), because it allows for greater RM consumption in the most diverse applica-
tions while remaining a low-cost alternative material. This section focuses on the applica-
tion of RM in the development of cement and concrete, masonry bricks, ceramics, and

geopolymer.

(S

Figure 7 Applications of RM in construction and
building materials sector

2.4  Applications of RM in cement and concrete

RM is a waste material with a density of 2187 kg/m? and a particle size distribution resem-
bling that of fly ash. It has frequently been used in the production of concrete by replacing
a portion of the OPC. This section summarizes and discusses the fresh and hardened prop-

erties of RM-based concrete, as well as the durability aspects.

Anirudh et al. [**3 examined the mechanical properties and microstructure characteristics

of RM-based cement mortars in which RM replaced OPC by weight percentages of 5, 10,
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15, and 20%. The test results showed that the RM-based cement mortar performed better
at 10% replacement. The addition of RM improved durability, and microstructure analysis
revealed that RM-based cement mortar was denser than OPC-based cement mortar. This is
attributed to the alkalinity of RM that aids in the development of good pozzolanic reactiv-
ity, as well as to the high specific surface area of the RM particles, which significantly
contributes to the cement hydration process. When OPC is replaced with RM, water ab-
sorption is reduced by up to 20%. After 28 days of curing, RM-based cement mortar
showed a reduction in water absorption by 18% (RMO0) to 9% (RM20)when compared to
OPC-based cement mortar. Senff et al. [*7 studied the impacts of RM on the hardened
properties of cement mortar at two different water to binder (w/b) ratios. As shown in Figs.
8-10, increasing the w/b ratio from 0.47 to 0.58 had a negative impact on apparent porosity,
water absorption, and compressive strength. Figure 11 depicts the compressive strength
results of RM-based mortar versus cement-based mortar. It can be concluded that the in-
clusion of RM by more than 10 wt.% caused a greater reduction in strength compared to
the mortar without RM, and that this reduction can be mitigated by lowering the w/b ratio.
After 360 days of curing, for example, the compressive strength of RM-based mortar (20%
RM) was 13-46% lower than that of cement-based mortar. It is also worth noting that at a
higher w/b ratio, the strength reduction was greater at the same RM content (see Figure

11).
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IFigure 8 Apparent porosity of RM-modified cement mortar (adopted from [44r]).]
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Figure 9 Water absorption of RM-modified cement mortar (adopted from [44r]).
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Figure 11 Compresswe strength of RM-modified cement mortar.
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In addition, the RM could be used as a cementitious material in self-compacting concrete
(SCC) to substitute cement and fly ash. Karimipour et al. [**% examined the mechanical
strength of SCC with 0.2% steel fiber using RM as a partial substitute for OPC. In addition
to the filler effect of marble slurry powder (MSP), test results indicated that 2.5% RM was
the optimal substitute for attaining the highest compressive and splitting tensile strengths
of SCC. Similar findings were obtained for workability compared to other research in
which workability was reduced with increasing RM dosage owing to its high surface area
and porosity compared to OPC. However, the reduction in SCC flowability was addressed
by the addition of marble slurry powder. Moreover, combining 2.5% MSP and 5.0% RM

increased the slump by 2.0 and 1.5%, respectively.

Liu and Poonl?! evaluated the practicability of using RM as a pozzolanic material to re-
place 10, 20, 30, and 40 wt.% of the fly ash in SCC by studying its fresh and hardened
properties. According to the study, replacing 20 wt.% of OPC in SCC with RM improves
compressive and splitting tensile strengths as well as modulus of elasticity. Additionally,
internal curing of RM admixed in SCC reduced drying shrinkage. This demonstrates the
feasibility of using RM in SCC. More super plasticizer was required to achieve the target
flow value at higher RM dosages. This could be because the porous RM absorbs more
water, leaving less water available for the slump flow. Overall, the slump flow and hard-
ened density decreased slightly while considerable reduction in segregation was noticed
with increase in RM content. The fact that the RM had a lower specific gravity than fly ash
was probably what caused the density reduction. However, the porosity of the mixture in-

creased significantly at 40% RM replacement. Adding 30% and 40% RM to the SCC mix-
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ture increased the compressive strength by 8% and 9%, respectively, over the control sam-
ple at 56 days due to the internal curing provided by the RM. Furthermore, the elastic

modulus gradually increases to 43 GPa as the RM content increases from 0% to 30%.

Tang, et al. [*4] examined the effect of RM as a replacement for fly ash on the fresh and
hardened characteristics of SCC. According to the study, RM-based concrete requires a
high dosage of superplasticizer to meet the SCC requirements. The findings demonstrate
that the mechanical strength of SCC improved marginally as the RM dosage increased. As
shown in Fig. 12, the SCC with 50% RM had the highest compressive and tensile strengths,
as well as the highest elastic modulus (34.34 GPa). Furthermore, the interfacial transition
zone between the aggregate and cement paste was reportedly improved, which accounts
for the slight improvement of RM-based SCC. Ghalehnovi et al. [*X studied the effective-
ness of RM addition into white cement-based SCC for architectural applications. The find-
ings confirmed that RM has no significant effect on concrete performance, with most dif-
ferences in results being less than 5% when compared to the control SCC. On the other
hand, the elastic modulus of the mix with 7.5 wt. % RM decreased dramatically. Further-
more, incorporating RM into SCC can improve resistance against sulphate attack by about
27% in terms of weight loss. This is due to the pozzolanic reaction caused by RM, which
altered the physical and chemical microstructure of the concrete, resulting in improved
sulphate attack resistance. Additionally, using RM can assist in producing green-colored
concrete with qualities comparable to those of current white cement-based concrete. Based
on earlier research, the findings indicate that the RM has pozzolanic activity comparable

to that of fly ash, improving the strength of SCC after 56 days of curing, especially at the
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content of 20 to 50 wt.% (Figs. 12 and 13). Overall, it can be concluded that substituting

fly ash by 10-40% of RM in the production of SCC is technically and practically possible.
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Figure 12 Compressive strength of RM-based SCC.
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RM has also been added to the production of normal concrete as a partial substitute of
OPC. Chavan et al. [44b] studied the characteristics of concrete containing 0 to 20 wt.%
RM as a replacement for OPC. The study considered a concrete mixture of M30 grade and
measured the flow, mechanical properties, as well as the chloride permeability at 28 days.
The results showed that maximum mechanical strengths (see Fig. 14), superior chloride
permeability, and a better microstructure than conventional concrete when OPC was par-
tially replaced with 12 wt.% RM. The addition of RM diminished the workability of con-
crete because RM increases water absorption due to its higher porosity, fineness, and vol-
ume. Viyasun et al. [44e] incorporated 10, 20, and 30 wt.% of RM as a replacement of
OPC in the normal concrete and examined strengths and durability. According to the find-
ings, 20% of the weight of OPC can be replaced with RM to increase the mechanical prop-
erties of concrete (Figure 14). In terms of its durability, 30 wt.% RM replacement in OPC
concrete results in a lower water absorption than conventional OPC concrete. It was also
discovered that when conventional concrete was compared to RM-based concrete, the sur-
face resistivity value was a little higher. Kumar et al. [44f] replaced the cement content in
fly-ash concrete with RM ranging from 0% to 24 wt.%, as well as 8 wt.% fly ash. The study
concluded that mechanical strengths increased with increasing RM content when compared

to OPC-based concrete, with 20 wt.% being the optimal value of RM to replace OPC.
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Figure 14 Mechanical strengths of RM-based normal concrete at 28 days.

The inclusion of RM significantly enhanced the water resistance of magnesium oxysulfate
(MQOS) cement from 0.48 to 0.68 based on the softening coefficient value, and the com-
pressive strength increased from 24.1 MPa to 33.3 MPa after 28 days of curing (Fig.
15).[44g] This significant increase can be attributed to the amorphous gel produced by the
RM and MOS cement, which compacted the cement paste matrix. It is concluded that the

RM has a promising potential for use as a magnesium cement modifier to improve the
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properties of building materials. Chen et al. [44m] also explored the effects of RM inclu-
sion on the properties of gangue-cemented paste backfill (GCPB) and found that substitut-
ing 25 wt.% OPC by RM would yield the same strength and a 23% cost savings for the
GCPB. RM has the ability to create new hydrates with cementitious properties as well as
fill in micropores to create a denser microstructure and thus improve the mechanical prop-

erties and water resistance of the mortar at all curing ages.

m100% MOS+0% RM [44]g  ®50% MOS+50% RM [44]g
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Figure 15 Compressive strength of pure MOS cement and with 50 wt.% RM

Studies were also carried out on the use of RM as a substitute of OPC for producing light-
weight concrete and high-performance concrete (HPC). Song et al. [44h] concluded that
the utilization of RM as a replacement of OPC in autoclave aerated concrete (AAC) may
adversely affect its workability and compressive strength. This negative effect was at-
tributed to low activity and small particle size of the RM, which slowed the gas production
process within AAC, resulting in higher thermal conductivity. Furthermore, AAC with a

higher percentage of RM have a poor pore structure and high tobermorite content, which
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may contribute for its lower strength. The only option to compensate for this adverse effect
is to limit the RM content in ACC to 22.5 wt.% of the fly ash content and modify the water
to solid ratio. Nikbin et al. [44i] investigated the compressive, splitting, and flexural
strengths, as well as the elastic modulus, of lightweight concrete (LWC) incorporating RM
as a partial replacement for OPC and discovered that increasing the RM dosage reduced
the above-mentioned properties by up to 29.5%, 35%, 28.4%, and 26%, respectively, when
compared to the LWC without RM. However, the cumulative energy demand, potential for
global warming, and major air pollutants associated with LWC containing 25 wt.% of RM
were reduced. Hou et al. [44c] evaluated the performance of ultra-high-performance con-
crete (UHPC) that incorporated 40 wt.% RM as a replacement for OPC. RM was found to
reduce the workability and mechanical properties of UHPC. The increase in adsorbed water
caused by the increased specific surface area of RM decreased workability. In contrast, the
addition of RM significantly enhanced the early age durability of UHPC because RM pos-
sess the ability to accelerate the early hydration process and has a filling effect.’®? Due to
high alkalinity of the RM (pH=11), the initial and final setting times are shortened by 94%
and 93%, respectively. Additionally, as the amount of RM increases, the micro-pore struc-
ture becomes coarser. However, the study concluded that the low energy consumption, low
radiation risk, and low cost of RM-based UHPC provide a concept for the development of
sustainable building materials, which encourages its use for environmental protection. Ad-
ditionally, RM has been demonstrated as a potential concrete additive for corrosion pre-
vention by reducing the corrosion potential and rate of chloride migration while raising its
electrical resistivity.[4] Kan et al. [44q] incorporated RM as a total replacement of fly ash

to produce engineered cementitious composites (ECC). The findings showed that all the
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investigated mixes with various RM ratios can achieve excellent tensile strain capacities,
with a maximum strain up to 7.43% at 40% RM replacement. RM can be used as a free
raw material in the manufacture of cement without affecting the quality of the produced
cement.[32] A summary of the fresh and mechanical properties of cementitious composites
containing RM is listed in Figure 2. It can be concluded that the use of RM up to 20 wt.%
as a replacement for OPC in the manufacture of cementitious materials was the most suit-

able addition
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Table 2 Properties of cement-based materials containing RM (the results shown are at 28 days curing age unless otherwise stated).

. . . . Ref.
Physical/fresh properties Mechanical properties
Type of ce- wie RM replace- ysl properti cal properti
No. | mentitious sys- ) ment of OPC | Slump - :
. Density | P t
tem ratio wt. %) | flowdia. | ooy | FOTOSIY |\ (o) CS (MPa) STS (MPa) FS (MPa)
(kg/m?) (%)
(mm)
Magnesium ox- Mass ratio of 1 from | from | from
from 24.1 up t [44g]
1 ysulfate cement | 0.23 | RM to Cement - 1984 to 13.2 to 5.9to f rom33 3 upo - - ’
(MOS) is1:1 1904 9.8 3.7 '
, n?;rlgsep;;e ] 0,0.2,0.25, ] ] ] ] 1 from 0.84 0 0.95 ] _ faam
0, 0,
backfill (GCPB) 0.33 and 0.5% @0.25%
250 5460
Magnesium 27125@ 1 from 84 t0 90.2 1 from 11.9 to
0.2 0, 10, 20, 30, 2.29 [44n]
3 phosphate ce- (wib) and 40% 20% and - 20%@ - @20% and | to 75.6 - 12.5 @20% and "
ment mortar 250 @ 32@ @ 40% 1 10 10.5 @ 40%
0 .
40% 40%
1 by 26.44% and
23.68% of strength
[44]
4 Cement mortar | 0.52 510,15, and - - - L upto at 7 & 28 days of - - :
20% 9% at .
curing at 10% re-
placement
0.47 0, 10, 20, 30, 1 from 1 from | from 42.2 to 40.1 e
5 Cement mortar and and 40% ! - 18.5to0 9.2t0 | @10% and | to 20.7 - -
0.58 ’ 26.2 13.6 @ 40%
10, 20, 30, and ! T 1 at longer curing
5 Self-compacting 05 40% replace- ! 2393 - 7. ) age up to 90.1 (9% 1 ) [21]
concrete (SCC) ' ment of fly 750 - 705 ' higher than the con- 5.3-6.5
2361 12.2
ash. trol at 56 days)
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Self-consolida-

Ranged

. 0,2.5,5,and between Ranged between 37 | Ranged between [44d]
7 tion concrete 0.45 - - - -
(SCC) 10% 404 to to 48 6.1t07
685
1
540 (0%)
502
3 Self-compacting | 0.36 12.5, 25 and (12.5%) i i i 159.2t061.4 @ 50 14.6t04.8 @ ) [44i]
concrete (SCC) | (w/b) 50% 467 wt.% 12.5%
(25%)
490
(50%)
2.5, 5and
7.5% as re-
. | from | from 1 from B
g | Self-compacting | ;5 | placementof | o0 0 | 228910 - 21t0 | | from422t0380 | em3dto : i
concrete (SCC) cement and 770 9979 5 45 3.11
25, 50, and '
75% as filler
0.2,4,6.8, ) 1301t035@12 | 12.75t0389@ | 159t07 @12 | [0
10 M30 concrete 0.44 | 10.12, 14, 16, 110 - 60 - - - W% 12% Wt %
18, and 20%
10, 20 and 11.6% | 132.6t0353@20 | 128t03.75@ | 165t07 @20 | [
11| M30concrete | 045 30% ] ; ; 0 0.9% W% 20 Wt.% Wt.%
134t039@ 8 1275038 @ | 1345039 @
12 Flizzt_rk;fesed 0.57 8, ;i’o/:nd - - - - wt%and [to35 @ | 8wt%and [to | 8 wt.% and | to e
24 wt.% 29 @ 24 wt% 3.6 @ 24 wt.%
7.5, 15, 22.5, + from !
Autoclaved aer- |, o | 30, 37.5, and 630 to 4.4 (control), 2.11 ]
13 ated concrete 45% replace- ! ! 1 0 - -
(AAC) (w/s) ment of fly 700 @ (22.5%), and 0.75
ash. 158 °C (45%) @ 158 °C
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. . | from 1 from )
[44i]
14 Lightweight | 0| 5,10, 15,20 - 1789 to . 31to | |from29t020.5 | | from2.9t0 1.9 | | from 8.1t0 5.9
concrete and 25%
1685 4.0
! !
Ultra-high-per- 1 159.7 (control), 42.3 (contral),
. [44c]
15 | formance con- (?Nf;) 20’6‘;2 /:‘nd 260 l 100 ; 11.9- ; 135.9 (20%), 132.2 ; 30.6 (20%), 40.7 |
crete (UHPC) 24.9 (40%), and 81.3 (40%), and 32.4
(60%) (60%)
Engineered ce- 0.5, 10, 30, 120 days 1 from 3.19 to
. 40, and 50% 1 from 35 to 40 [44q]
16 mentitious com- 0.3 - - - - 3.6 @10% and | -
osite (ECC) as replacement @10% and | to 32 t0 1.8 @ 50%
P of fly ash @ 50% ' °
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2.5 Application of RM in masonry bricks

Numerous studies have been published on the potential use of RM in the production of
masonry brick. In 1987, Amritphale and Patel[42a] used RM in brick manufacturing and
concluded that RM can be employed up to 50 wt.% in the production of building bricks.
Atan et al. [42b] examined the impact of RM on the properties of fired clay bricks in order
to create an eco-friendly porous ceramic brick. According to the findings, the potential use
of RM decreases bulk density and compressive strength while increasing porosity, resulting
in greater thermal insulation. The inclusion of 30 wt.% RM vyields a brick with the lowest
thermal conductivity (0.72 W/mK) and satisfactory compressive strength (32.4 MPa).
Singh et al. [42c] examined the performance of bricks made with RM as a binder. It was
found that RM-based brick has excellent mechanical characteristics and can be categorized
as first-class brick. The optimum RM content was found to be 30 wt.%; however, bricks
made with 50% RM also demonstrated an acceptable dry compressive strength of 8.7 MPa.
Additionally, the presence of RM promotes geopolymerisation and increases compactness

while increasing the number of shrinkage cracks.

Arroyo et al. [*? evaluated the performance of fired clay bricks with a high RM ratio as
replacement for traditional clay. The study found that bricks fired at 1100 °C with 80 wt.%
RM exhibit better mechanical properties, particularly a compressive strength greater than
16 MPa, which is believed to be the ideal amount of RM that can be used in the production
of fired bricks without posing an environmental risk. Another important point to emphasize
is that the radiological behavior of RM-containing construction materials should be thor-
oughly investigated because RM contains more naturally occurring radionuclides than

other building materials.[42d] RM was also utilized as a fly ash substitute in the production
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of fly ash bricks, as opposed to control bricks without RM. Results showed that RM re-
placement reduced early strengths and flowabilities by up to 30%. On the other hand, the
strengths remained high enough after 7 and 28 days to be utilized as a structural binder
when making bricks. It is recommended to use NaOH, up to 5% of the water content, to
reduce the detrimental effect of RM on the initial strengths and flowability of the binder.
This is because NaOH significantly increased the degree of reaction in the matrix, which
encouraged the formation of more calcium silicate hydrate (C-S-H) and resulted in sub-

stantial refinement of the pore size at an early age.[42¢]

He et al. [42f] reported that the best properties of RM-based fired bricks were obtained at
an RM content of 40%, a sintering temperature of 1050 °C, and a sintering time at 2 h.
Additionally, RM-based fired bricks made under ideal conditions had leaching toxicity and
a radioactivity index that were below permissible limits and therefore safe for the environ-
ment. Similarly, Liu et al. [42g] demonstrated that the RM-based ceramic bricks when sin-
tered at 1125 °C exhibit significant enhancements in physical and mechanical performance.
Furthermore, the pH and conductivity of RM-based ceramic brick are significantly lower
than those of raw RM leaching solution due to the stabilized aluminosilicates formed dur-
ing the sintering process, preventing alkaline harm to the environment. Sudhir et al. [
developed fired bricks made of 100% RM and RM incorporated with fly ash and Ground
Granulated Blast Furnace Slag (GGBFS). The results demonstrated that the compressive
strength of the RM-based bricks increased as the fly ash and GGBS dosage increased, con-
firming that using RM to make bricks is a feasible option. Figure 16 displays the compres-
sive strength of RM-based bricks from various studies at 28 days of curing, demonstrating

that an acceptable strength of various bricks can be achieved when the RM content does
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not exceed 40 wt.%. However, the higher the RM content, the greater the water absorption
of the brick (Figure 17). Table 3 summarizes the properties of bricks made of composites

containing fly ash, geopolymer, fired clay, etc., and RM.

m Fired clay brick [42]b m Fired clay brick [42]d

m Fired yellow river silt brick [42]f Fired ceramic brick [42]g
m Geopolymer brick [42]c m Fly ash brick [42]e

m Fly ash fired brick [42]h ®m GGBS brick [42]h
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Figure 16 Compressive strength of RM-based bricks at 28 days.
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Figure 17 Water absorption of RM-based bricks at 28 days
Table 3 Properties of masonry bricks containing RM at 28 days curing age.
RM
ijgigf Parame- | content | BD | LOI IRA WA | AP | ThC CS |
. g ters (kg/m®) | (%) | (kg/m?/min) | (%) | (%0) | (W/mK) | (MPa) '
brick
(Wt. %)
5 1799 8.5 183 | 33 0.78 44.9
10 1782 7.2 19.6 | 34.8 0.78 37.2
Fired clay S_;_f;'qusd 15 1770 7.4 205 | 36.3 0.77 36.5 o
brick 1000 °C 20 1748 | 7.6 216 | 375 | 075 | 364
25 1739 7.8 22.2 | 385 0.73 345
30 1760 8.2 22.3 | 39.1 0.72 32.4
Geopolymer 10 1884 1.09 4.49 10.1 o
brick 30 1924 114 | 479 111
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1:1 binder:

aggregate 50 1998 2.35 5.15 8.7
ratio
0 1830 115 6.9
Fired cla Sintered
o~ Y| Temp. 50 1982 103 105 | L
1100 °C
80 2150 9.2 17
0 41
10 38
Fly ash brick | ‘i‘_’/ b ra- fe2e]
10 20 35
30 33
10 5.7 25.8
Fired Yellow . 20 6.3 23.7
River silt Sintered
and RM Temp. 40 8.2 21.3 39.1 42f]
. 1050 °C
brick 60 9.8 17.6
80 114 16.0
Fired ce- Sintered
ramic brick Temp. 80 1680 47.1 22.7 [429]
1125 °C
100 910 NA 32 4.2
Sintered 90 1090 NA 32 4.2
Temp.
Rf'.V'BFt')y.aih 80 1500 195 | 34 51 | b
ired bric 700°C to
900 °C 70 1800 18 36.4 5.7
60 1860 16.5 | 38.7 59
100 910 NA 32 4.2
Sintered 90 1600 18 35 6.1
Temp.
RM;GiBS 80 1720 17 36.6 6.6 (42n]
re 700 °C to
900 °C 70 2020 15 38 7.2
60 2050 13 39 7.6
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2.6 Application of RM in Ceramic

Another significant use for RM is in the production of ceramic building materials, which
IS a major consumer of a variety of raw materials.[53] Among the numerous studies on the
use of RM in ceramic production, Wang et al. [43a] studied the performance of ceramic
tiles containing RM subjected to various sintering temperatures. The study discovered that
substituting the raw material constituent with RM and increasing the sintering temperature
could result in exceptional performance of ceramic floor tiles. Xu et al. [43c] examined the
influence of adding various RM on the performance of fired ceramic tiles. It was found that
the properties of fired ceramic tiles incorporating 40 wt.% RM were significantly im-
proved, with up to 9.92% enhancement in water absorption and up to 60.8 % enhancement
in flexural strength, but at lower sintering temperature. This is due to the fact that RM in
its raw form have well-crystallized phases below 1100 °C, and low firing temperatures
result in non-excessive liquid phases, which densify the matrix. In conclusion, RM-based
ceramics are suitable for use as raw materials for ceramic tiles due to their superior prop-
erties, particularly their low water absorption and high flexural strength. Yang et al. [43b]
developed two-layer ceramic tiles with a flexural strength of around 51 MPa using RM and
bauxite tailings as the primary materials in the floor tile body. Babisk et al. [54] examined
the feasibility of manufacturing roofing ceramic tiles for building construction from plain
RM and clay. The results revealed that RM, particularly in the proportion of 50 wt.% at
1050 °C sintering temperature, has sufficient properties to be utilized as a raw material in
the clay ceramic industry for roofing tiles. Similar findings were obtained by Pérez-Vil-

larejo et al., [55] who studied the influence of adding RM into ceramic matrix and found
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that the optimum inclusion of RM was 50 wt.%. This is because RM generates a sizable
amount of vitreous phase, which significantly modifies and improves the mechanical and

physical characteristics of ceramic products.

Contreras et al. [56] developed an environment-friendly ceramic tiles using RM from il-
menite. Contemporary ceramic tiles are more technologically advanced and have lower
impact on the environment than conventional ones. The use of RM as an additive during
the sintering processes increased flexural strength by up to 15% and reduced apparent po-
rosity and water absorption by up to 50%. He, et al. [57] studied the influence of RM con-
tent on the performance of ceramic tiles and obtained the main phase of samples of hema-
tite, feldspar, gehlenite, and nepheline with compressive strengths of 40 MPa. The ideal
firing conditions were 1050 °C, 2 h, and 20 wt.% RM content. A significant portion of the
high compressive strength of ceramic tiles is due to the glass phase, which is formed by
silicon dioxide and alkali and alkaline earth oxides. However, there are some significant
challenges associated with their use as ceramic building materials, such as low density and
ensuring that ceramic bodies have adequate compressive strength. Table 4 summarizes the

properties of RM-based ceramic tiles based on the findings of previous studies.

Table 4 Summary of the properties of RM-based ceramic tiles based on the existing studies.

Sintering | RM BD WA (%) | AP (%) FS (MPa) | CS Ref.
temp. content | (kg/m3) (MPa)

(°C) (wt. %)

(1150- 65— 70 | Reduced | Decreased | Decreased | Reduced | NA [43a]
1180) for from from 9.3 | from 28 from

2h to 5.5 to 19
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1820 to 142.3 to
1450 185.6
930 — 40 2220 @ Increased | NA [43Db]
1000 930 °C from 43
to b1
940 — 40 Ranged | The max. | Ranged The max. | NA [43c]
1140 between | ranged between ranged
2650 - between 345-1.1 | between
1680 4,93-0.8 61- 48.7
850, 950 | 33.3, De- At100% | NA NA At 100% | [54]
and 1050 | 50, and | creased RM, WA RM, CS
100 from is 27% is8.1
2333 @ | and at MPa and
0% RM | 0%RM at 0%
to 1696 WA is RM CS is
for 100% | 21% @ 2.3 MPa
RM 1050 °C @ 1050
°C
Upto 950 | 0-100 | 1760 at 209 @ NA NA 45at 0% | [55]
forlh 0% RM 50% RM RM and
and de- and decreased
creased 15.1% at to 13.9 at
to 1720 100% RM 20% RM
at 20% then in-
RM then creased
increased to 53 at
to 1802 50% RM.
at 100%
RM.
1150 3,57, | de- Increased | Ranged De- NA [56]
10,30 | creased from 5.3 | between creased
and 50 | from t0 9.18 12.5to from 35.1
2360 to 20.9 to 30.8
2270
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1000 - 20 Ranged Decreased | NA NA Increased | [57]

1100 for between | from 24.1 from 28.3
2h 1590 to 10 4.38 to 36.5 at
2150 1050 °C

Note: wt. %=weight percentage; RM=red mud; BD=bulk density; WA=water absorption;
AP=apparent porosity; FS=flexural strength; CS=compressive strength; NA=Not Availa-
ble.

2.7  Application of RM in Geopolymer

Due to the fact that RM contains aluminosilicates, a recent method for its recycling can be
found in the development of a geopolymer.[58] A geopolymer is an alternative binding
material that can replace OPC by up to 100%, making it an environmentally friendly green
material. The factors influencing the mechanical characteristics and microstructure of ge-
opolymers incorporating RM and other waste materials, such as granite waste powder etc.,
have been thoroughly reviewed.[48b] Additionally, the sustainable use of RM, fly ash, and
slag in the production of geopolymer composites[30a, 41a] and alkali activated concrete

[48f] has been addressed.

The compressive strength of the composite increased to 30 MPa at 5 wt.% RM inclusions
in the geopolymer matrix; however, as the RM content increased, the strength de-
creased.[59] On the other hand, a geopolymer with 20 wt.% RM and 80 wt.% fly ash ex-
hibited a compressive strength of 20 MPa.[48g] Various researchers have reported compa-
rable results,[48h, 48i], where the addition of 50 wt.% RM can produce a geopolymer with
a compressive strength between 15 and 20 MPa. Aygérmez[48a] utilized RM as a binder
to produce reinforced metazeolite-based geopolymer composites. It was concluded that the
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addition of 25 wt.% of RM was the optimal content to produce the highest performance for
geopolymer composites. Furthermore, as the RM content increased, brittle fracture for-

mation was observed.

The ductility of the composite with RM was enhanced due to the fine particle size and high
specific surface area of RM. At higher rates of RM usage (>25 wt.%), the enhanced duc-
tility began to deteriorate. Because RM contains hematite, a highly absorbent mineral, it
can be used in geopolymers to help reduce the amount of heavy metals, toxic chemicals,
and radioactive waste.[60] Mudgal et al. [25] examined the performance of fly ash with
RM geopolymer and concluded that RM enhanced the geopolymerization process and me-
chanical properties of the geopolymer composite. The compressive strength of fly ash-
based-RM geopolymer was 65 MPa after 28 days of curing, whereas it was around 53 MPa
for fly ash-based-geopolymer without RM. Furthermore, the inclusion of RM increased the
Si/Al and Na/Al molar ratios compared to fly ash geopolymer, which contributed to the
enhancement in the geopolymerization reaction, as evidenced by SEM analyses, which in-
dicate a more dense microstructure due to its filler effect. Ge et al. [48c] studied the micro-
structure and mechanical properties of fly ash geopolymer-incorporated RM, including the
effect on curing, temperature, and RM to fly ash ratio. According to the findings, stronger
fly ash-RM geopolymer pastes require longer curing duration and higher curing tempera-
tures, whereas shorter curing times and lower RM to fly ash ratios result in a reduction of
mechanical properties. Additionally, when the microstructure and mechanical performance
are taken into account, a RM to fly ash ratio of 39% is the critical upper limit for producing
fly ash-RM-based geopolymers under ambient curing conditions. Sun et al. [48d] studied

the mechanical and environmental properties of an RM-based geopolymer with ground
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granulated blast slag (GGBS) and metakaolin (MK). It has been reported that as the RM
content increases, the mechanical behavior of the resulting RM-based geopolymer de-
creases. Furthermore, when compared to the results of RM-based geopolymer incorporated
GGBS and MK with a similar RM content, the MK geopolymers exhibit better mechanical
properties, which could be attributed to the higher reactivity, increased fineness, and lay-
ered structure of MK. The pH values fluctuated slightly but stayed between 11 and 12
throughout the experiment. Alam et al. [61] examined the mechanical properties and dura-
bility aspects of a GGBS-based geopolymer containing RM, concluding that the RM-
GGBS geopolymer composite could be utilized as a geomaterial. Yang et al. [48g] pro-
duced geopolymer from RM slurry and class-F fly ash. The outcomes showed that the RM-
fly ash geopolymer composite had a compressive strength greater than 17 MPa, which is
considered sufficient for use in structural cement. RM-geopolymer had a compressive
strength of 15.2 MPa after curing at ambient temperature with a significantly lower NaOH
concentration due to the high alkalinity of RM, which aided in geopolymerization, but more
NaOH was required to achieve the highest compressive strength. In contrast, both fly ash
and RM geopolymers were unable to reach usable strength when activated with only the
NaOH solution, a problem that was solved by curing at elevated temperatures or using a
composite activator.*8 A novel geopolymer composite was also developed using RM and
rice husk ash (RHA). Long-term curing greatly improves Young's modulus and compres-
sive strength, whereas ductility decreases. Higher RHA/RM ratios produce stronger and
more ductile materials; however, excessive RHA concentrations can have the opposite ef-
fect. The compressive strengths of the synthesized geopolymers ranged from 3.2 to 20.5

MPa, with nominal Si/Al ratios of 1.68-3.35.[48i]
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The SiO2/Al;03 ratio, Na2O/Al203 ratio, and water/binder ratio of the geopolymer compo-
sition all had an impact on the setting time of the RM-based geopolymer. When the
SiO2/Al>O3 ratio reaches 4.0, the initial and final setting times tend to increase, resulting in
a slight decrease in setting times. The setting time increased due to the silica-silica reaction,
which occurs as a result of the increased silica content and is a slower process than the
silica-aluminum reaction.[62] Additionally, the increased alkalinity of RM caused a de-
crease in compressive strength, inadequate workability, and rapid setting.[48b] It was dis-
covered that adding RM significantly decreased the flowability of the RM-fly ash geopol-
ymer mixes by more than 20%. However, the slump flow increased by about 17% when
the water to binder ratio was raised from 0.40 to 0.48. The flowability of the mixes im-
proved with the inclusion of NaOH at higher concentrations of 1%, 3%, and 5% due to the
dispersing effect of NaOH.[42e]. In general, the inclusion of NaOH was reported to be
more advantageous than increasing the water content in RM-based geopolymers to achieve
sufficient flowability and strength. Figure 18 and Figure 19 depicts the flexural and com-
pressive strengths of geopolymer-incorporated RM. The mechanical strength of calcined
zeolite geopolymer, RHA-based geopolymer, GGBS-based geopolymer, and MK-based
geopolymer increased with increasing the RM content up to 50 wt.%, whereas fly ash-
based geopolymer decreased significantly with increasing the RM content up to 50%. Ta-

ble 5 summarizes the geopolymer properties found in the existing literature.
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Table 5 Summary of the geopolymer properties obtained from existing literature at the optimum RM content.

Geopolymer RM con- | Optimum Curing age, Setting time AP (%) FS (MPa) | CS (MPa) Ref.
tent RM content | (days) _ i
(Wt. %) Initial Final
(wt. %)
MZ-based geopoly- | 25,50, 75, | 25 7 9.7 55.5 [483]
mer and 100
28 10 58.9
56 9.8 57
Fly ash geopolymer | 10 — 50 10 3 47.8 [25]
7 53.2
14 58.8
28 65.8
Fly ash geopolymer | 0-78 39 28 Tfrom Tfrom 1 from | from | from 24.2@ | [48c]
1196 @ [2748@ |0.191@ |43@0% |0%RMto12.6
0%RM | 0%RMto |[0% RM |RMt028 | @ 39% RM
t0220.3 |367.1@ |t00.268 | @ 39%
@39% |39%RM | @ 39% RM
RM RM
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GGBS-based geo- 10and 50 |50 7 6.7 27.4 [48d]
olymer

Pow 28 7.6 35.1
MK-based geopoly- | 50 50 7 8.2 58.3 [48d]
mer

28 9 69
RHA-based geopol- | 70, 60, 50, | 50 28 Ranged be- [48i]
ymer and 40 tween 3.2 to

20.5
Fly ash geopolymer | 0, 90, 70, | 30 28 days @ 60 13.9,17,22.7, | [63]
50, 30 °C and 6% 26.5, 40.5
NaOH (M)
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2.8  Applications of RM in Catalysis

2.8.1 RM as Hydrogenation Catalysts for Value-Added Chemicals
Unsaturated organic compounds can be transformed into a series of important building
blocks by using either direct or indirect addition of H2. These transformations often require
the activation of the hydrogen molecule, if it is molecular hydrogen, by suitable catalysts.
In this case, the composition of RM may be ideal for use as a catalyst in the hydrogenation
reaction. Therefore, a series of RM-based catalysts are used in the hydrogenation reactions
of coal,[64] biomass,[65] oil shale,[66] and petroleum residue.[67]. A variety of iron oxide
catalysts, such as RM, iron ore, pyrites etc., have been successfully used in the coal hydro-
genation reaction. The results showed that RM-based catalysts performed well by resisting
the catalyst poisons like sulfur found in the coal.[68] However, the overall efficiency of
the catalyst is rather low. This is mainly due to the low surface area and high agglomeration
of the RM-based catalyst. Therefore, size reduction, higher dispersion, and higher surface
area may be crucial in modifying the RM to achieve the optimum results in terms of con-

version and selectivity.

Global warming and ocean acidification caused by greenhouse gases have become major
concerns in the 21st century. The conversion of carbon dioxide, which is a non-toxic, read-
ily available, and abundant carbon resource, from the environment into valuable products
could be a significant step forward. In addition, as fossil fuel reserves deplete, CO2 con-
version as an alternative carbon feedstock for the production of commodity chemicals and
fuels becomes increasingly important. Catalytic CO2 hydrogenation has recently mainly
focused on the production of CO,[69] CH4,[70] CH30H,[71] C2-C4 olefins,[72] gaso-

line,[73] aromatics.[74] However, to convert the chemically inert CO2 requires extreme
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reaction conditions. As a result, numerous Fe-, Co-, Ni-, Cu-based catalysts immobilized
on various supports, such as zeolite, perovskite, silica, and activated carbon, have been
developed and successfully applied for CO2 hydrogenation. However, the RM for hydro-
genation reactions is rarely investigated. Recently, Artem et al.[75] reported a CO2 hydro-
genation reaction using potassium-promoted RM-based catalysts (Fig. 20) for the selective
production of lower olefins, and they achieved 45% conversion with 36% lower olefins
(C2-C4) selectivity at 375 °C under 30 bar of CO2:H2 (3:1) with a flow rate of 9600 mL.g-
1.h-1. Unpromoted RM, on the other hand, is capable of hydrogenating chemically inert
CO2, especially at higher temperatures (375 °C), with 42% conversion and 15% lower ole-
fins selectivity. The stability of the K-promoted RM under very high pressure remains
longer (50 h). Also, the reactivity of the catalyst K-promoted RM was compared with the
commercially available iron oxide, and the results showed that both catalysts display sim-

ilar performance and even slightly better than that of the commercial counterpart.
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Figure 20 Catalytic results of RM and K-promoted RM in the hydrogenation of CO2. a) CO2 conversion and
selectivity to C2-C4 olefins at 325 °C, 350 °C and 375 °C for RM. b) CO2 conversion and selectivity to C2-C4
olefins at 325 °C, 350 °C and 375 °C for RM promote

2.8.2 RM as Hydrodechlorination Catalysts

Chlorinated organic compounds, such as alkanes, olefins, and other chlorine-containing
compounds, are critical raw materials and organic solvents in the pharmaceutical, plastics,
polymer leather, electronics, and pesticides industries. However, the by-product generated
during the production of the chlorinated organic moieties poses a serious threat to the en-
vironment and human health. Most of these wastes have been accumulating for a long time
and are difficult to degrade over time. As a result, chemists are very interested in the deg-
radation of these toxic organic compounds. In this context, a series of transition-metal-
based hydrodechlorination catalysts have been developed to degrade the chlorophenol.[76]
Noble metals, such as Pd, Rh, and Pt, have been used successfully as dichlorination cata-
lysts.[77] However, the strong affinity of the produced chloride for a noble metal quickly
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deactivates the catalyst. In addition, such adsorption promotes agglomeration and carbon
deposition at Pd sites. As an alternative to noble metals, base metal-mediated catalytic sys-
tems are more robust, less expensive, and more recyclable. In this context, numerous earth-
abundant metal sulfides of V, Cr, Mn, Fe, Co, Ni, and Mo are used for the hydrodechlorin-
ation reaction. However, these are highly susceptible to being poisoned by the produced

chloride.

In these circumstances, RM has been explored as a catalyst for the tetrachloroethylene hy-
drochlorination reaction and detoxification of C2-chlorohydrocarbon.[49,78] The results
showed that sulfided RM is an active catalyst due to the higher iron sulfide content.
Ordonez et al. [78] explained that sulfidation of the catalyst, higher operating temperature,

and enhanced pressure had all positively influenced the catalytic activity of the RM.

2.8.3 H RM as Hydrocarbon Oxidation Catalysts

RM is at the forefront in the oxidation of volatile organic compounds (VOCs), a highly
toxic environmental pollutant, to a variety of valuable fine chemicals. For example, toluene
has been successfully converted to its corresponding oxygenates by using RM as a catalyst.
Lemonier et al.l” reported that heat-treated RM in an air stream at 500 °C produces pre-
dominantly Al,Oz and Fe2Og, resulting in efficient toluene oxidation. The higher reactivity
of calcined RM is correlated to the higher degree of Fe;Os formation from pure RM. It is
also demonstrated that the reaction rate of RM is comparable to that of the commercially
available pure Fe>Oz in the toluene oxidation reaction. Paredes et al.[80] reported a me-
thane combustion study in which the iron was extracted from the RM using the dissolution-

precipitation method, followed by two hours of calcination at 500 °C in the air. The cata-
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Iytic results for methane combustion under atmospheric pressure at two different tempera-
tures, 300 °C and 626 °C, were compared to those of the commercial catalyst Cu-Cr-Ti.
The RM activated using the Pratt and Christoverson method exhibits a higher catalytic

activity and enhanced thermal stability.

2.8.4 Catalyst Towards Prevalent Air Pollutants Remov

Recently, RM-based catalysts have been used to remove prevalent air pollutants[81] How-
ever, the acid sites on the surface of the catalyst can be consumed by the alkaline compo-
nents in RM, altering the structure of the catalyst and reducing NH3 adsorption.!®? There-
fore, RM could be activated primarily by eliminating alkaline groups like Na;O and CaO,
which results in an improved specific surface area and more advanced pore structure. An
alkaline metal can be eliminated by acid washing and calcination can change the goethite
structure in RM to a consistent Fe203 structure and cause some salts to decompose. Using
this treatment method, the RM was activated and displayed high deNOXx activity between
300 and 400 °C.[83] Wang et al. [84] used acid washing and calcining to create a series of
RM catalysts with several other binders. Sulfuric acid and RM were combined with hydro-
thermal treatment to create an RM-based catalyst, which was then pH adjusted with am-
monia. In addition to having a high tolerance for water and SO2, the RM catalyst demon-
strated high catalytic activity by converting over 80% of NOXx at temperatures between 350
and 450 °C.[85] It was discovered that the RM catalyst had a highly dispersed Fe active
site population, a large specific surface area, and an amorphous structure. These character-
istics made the catalyst ideal for NH3 adsorption, an essential step in the NH3-SCR of
NOx.[86] Additionally, RM can be pretreated with sulfuric acid, nitric acid, and hydro-

chloric acid.[87]
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At 150 °C, a catalyst made of RM and fly ash with Co at 5 wt.% and Mn/ZSM-5 at10 wt.%
can achieve 98.7% NOXx conversion and 90.6% N2 selectivity. The catalyst was also highly
resistant to water and sulfur.[88] Chen et al. [89] created a monolithic honeycomb RM
catalyst using extrusion molding and HCI leaching for RM treatment. At 350°C, the mix-
ture containing 3% activated carbon demonstrated the highest catalytic activity, with NOx
conversion exceeding 90%. VVan Nguyen et al. [90] used a hydrothermal method to create
the mitochondrial nuclear retrograde regulator 1 (MnRR1) catalyst from RM-rice husk ash.
The highest CO catalytic oxidation activity was shown by 3.0 MnRR1, which had a 3 wt.%

Mn loading and 100% CO conversion at 280°C, as shown in Fig. 21.
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Figure 21 Catalytic activity of RM-rise husk ash catalyst. Adapted with permission,[90] Copyright 2020, RSC.

2.9 Conclusion

The following conclusions can be drawn from the extensive literature covered in this re-

view:

1- Several potential applications for red mud (RM), an industrial waste material gen-
erated as a byproduct of aluminum production, have been investigated. RM can be
used in, for example, construction and building materials, bricks, ceramics, catalyst,

environmental wastewater treatment, metal recovery, etc.

2- Morphological, elemental, and structural characterization studies on RM indicate

that it is a porous and fine particle matter with particle sizes in the micron range. It
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is an amorphous material with a high concentration of oxides derived from its baux-

ite source ore, such as iron, aluminum, titanium, etc.

RM has the potential to pollute the air, soil, water, and ecosystem, if not properly

disposed of or treated.

Among the different applications, utilization in the construction industry is one of
the most promising, large-scale applications of RM, owing to the significant

amount generated when compared to recycling.

Because of its fine particle size, RM incorporation in cement composites densifies
the microstructure and thus improves the mechanical and durability performance of
the cement composites. However, due to its mineralogical composition and high
alkalinity, it degrades the performance of cement composites at high concentrations
(greater than 10%). Although RM decreases workability because of higher water
requirements attributed to its finer particle size, this can be compensated for in ce-
ment composites by using suitable superplasticizers. It also demonstrates improved
performance in blended cement composites with fly ash, GGBS, and other waste

materials by facilitating pozzolanic reactivity thus contributing to concrete strength.

Due to the presence of aluminosilicate in its composition, RM is also beneficial as
a component in geopolymer composites, contributing to the geopolymerization re-
action and enhancing the performance of the geopolymer concrete. Thus, another

alternative and more sustainable technique for its disposal.
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7- The RM has been utilized as a catalyst or catalyst support for various reactions,
such as hydrogenation, hydrodechlorination, hydrocarbon oxidation, and air pollu-

tants removal.

8- Because RM is radioactive, it is not advisable from a radiation safety perspective
to recycle RM at a high rate (80%) when making bricks. RM can be used as an
active catalyst to reduce air pollution, which not only makes use of solid waste but

also lowers catalyst costs.

9- Although RM has been used in a number of potential applications, its consumption

is still quite low.

10- The information presented in this review would aid in the development of a clear
road map for utilizing RM waste to mitigate environmental concerns while increas-
ing economic benefits, either by utilizing RM in construction and building materials

or as a catalyst and catalyst-support material.

2.10 Future Research

Despite of a small amount of research on the utilization of RM in diverse applications, it is

still necessary to advance other value-added products with this material.

This review lays the groundwork for future research into utilizing the RM as a building
material in the production of cementitious composites, concrete, masonry bricks, and other
materials that can benefit the construction industry. However, further research is required
to explore the use of RM in other civil engineering applications, such as asphalt concrete,
environmental wastewater treatment, electrochemical energy storage for structural super-

capacitors [91] 3D concrete printing, etc.
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Although some properties of concrete have been explored utilizing RM, more research is
needed to study its effect on fresh, rheological, mechanical, and durability characteristics
of concrete, such as rate of hydration, plastic viscosity, yield strength, bond strength, car-

bonation, reinforcement corrosion, fire resistivity, etc.

Its application as a component in composite/anticorrosive coatings for preventing steel cor-

rosion[92] and enhancing concrete structure durability[93] can be explored.

Following this review, the research trajectories of utilizing the RM as a catalyst and cata-

lyst-support material are expected to accelerate.

RM can be used as a constituent in various cementitious composites containing recycled

waste materials, enhancing their performance, and contributing more towards sustainabil-
ity.

More research is needed in managing bauxite residue waste streams from alumina plants.
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CHAPTER 3

EXPERIMENTAL PROGRAM

The most basic capacitor consists of two conducting plates submerged in an electrolyte and
an insulating surface between them. These plates possess different charges; one is negative
and the other is positive. The former acquires positive charges from the electrolyte when a
voltage is applied across the capacitor, whereas the positive plate acquires negative ions.
The separation and the charges in the capacitor produce an electric field, which charges the
capacitor. This is because the insulating material prohibits the movement of electrons.
When necessary, the two plates may instantly deliver this pair of charges after maintaining
them for a lengthy period. Supercapacitors are simple capacitors with incredibly enormous
charge storage capacities. The idea of supercapacitors becomes more relevant when con-
sidering the global rise in energy demand, the quick depletion of nonrenewable energy
supplies, and environmental issues like climate change and global warming. For these rea-
sons, the exploitation of unconventional renewable energy sources is of great interest on a
global scale. Because of its high power density, high specific capacitance, and improved
cycle stability, supercapacitors stand out among other energy storage technologies as
highly effective portable power storage units that may be used for a variety of applications,

including consumer electronics and electric vehicles.

Batteries and supercapacitors have fundamentally different energy storage mechanisms
and electrode compositions. Supercapacitors' distinctive performance, which distinguishes

them from batteries, should thus be preserved. For example, some of the characteristics
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that distinct a supercapacitor are the following: power density, cyclability, charge/dis-
charge ability, self-discharging ability, and finally, safety and cost. Table 1 shows a com-
parison between conventional batteries and supercapacitors. As the table suggests, the typ-
ical range of power and energy densities is around 4-5 Wh/kg and 10-20 kW/kg, respec-
tively. However, recent research work indicates that the aforementioned values can be
surpassed in the near future due to the quick development in this technology. Nonetheless,
for now, supercapacitors have lower energy density compared to batteries, but they have
other advantages. The most notable one is that supercapacitors usually have a practically
limitless lifespan. In addition, they provide a larger temperature range, faster charging
speeds (compared to battery materials), improved safety, increased dependability, and
maintenance-free operation. Furthermore, supercapacitors usually provide pulse energy.
That is, they can provide a high amount of energy in a short time i.e. they have fast dis-
charge time, which can typically be less than one second. Nonetheless, supercapacitors are
becoming in demand for usage in conventional applications which do not require such a
fast discharge time as well. This includes applications in automotive industry, particularly
public transportation vehicles like buses and tramways, as a primary and supplementary
energy source. Supercapacitors can store charge during regenerative energy braking and
are particularly helpful for starting motors. They also have uses in electronics, household

appliances, industrial machinery, and renewable energy.

Researchers' interest has recently been drawn to structural supercapacitors because they
can store electrochemical energy in addition to supporting mechanical strain. As a result,
research into the basic and practical features of structured supercapacitors has been con-

ducted on a global scale. Additionally, because they are readily available and reasonably
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priced, the potential for employing building materials for transdisciplinary applications is
being researched. As a result, materials used in building might be thought of as prospective

candidates for structural supercapacitors.

One of the building materials that are thought to be a good candidate for supercapacitor
manufacturing is bauxite residue or red mud (RM). RM is a byproduct of the Bayer process,
which is used in alumina production. This waste material is special because it contains iron
oxide, thus the red color, and many other oxides.The Bayer method is used for over 95%
of the world's alumina production and this method produces about 1 — 1.5 tons of red mud
for every ton of alumina. There may also be a variety of additional components at low
concentrations; these are always found as metallic oxides, such as nickel, copper, lead,
chromium, manganese, and potassium. It may contain non-metallic components including
carbon, and sulfur as well. Furthermore, a wide range of organic compounds, including
alcohols, sugars, sodium, and oxalic acids can also be found in bauxite. The presence of
these compound might be due to the use of crystal growth modifiers or flocculants. Table
1 shows the chemical composition of RM. Aluminosilicate, a compound contains silicon
oxide and aluminum oxide, is also present in RM, which makes it useful as a component
in geopolymer composites. It also contributes to the geopolymerization reaction and im-
proves the functionality of geopolymer products such as geopolymer concrete. Hence, a
different, environmentally friendly method of disposal. Physical aspects like particle size
distribution and moisture content are additional essential considerations when evaluating
the usage of RM to sustain straining actions. The range of particle sizes of bauxite leftovers
varies from an alumina facility to another, but it is usually within the range of 1 mm in to

less-than-one-micron. The median particle size, however, is typically in the 5-10 m range.
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Some alumina manufacturing plants segregate the various sizes of RM particles, which

facilitate the process of recycling, but some others don’t.

Surprisingly, despite comprising of hematite (Fe203) mostly, a material that has been
widely used in supercapacitor electrodes, red mud's potential as a pseudocapacitive mate-

rial has not yet been thoroughly investigated.Galvanostatic Charge Discharge (GCD)

Galvanostatic Charge Discharge (GCD) tests (also called Constant Current Charging/Dis-
charging) are frequently used to assess energy storage materials and systems, such as those
found in electrochemical capacitors (ECs). In GCD, a material or system is charged and
discharged within a predetermined potential limit by applying constant positive and nega-
tive currents; this process is frequently repeated for a number of cycles. In addition to de-
termining the potential existence of irreversible Faradaic processes and assessing the qual-
ity of capacitive response, GCD profiles are also used to calculate various important elec-
trochemical capacitors Figure s of merit, including capacitance, capacity, energy, and
power. It’s important to mention that, here in this graphs, we meant the current not the
current density. In the Figure s below 37 and 38 which shows the GCD results from 0 to
1800 seconds and from -1 to 2500 seconds respectively, it can be seen that the least current
value which is 0.0004 A gave us the highest supercapacitor capacity. While the lowest
supercapacitor capacity recorded with the highest current value which is 0.003 A. Com-
paring both graphs, the graph from -1 to 2500 gave us more accurate and better results than
the graph from zero to 1800 due to its excellent discharge curve and better intermediate

resistance drop (IR drop).

63



3.1 Materials

The jute plants used in this work were harvested from Mominpur, Keshabpur, Jessore,
Bangladesh and went under a retting process to yield jute sticks. Sodium bicarbonate (Na-
HCO3) and hydrochloric acid (HCI) were obtained from Sigma-Aldrich. High purity ni-
trogen (N2) gas was obtained from Specialty Gases Company Limited, Jubail, Kingdom of
Saudi Arabia. The RM was obtained from Ma'aden Company (Al Jubail, KSA) and later
ground into fine particles. To ensure the uniformity of the prepared RM, particle size dis-
tribution was carried out. Ordinary Portland cement (Type I) from Saudi Cement Company
was used as a binder. Drinking water was used to mix the mortar at a 0.45 w/c ratio and, to
further increase the workability of the mix, superplasticizer (Glenium) was added. Potas-
sium hydroxide was also added. A typical mortar mix design was adopted, as shown in

Table 6.

Table 6 mix design

Mix design for this experiment

w/c 0.45

Cement (Type I) 335 (0)

Sand 685 (9)

S.P. (Glenium) 2% (by weight of binder)
RM% used 0%, 20%, 40%, 60%, 80%
KOH (Potassium hydroxide) 0.1(9)
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3.2 Preparation of jute sticks derived activated carbon (JC)

JC were prepared in accordance with [41]. In briefly, the preparation process started by
cutting the jute sticks into small pieces then washing them with deionized (DI) water. After
that, the sticks were dried at 100° C for a full day in an electric oven before they were
ground to powder in a household blender. The powdered sticks were sieved in a 100 um

mesh sieve and only the passing particles were collected to be used through the experiment.

Jute sticks
Washed, dried, and pulverized

Carbonized powder
Washed, filtered, and dried

Jute powder

Mixed with NaHCO,
and pyrolysis at 850
degree centigrade

Figure 22 A schematic diagram showing the process of preparing jute sticks derived activated carbon (JC).

The obtained fine powder was mixed and homogenized with NaHCO3 in a 1:4 ratio. The
homogeneous mixture was then pyrolyzed at 850° C for 5 h in under an N2 environment
inside a tube furnace with a heating and cooling rate of 10° C/min and 5° C/min respec-

tively. The mixture was then cooled in at room temperature and the carbonized product
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was washed thoroughly with 0.5 HCI twice and finally with DI water to remove any impu-
rity. The final product was then dried at 60° C for half a day in an electric oven. A schematic

diagram for this process is shown in Figure 1.

3.3 Preparation of mortar samples

To conduct mechanical tests and durability tests, 50mm cubes, 25*25*285mm prisms, as
well as 200*100mm cylinders at different RM% (ranging from 0% to 80% in increments
of 20%) were prepared. The samples were submerged for about 7, 14, and 28 days. The
remaining hardened mortar fragments from the mechanical tests were used for SEM anal-
ysis, while the raw powder was used to conduct XRD and XRF characterization tests. Fig-

ure 2 summarizes the civil engineering aspect of this experimental program.

3.4 Fabrication of electrodes and supercapacitor

The supercapacitor was prepared in three primary stages. The first stage is the preparation
of activated carbon. The second stage is the electrode preparation. This process begins with
cutting steel mesh into dimensions of 1 x 6cm. The electrodes are then cleaned using an
ethanol bath for 60 minutes in a sonicator. This is followed by two rounds of rinsing with
deionized water and subsequent drying. The third stage is the preparation of the electrode
coating. The coating mixture is prepared with a ratio of 75:15:10 (Activated Carbon: Car-
bon Black: PVDF), using NMP as the solvent. This mixture is then applied onto the steel
mesh and allowed to dry overnight at 80°C. To determine the mass of the activated carbon
used, the electrode is weighed before and after coating. The difference in weight indicates
the mass of the activated carbon. The area of the activated carbon electrodes was 3 cm2
each. In the final stage, the supercapacitor is assembled by placing the electrode into the

mold in a parallel arrangement. It was ensured that the distance between the two electrodes
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of the supercapacitor was maintained at 3 mm while poring the mortar mixture. The sample
was prepared by placing parallel steel meshes (electrodes) in a special mold and then pour-
ing the RM mixture. The interior walls of the mold were coated with a thin oil layer before

the casting. Care was taken to avoid coating the electrodes with oil.

3.5 Characterizations
The purity and mesostructured of the RM, OPC, and JC were investigated using XRD anal-

ysis. The analysis was carried out with the help of a Rigaku Miniflex-11 diffractometer with
a Cu-K-Alpha radiation (A = 0.15416 nm) operating at a 30 mA current and a constant
voltage of 40 kV. The morphological analysis of the JC was done by a high-resolution
field-emission-scanning-electron-microscopy (FESEM) TESCAN-LYRA-3, Czech Re-
public. In addition, transmission electron microscope (TEM: JOEL, JEM 2100F) was used
to analyses the morphological and diffraction features of the JC. The graphite structure of
the carbon films was investigated by utilizing iIHR320 HORIBA Roman spectrometer with
a charge-coupled device detector and a 300-mW green (532 nm) laser at room temperature.
An Al-K-alpha monochromatic x-ray source (ESCALAB-250Xi XPS-Microprobe from
Thermo-Sscientific, USA) was attached to an x-ray photoelectron spectroscopy (XSP) has
been used to assess the elemental composition of the prepared electrode. The pores distri-
bution and SSA were determined using a N2 adsorption/desorption Brunauer-Emmett-

Teller (BET) method and a Micrometrics analyzer (ASAP 2020).

3.6 Electrochemical measurements of JC

The electrochemical characteristics of the carbon materials under investigation were ex-
amined through the utilization of symmetrical two-electrode setups. The supercapacitor

was immersed in a 0.1 sodium sulfate electrolyte for a duration exceeding 11 days. The
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anode and cathode of the electrochemical analyzer were individually linked to the stainless-
steel components, along with the connectors of the analyzer. The equations (1-4) were uti-
lized to compute the specific capacitance of the electrode (Csp), specific energy (E), spe-
cific power (P), and coulombic efficiency (n) values of the symmetrical supercapacitor

based on the data obtained from the GCD analysis.

2IAt

Csp(Fg—1) = 5 3.1
_ Csp(AV)2

E (Whkg—-1) = —ss 3.2

P(Wkg —1) = (E x3600)/A4t 3.3

n= tdischarge/tcharging 3.4

where m is the total mass of the active materials (g), | is the applied current (A), At is the

discharge time (sec), and AV is the potential window (V).

3.7 X-ray diffraction (XRD)

To determine the major and minor compounds in our RM, XRD analysis was carried out

on each RM-modified sample. The resulting pattern from the analysis is shown in Figure
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Figure 23 XRD results
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2 and the detected compounds along with their formulas are shown in Table 2. Three major
phases were detected in our RM, hematite, quartz, and calcite. Some of which were de-
tected in various spots, such as the hematite at ~27°, ~33°, and ~50°. Minor compounds,
including sodium silicate, sodium aluminum oxide, and sodium aluminum silicate hydrate
were also present. Pure RM seems to emit the highest hematite and quartz signal and, with
the reduction of RM content, the signal seems to be diminishing. The results show that RM
is rich in aluminum, iron, and calcium-based compounds, which comes in conformity with
the literature. It is also noticeable that many of the detected compounds are in oxide form,

as expected.

Table 7 The compounds present in RM and their formulas

Compound Formula

Calcium silicate CaSiO3

Sodium aluminum silicate hydrate 1.01Na20.Al203.1.68Si02.1.73H20
Sodium aluminum oxide NaAlO2

Sodium silicate Na2SiO3

Calcite CaCO3

Quiartz Si02

Hematite Fe203
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3.8 SEM

SEM analysis was also done to every set of mortar samples. The results are shown in Figure
24. The first picture, for the 0%RM samples, shows a lumpy microstructure, compared to
the other samples. Clear gaps and pores are also shown in the body of the 0%RM sample.
These pores seem to be diminishing with the addition of RM. This can be observed in the
second picture (for the 20%RM) where the structure of the sample appears to be more intact
and no visible gaps are observed from the same sampling level. The same trend continued
with the addition of more RM and the pores seems to be completely vanished at 40%RM
dosage. Further addition of RM reversed their effect, nonetheless, as the second row of
figures depict. For instance, the 60%RM sample shows a grainy structure with small holes
scattered around. The 80%RM sample, on the other hand, shows much larger lumps and a

long gap, on the upper left corner, as well.
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Figure 24 SEM results for RM-modified samples

3.9 XRF

Qualitative analysis of several elements was performed by XRF to measure its concentra-
tion in the RM used in this work. The analysis reveals the elements composing the analyte
and their compounds as well. In case of the RM used in this experiment, XRF analysis
showed a few major elements including aluminum, silicon, calcium, and iron. There ele-
ments detected here were also detected by A. Akincia. and R. Artir. There were also some
minor elements detected such as phosphorus and potassium. The major and minor elements
present in our RM along with their compound are presented in Table 8 and Table 9. The
XRF analysis also revealed that the OPC is mostly composed of calcium (59%), as ex-
pected, and it also contains silicon at 23%. The remining composites in the OPC matrix, as
per the XRF analysis, are mainly aluminum and iron. The results showed that RM, how-

ever, contains a high concentration of aluminum (about 25%), silicon (16%), iron (15%).
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RM also contains a small but noticeable amount of calcium and titanium (5% and 6% re-

spectively). A comparison between the most significant elements in RM and OPC is pre-

sented in Figure 25.

Table 8 Compounds of the major and minor elements identified by the XRF analyses of RM

Compound Element Norm. Int. Concentration
Al203 Aluminum 721.20 25.06 %
Si02 Silicon 908.53 16.42 %
P205 Phosphorus 39.37 0.29 %
S Sulfur 287.48 6163.00 Ha/g
Cl Chlorine 200.18 2380.00 Ha/g
K20 Potassium 164.85 0.06 %
CaOo Calcium 17776.38 4.69 %
TiO2 Titanium 35351.17 5.80 %
V205 Vanadium 945.70 1091.00 Mg/g
Cr203 Chromium 1114.39 712.70 ua/g
MnO Manganese 660.86 253.50 ua/g
Fe203 Iron 61380.38 14.87 %
SrO Strontium 11301.61 1784.00 Mg/g
Zr02 Zirconium 1713.79 1684.00 Mg/g
Nb205 Niobium 144.53 131.40 Ma/g
Ce203 Cerium 255.95 177.10 Ma/g
Sum 68.71 %
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Table 9 Compounds of the major and minor elements identified by the XRF analyses of OPC

Symbol Element Norm. Int. Concentration
Al203 Aluminum 155.29 6.32 %
Si02 Silicon 1197.15 23.46 %
P205 Phosphorus 34.79 0.23 %
S Sulfur 863.92 17150.00 pg/g
Cl Chlorine 76.65 892.10 uo/g
K20 Potassium 1477.50 057 %
CaO Calcium 180929.59 5947 %
TiO2 Titanium 805.26 0.29 %
V205 Vanadium 43.38 101.40 ng/g
Cr203 Chromium 67.30 56.00 Mg/g
MnO Manganese 384.35 334.10 po/g
Fe203 Iron 6286.57 311 %
SrO Strontium 2446.90 465.10 uo/g
Nb205 Niobium 11.00 12.40 uo/g
Ce203 Cerium 20.11 0.30 po/g
Sum 95.48 %
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Figure 25 A comparison between the most significant elements revealed by the XRF in OPC and RM as a percentage

3.10 Compressive strength

The compressive strength test indicates that RM can affect the mortar's strength positively
or negatively depending on its dosage. In the 20% RM replacement case, the strength was
slightly increased from about 25 MPa to around 27 MPa. Further, an increase in RM con-
tent beyond 20% drastically decreased the compressive strength to reach a low of 6 MPa
at 80% RM replacement. All the samples with RM content greater than 20% had a lower
compressive strength than the control sample. This trend was common among all the 7-

day, 14-day, and 28-day samples.
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This adverse effect of RM can be attributed to the lack of CaO in RM, which is the main
component in cement, with a typical content of around 67% in normal cement. Conversely,

RM usually contains a much lesser concentration of CaO, around 22%. However, a small
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amount of RM increased the compressive strength slightly, which might be due to the fill-
ing-ability of RM. In addition, there are some elements present in both cement and RM
besides CaO that help increase the cementing properties of RM. For example, SiO2 can be
found in both cement and RM at almost equal concentrations (around 20%). Al203 is also
a common component between the two materials, but its concentration is much lower in
cement (around 18% in RM and around 4% in cement). Nonetheless, the slight increase in
the compressive strength with the addition of RM seems to be due to the changes in the
microstructure of the mortar matrix when RM was introduced. This claim is supported by
the results of the SEM test, where the figures show a more dense and compact structure
with an increase of RM of up to 40%. With more RM, however, the mortar particles appear
more agglomerated and form a lumpy structure. One possible cause is the lack of RM's
cementing properties, which makes the samples with high RM dosage more fragile. This

was noticeable even with the naked eye, especially with the 80% RM samples.

3.11 Tensile strength

The tensile strength of RM-modified mortars also increased slightly when a relatively small
amount (20%) of RM was added. However, the increase was negligible, from 1.7 to 1.75
MPa. Similar to the compressive strength, the tensile strength dropped linearly to reach a
minimum value of less than 0.4 MPa. The modulus of elasticity of the 20% RM samples
was also significantly higher than all the other samples, which is not difficult to foresee by

interpreting the compressive strength results.
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3.12 Modulus of elasticity

The modulus of the control samples was around 19 GPa and then peaked at approximately
27 GPa when RM was added at 20%. At 40% RM, the modulus value was almost equal to
19 MPa, similar to the control sample. The figures for the elasticity modules continued to
decrease with the addition of RM and reached 6 MPa at 60% RM. The value remained
almost constant beyond the 60% point. Figure 26 and Figure 37 summarizes the compres-

sive and tensile strength results, while Figure 28 shows the corresponding modulus of elas-

ticity.
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Figure 28 modulus of elasticity results

77



%change
AN

N

80 60 40 20

%RM

Figure 29 %change in RM sample weight due to water

3.13 Water absorption

The water absorption test shows that RM samples absorb more water than plain cement

samples. Surprisingly, however, adding RM by 20% reduced the water absorption by less
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Figure 30 shrinkage results
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than 0.5%, which might be considered within the margin of error. Increasing the RM con-
tent to 40% increased the sample weight by around 2%, and the weight gain continued to
increase. The 60% RM specimens gained around 4% extra weight from absorbing water,
and the 80% samples gained around 7% extra weight compared to the control sample sub-

merged in water for the same duration. The result is shown in Figure 29.

3.14 Shrinkage

The shrinkage was also measured for all the samples, and the results followed a common
trend. That is, the rate of change in the length of the sample was rapid in the first few days
and then gradually slowed down to become almost linear. The period at which the rate
decreased was the same for all the samples. The addition of 20% RM only slightly affected
the shrinkage, and the final value of shrinkage, measured around a month from the start of
the tests, was the same for the control and 20% RM samples. However, the test indicates
that adding more RM can reduce the overall shrinkage because the 80% RM specimens
had a lower final shrinkage value compared to the other samples. In addition, the rate of
change of shrinkage became more subtle with the addition of extra RM. The result is shown

in Figure 30.

3.15 Electrochemical characterizations

After hardening, the sample was placed in a sodium sulfate solution for several days before
starting the electrochemical tests to ensure full penetration of the solution. The sample was
kept moist during the test by wrapping it in filter paper soaked in sodium sulfate. The elec-
trodes were also separated with weight paper to prevent electrical discharge. Figure 31
shows the 3*3*3.9cm RM supercapacitor. The supercapacitor was subjected to four differ-

ent electrochemical tests: cyclic voltammetry (CV), galvanostatic charge/discharge (GCD),
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electrochemical impedance spectroscopy (EIS), and cyclic stability. Two different voltage
windows were considered: one ranging from -0.5 V to 1.5 V, and the other ranging from 0

V to 1.5 V. The scan rates for the tests ranged from 0.1 V/s to 0.4 V/s.

Figure 31 The test sample used in the electrochemical testing

Two voltage windows were conducted for the CV and GCD analyses: 0 to 1.5 V, and -0.5
to 1.5 V. Multiple cyclic voltammetry (CV) analysis was conducted at scan speeds ranging
from 10 to 40 mVs-1, while GCD analysis was performed at current densities ranging from
0.015 to 0.076 Ag-1. The as-prepared sample (AC) underwent a cyclic stability test by
subjecting it to repeated GCD cycles for a maximum of 400 cycles. The current density
used was 5 Ag-1, and the potential range was between -0.5 and 1.5 V. The electroenceph-
alogram (EIS) was conducted at room temperature using an open circuit potential (OCP)
within the frequency range of 100 kHz to 1 MHz, with an alternating current (AC) ampli-

tude of 10 mV.
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Figure 32 CV test with a different scan rate for two different volt window
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The galvanostatic charge/discharge (GCD) test, shown in Figure 33, was carried out at
different currents ranging from 0.0004 A to 0.001 A at an increment of 0.0001 A and 0.002
A as well. Two voltage windows were considered for this test as well. The first of which
spanned from 0 V to 1.5 V and the second one spanned from -0.5 V to 1.5V. The specific
capacitance value for the former was 2.34 F/g and 5.859 F/g for the latter. This comes in
conformity with the CV test results. The highest capacitance was obtained at the lowest
current (0.0004 A) for both voltage windows and the lowest capacitance was obtained at
the highest current (0.002 A). The plot with the wider voltage window (-0.5 V to 1.5 V)
yielded more accurate results compared to the one with a narrow voltage window due to

its superior discharge curve and better intermediate resistance drop.
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To assess the performance of the selected electrode material, a cyclic stability test was
performed. The supercapacitor was subjected to 1000 charge/discharge cycles and the re-
tained capacity was recorded at 100 cycles intervals. The voltage window was set from -
0.6 V to 1.5 V. The results, illustrated in Figure 34, show that the RM supercapacitor lost
10% of its capacitance in the first cycle and another 10% during the second cycle. The
capacitance drop was steady and linear during these first two cycles. After that, however,
there was no performance degradation and the capacitance retention remained almost con-
stant (at 80%). There was only a minor drop (< 3%) in the capacitance after the third
charge/discharge cycle. These results show a good performance and reconfirm that RM is
a potential supercapacitor material and reflect a good capacitive nature of the developed
RM-based supercapacitor in addition to the robustness and durability of the supercapacitor
under repeated charge-discharge cycles. It is also noteworthy that the separator and elec-

trolyte materials also contribute to the cyclic performance of supercapacitors.
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Figure 34 Stability test for the 400 cycles of supercapaciton
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Another parameter that is used to measure the performance of supercapacitors is the power
density, which characterizes the rate at which a device can release the energy stored, while
energy density represents the amount of energy that it can contain. These values are calcu-

lated using the following equations:

E=05x Cx —  (Whkg-1) 35

_ Ex3600
t

P

(Wkg — 1) 3.6

Here, E denotes the specific energy (Wh kg—1), C is the specific capacitance (Fg—1), V
signifies the potential window (V), P is power density (W kg—1), and t indicates the dis-
charge time (s). Figure 35 portrays the correlation between energy density and power den-
sity for two distinct voltage windows. The first graph with a 0 - 1.5 V voltage window
shows a steep abrupt decrease in the energy density followed by a gradual and steady re-
duction. The energy density measured 0.75 Wh/kg at 10 W/kg and dropped to 0 Wh/kg at
almost 60 W/kg. The drop in energy density was almost 0.6 Wh/kg in the 10 - 30 W/kg
power density range, but only dropped by 0.1 Wh/kg in the 30 - 60 W/kg range. The second
graph with a wider voltage window (-0.6 V to 1.5 V) shows a very similar trend where the
energy density rapidly decreased from 3.5 Wh/kg to almost 0 Wh/kg in the 0 - 40 W/kg

power density range then remained constant in the 40 - 120 W/kg range.

Figure 36 demonstrates that an increase in current density led to a concomitant decrease in
capacitance. This trend was shared among both the voltage windows. The capacitance —

current graph for the 0 — 1.5 V window shows a slight discrepancy where the capacity
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increased when the current increased from 0.02 to 0.04. This, nonetheless can be consid-
ered an error in the results and it was only observed in this instance. The other graph (with
a -0.5 - 1.5 V voltage window) doesn't show this error and the specific capacity was ob-
served to decrease linearly with the increase in the current density. In the case of -0.5 - 1.5
V, the rate at which the capacitance changes seemed to be constant until a specific threshold
current value was reached; about 0.03 A/g in this particular experiment. The capacitance
decreased steeply until the value was reached then dropped suddenly to almost zero. The 0
- 1.5 V shows a less intense reduction in the specific capacity with the increase in the
current. The figures also show that a max capacitance of about 2.5 F/g was obtained at 0.01
Alg in the 0 - 1.5 V range while the highest capacitance of 5.859 F/g was attained under a
current density of 0.015 A/g with a voltage window ranging between -0.6 and 1.5 volts
while the specific capacity in the 0 - 1.5 V voltage range peaked at approximately 2.5 F/g
for the same current. The capacitance dropped to zero at about 0.03 A/g inthe -0.5-1.5V

range and at 0.08 A/g in the 0 - 1.5 V range.

The LED test is commonly conducted as the final experimental test on a supercapacitor.
The LED test in the supercapacitor lasted for around 5 minutes, which is an excellent result,

and it demonstrates the supercapacitor’s ability to deliver energy to an external load.
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Figure 37 LED test

3.16 Conclusion

this study assessed the potential use of the alumina production by-product (red mud) as a
part of cement-based structural supercapacitors. The data and results from this experiment
add to the field of knowledge of this developing industry. This study presented many out-
comes. Firstly, an exhaustive assessment of the composition and micro-structure was pro-
vided and it was found that RM has the potential to be used as a structural supercapacitor.
Secondly, the performance of RM-modified mortars was assessed against straining actions
and durability hazards. This stage of testing showed that 20%RM replacement can some-
times perform better than plain OBC mortars in certain areas. Finally, the electrochemical
tests proved that the developed supercapacitor, which is fabricated from RM, cement, sand,
water, jute derived carbon, and steel meshes, has an acceptable electrochemical perfor-
mance. Overall, the results indicate that RM-modified mortars can certainly be used as

structural supercapacitors.
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