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Utilizing red mud from industrial waste as catalysts
for the hydrogenation of CO, into value added

Mahbuba Aktary, ©2 Mohammed A. Sanhoob,” Atif S. Alzharani,*
Huda S. Alghamdi,® Afnan M. Ajeebi,® Md. Abdul Aziz®

and M. Nasiruzzaman Shaikh

@*ab

Finding environmentally acceptable and long-lasting catalysts that can convert carbon dioxide into

compounds with additional value is of great interest. Using Red Mud (RM), a waste product from the

aluminum industry, as a CO, reduction agent is also a great idea, given the current environmental

problems. In this research, we developed, characterized, and evaluated a series of metal-promoted (M =
Na, K, Cs, Ba, Mg, and Sr) RM catalysts for CO, hydrogenation to produce olefins and CO. In the
beginning, we synthesized RM that had been treated with acid and base by employing hydrochloric acid
(HCl) and potassium hydroxide (KOH), and then we examined the activity of these catalysts in CO,
hydrogenation. Surprisingly, when tested at 375 °C and 30 bar pressure (CO,:H, = 1:3), pure RM
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converted 22% CO, compared to acid-and base-treated RM, which converted 16% of CO,. Under

identical reaction conditions, the 3%K-promoted RM (3%K@RM) catalyst achieved over 27% of CO,

DOI: 10.1039/d4ra08784d

rsc.li/rsc-advances

1. Introduction

Environmental concerns that become apparent from the rising
levels of CO, are mostly caused by human activities." Numerous
initiatives have been undertaken to prevent catastrophic envi-
ronmental disasters due to greenhouse gas emissions,
including the implementation of technologies and policies to
mitigate the negative consequences of using fossil fuels.>*
Carbon capture, utilization, and storage (CCUS) technologies
have become vital mitigation strategies for the sustainable
development of nations."® Specifically, a workable solution to
this urgent problem is utilizing captured CO, and converting it
through photoreduction,®® electroreduction, photo-chem-
ical,”> thermo-chemical,"*** electrochemical,****° or biological
methods into value-added products. Among these, thermo-
chemical processes are preferred for CO, conversion in many
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conversion activity compared to the other 3%M@RM catalysts (where M = Na, Cs, Ba, Mg, and Sr) in
terms of conversion and selectivity for light olefins (C,_4_).

industrial applications due to the process flexibility, scalability,
and economic and environmental advantages.

In this regard, catalytic hydrogenation is one well-estab-
lished thermo-chemical strategy for converting CO, to a variety
of high-value-added products, including CO, CH,, methanol,
dimethyl ether, olefins, etc. For instance, the bimetallic
40CuCe(rod) catalyst showed 36.5% to 41.1% conversion with
100% CO selectivity at 400 °C.>* Al-Fatesh et al., demonstrated,
2.5 wt% Ni and 2.5 wt% Co supported over ZrO,/Al,O; catalysts
for CO, hydrogenation and produce 83.8% CO, converted
product with 73.7% CH, selectivity.” Chuan-Shu et al. reported
a novel method using Ni-NP catalysts to hydrogenate CO, into
formic acid.”® Also, numerous catalytic systems for CO, hydro-
genation including Zry,-bpdc-CuCs,> Pd,Cu NPs/P25,*
CoMoC,**, Cu@Na-Beta,” Au/a-TiO, (ref. 28) are developed for
CO, to ethanol. However, the production of olefins from CO, is
an intensive research area. Because olefins are the primary raw
material used in the industrial manufacturing of plastics and
polymers,*»*® lubricants,*' and detergents®* where lower-olefins
(C,-—-C,-), such as ethylene, propylene, and butylene are the
major component.*® Specifically, ethylene (C,_) is widely
employed as a precursor in the synthesis of thermoplastic
oligomers or polymers.* It is also employed in the synthesis of
vinyl chloride, acetate, styrene, ethylene glycol, etc.>**® Today,
lower olefins production is the few hundreds of billions dollar
of industry.>” However, very few studies are dedicated to CO, to
lower olefin formation.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this context, several low-cost metal-based catalysts, such
as Fe,05-CT600, Fe-Co(0.17)/K(1.0)/Al,03, ZnZrO/SAPO-34, and
Na-Fe;0,/HZSM-5, have demonstrated good CO, hydrogena-
tion performance for the production of C,, hydrocarbons
through the modified Fischer-Tropsch (FT) process.*® The
reverse water-gas shift (RWGS) reaction (eqn (1)) transforms
CO, to more reactive CO by the endothermic reaction. Further
hydrogenation of CO can produce C,. hydrocarbons followed by
the reactions of eqn (2)-(4)

CO, + H, = CO + H,0; AH = +41.2 kJ mol ™" (1)
nCO + (2n + 1)H, = C,Hy,4 + nH,0 (2)
nCO + 2nH, = C,H,, + nH,O 3)

nCO + 2nH, = C,Ha,+;OH + (n — 1)H,0 (4)

Also, Fe-Co-K/Al,03-400 catalysts showed 49% CO, conver-
sion and 37% olefins selectivity at 340 °C.*° The addition of Zr
with K-Fe catalyst enhanced conversion (>54%) as well as
olefins selectivity (>53%) at 320 °C and 2 MPa.** Researchers
fabricated a bulk Fe catalyst with a large surface area that is
promoted by K and activated during the hydrogenation of CO,
to C,-C, olefins without the requirement for extra heteroatoms
or structural stabilizers at 5 bar pressure and 300 °C. The
catalysts K-FeX (X = 15, 30, 60) powdered catalyst have more
activity than materials based on commercial composition,
phase and structure of Fe;0, and a-Fe,0;.** The K-Fel5 catalyst
achieved a CO, conversion of approximately 38% at steady-state
conditions whereas the selectivity to C,-C, olefins reached
about 40%.** Additionally, a moderate chain growth probability
and low secondary hydrogenation of olefins contribute to the
high selectivity towards these olefins. A recent study found that
the K-Fe-Al-O catalyst (prepared by electrospinning method)
improved CO, conversion by 48% and selectivity to C,-Cs light
olefins by 52%.%

Transformation of CO, focuses on direct hydrogenation of
CO, to lower olefins for a while. Some research on the mixed
catalyst consisting of the ZnZrO solid solution and Zn-modified
SAPO-34 zeolite mentioned this heterogeneous mixture allows
for selective conversion of CO, into short-chain olefins instead
of alkanes and selectivity to form these compounds is close to
80-90%.**

The catalyst support has played a major role in the metal-
support interaction and is essential in spreading the active
metal.*® Catalytic activity varies, for example, whether the active
metal is uniformly immobilized on its surface chemical states
and exposed crystal facet.*® Metal oxides,*>**® clays,*>*"
zeolites,”*>* activated carbon,**?*® porous silica,>* and
MOFs,**” have all been used as supports for CO, hydrogena-
tions. Because of their chemical, mechanical, and thermal
stabilities, inorganic metal oxides are more advantageous than
the others.

Recently, RM has attracted a lot of attention due to its toxic
nature and, most importantly, abundant byproducts, gener-
ating hundreds of thousands of tons every year from the
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aluminum industry. Eliminating it from the earth's surface is
an urgent priority.® It primarily consists of a diverse mixture of
metal oxides and hydroxides of iron, aluminum, titanium,
silicon, and calcium in the form of very fine particles <10 pm.*
Although the actual composition varies globally, it is general-
ized as a mixture of metal oxides. However, the potential of red
mud (RM) is less explored as catalyst as well as support for CO,
hydrogenation reaction. All the active components, such as
Fe,03, Fe;0, etc., are required to activate the CO, molecules and
then transform them into high-value chemicals, such as lower
olefins (C,_-C,_). Therefore, a combination of RM and a suit-
able promoter could be the best choice as a catalyst for CO,
conversion in terms of economics with enhanced environ-
mental credentials.

In this study, bifunctional catalysts were developed for CO,
hydrogenation to lower olefins by inhibiting the production of
CH,, using a series of alkali and alkaline earth metal-promoted
RM obtained from MA’ADEN, Saudi Arabia. We also intended to
study the impact of monovalent (Na" from NaCl, K* from KNOj,
and Cs* from CsOH) and divalent metal cations (Mg>* from
MgO, Ba>* from BaO, and Sr** from SrCl,) on the production of
olefins through CO, hydrogenation reactions. The methodology
we have adopted involves only two key processes: mixing and
calcination. Both of these are well-established, efficient, and
cost-effective operations commonly used in industry, making
them highly favorable for large-scale implementation. Since
these steps do not require complex equipment or conditions,
the use of Red Mud in this process is not only technically
feasible but also economically viable.

2. Experimental
2.1 Reagents and chemicals

In this study, the following materials and chemicals are used
without further purification:* raw red mud (RM) from MA’ADEN
Bauxite and Alumina Company (MBAC) of Saudi Arabia,>
deionized water (DI-H,0),® different metal salts including
sodium chloride (NaCl, Sigma Aldrich), potassium nitrate
(KNO3), cesium hydroxide (CsOH), magnesium oxide (MgO),
barium oxide (BaO), and strontium chloride (SrCl,),* potassium
hydroxide (KOH),* hydrochloric acid (HCI).

2.2 Catalyst preparation

A schematic diagram for the steps involved in preparing the RM
and K@RM catalyst is shown in Scheme 1. The raw RM was
dried in an oven at 80 °C, grinded using mortar and pestle, and
then sieved to a size of <200 um. The powdered material was
calcined at 500 °C for 5 hours and then divided into two
portions. One was produced via acid treatment and the second
by base treatment. The first one was produced by adding HCl
(10 mL) to a well-dispersed suspension of the calcined RM
catalyst (3 g) in deionized water (DI-H,0) (50 mL) and continued
stirring (250 rpm) overnight. The product of RM catalyst was
then filtered, washed with DI-H,O, and dried in the oven at 80 °
C overnight. The acid-tread sample was named HCl-treated RM.
The second treated sample was modified using potassium
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Scheme 1 Steps of RM-based catalyst preparation.

hydroxide. The sample was prepared by solid mixing method
using mortar and pestle which was grinded for 30 minutes. The
base-treated sample was named KOH treated RM.

2.2.1 Preparation of K@RM catalysts. A series of alkali and
alkaline earth metal promoters, such as Na, K, Mg, Ba, Cs, and
Sr each 3 wt% were mixed and grinded using mortar and pestle
with the calcined RM catalyst for 30 minutes. The resulting
solid mixtures were again calcined at 500 °C with a temperature
gradient of 3 °C min~ " with a holding time of 5 h. The catalysts
are denoted as 3 wt%M@RM (where M = Na, K, Mg, Ba, Cs, and
Sr). Thereafter, another series was produced by varying the
concentration of KNO; to produce samples containing different
concentrations of K. The selected concentrations were 1, 2,3,
and 5 wt%. The samples were prepared using the same proce-
dure as described above, and the catalysts were marked as 1
wt%K@RM, 2 wt%K@RM, 3 wt%K@RM, and 5 wt%K@RM.

2.3 Analytical techniques

2.3.1 Catalytic physiochemical properties. X-ray diffraction
(XRD) of RM and metal-promoted RM catalysts was performed
using Cu-K,, radiation with an instrument called Rigaku Ultima-IV
diffractometer (at 40 kV and 25 mA). The XRD scan covered
a range from 5 to 70° (26) with a step size of 0.02° at a scanning
speed of 2° min~". Fourier transform infrared spectroscopy (FTIR)
is a fingerprint technique to identify the surface functional group
of the catalysts. Materials' response to infrared irradiation causes
stretching and vibration in particular bonds. The existing bonds
were analyzed using FTIR (FTIR Thermo Scientific, Nicolet 700,

4972 | RSC Adv, 2025, 15, 4970-4986

USA). KBr was employed with the catalysts as the IR transparent
window material for FTIR analysis. The IR transmission spectra
were collected for the wavenumber range of 500 to 4000 cm ™.

Using Quantachrome Instruments (version 6.0), the N,
adsorption-desorption isotherm was used to calculate the
Brunauer-Emmett-Teller (BET) to evaluate the catalytic surface
area, and the pore volume. The Non-linear Density Functional
Theory (NLDFT) equilibrium model is used to calculate the
micropore volume. The degassing of the sample should be
performed at a temperature of 150 °C for 12 hours. Raman
spectroscopy was used to analyze and measure the catalyst's
surface before the reaction. A 455 nm DXR laser and a Thermo
Scientific DXR Raman spectroscope were used to record the
Raman spectra. Temperature-programmed-reduction (H,-TPR,
BELCAT II from MacrotracBEL) method was used to observe the
reduction capability of catalysts by H,. H,-TPR was carried out
by placing 50 mg of catalysts in a reactor tube and preheating it
at 500 °C for 30 minutes with argon flow (50 mL min ). After
cooling down to 50 °C, a mixture of H, and Ar gas (containing
10% of H, with a flow rate 5 mL min " and 90% Ar with a flow
rate 50 mL min ') was introduced into the reactor tube. The
sample was then heated to 900 °C at a rate of 10 °C min~* while
the TCD signal was captured concurrently.

2.3.2 Catalytic structure and morphology. Investigations
were carried out using Field Electron Emission-Scanning Elec-
tron Microscope (FE-SEM, Lyra3, Tescan, Czech Republic) with
20 kv operating voltage for visual observation of particle size
and surface morphology of the catalysts. The SEM samples were
prepared by pipetting the ethanolic sample onto alumina stubs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and then Au-coated the stubs using an automated Au-coater
(Quorum, Q150T E). EDS-spectra, Elemental analysis, and
mapping were carried out using an SEM Lyra 3 accessory. High-
resolution Transmission Electron Microscopy (HRTEM)
(JEM2100F from JEOL) was used to identify the size and shape
of each element present in the catalysts. The structural char-
acterizations such as crystallinity, and planner orientations of
different metals, were studied with the use of the HRTEM model
operating at 200 kV as an accelerating voltage. The ethanolic
suspension containing the catalyst was poured onto the copper
grid that was placed at room temperature.

2.4 Catalytic activity evaluation

The RM catalysts with different promoters were tested for CO,
hydrogenation inside a fixed bed reactor (PID Microactivity-Effi
reactor). Each time, 0.20 g of the catalyst was placed inside
SS316 tube with an inner diameter of 9.11 mm in a particular
location of the 300 mm long tube. The catalyst sample was
heated at 500 °C for 50 min with 20 mL per min N, gas to
eliminate moisture as moisture increases the reaction barrier
for CO,. The catalysts were reduced in the presence of H, gas (3
mL min~ ") for 30 min. The sample was cooled to 150 °C. Then,
the reactor tube was pressurized to 30 bar with a CO,/H, molar
ratio of 1: 3 and then heated to the reaction temperature of 375
°C. The required activation energy for the catalyst, which has
a strong drive for the creation of hydrocarbons, was guaranteed
by this reaction temperature. Catalyst deterioration and
unwanted side reactions can result from extremely high
temperatures. The pressure of 30 bar that we chose was in line
with the working limitations of our experimental apparatus and
was based on best practices in CO, hydrogenation investiga-
tions.” To provide a sufficient supply of hydrogen for the
process while preventing excessive H,, a CO, : H, ratio of 1:3
was used. Additionally, this ratio shows a compromise between
the stoichiometric needs for olefin synthesis and industrial
viability. The catalytic evaluation was investigated at gas hourly
space velocity (GHSV) of 4500 mL g * h™'. The evaluation of
catalysts was conducted using an online gas chromatography
system (Shimadzu, GC-2014) equipped with two flammable
ionization detectors (FIDs) and a thermal conductivity detector
(TCD). The first FID tracked anticipated hydrocarbons, and
aromatics, while the second FID monitored oxygenates and
acidic products. The TCD detector was responsible for moni-
toring permanent gases and catalytic conversions. Eqn (5)—(7)
reported by Peng Gao et al. were used to determine CO,
conversion and hydrocarbon selectivity on a carbon atom
basis.”

COZ inlet — COZ outlet

.of = 1009
Conv. of CO, COb x 100% (5)
Cooutlct
Sel. of CO = x 100% 6
COZ inlet — COZ outlet ! ( )
Sel. of C,H,, = nCuH, x 100%  (7)

COZ inlet — COZ outlet — Coinlet

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where C,H,, indicates moles of hydrocarbon created by outlet
reaction with n carbons. CO, intake and outflow indicate moles
of CO,. CO outlet displays moles of CO.

3. Results and discussion
3.1 Characterization of the RM-supported catalysts

3.1.1 Synthesis of catalysts. In one of the samples, red mud
was treated with hydrochloric acid, and its subsequent calci-
nation was performed to enhance the physicochemical prop-
erties that directly affected its catalytic activity. In another
sample, red mud was modified using potassium hydroxide
solution. The catalytic performance was compared with the un-
treated red mud (RM) catalyst. Generally, the major compo-
nents of RM and the treated samples are Si, Fe, Al, Na, Ti, and
Ca, and their elemental quantifications were measured using
the XRF and EDS studies. It revealed that calcium and sodium
contents decreased significantly in the acid-treated samples,
leading to the generation of RM structure. Also, the loss of these
certain elements can be explained by the higher dissolution of
alkali and alkaline earth metal ions in an acidic solution.”” On
the other hand, the KOH-treated red mud showed an increase in
the concentration of potassium due to the addition of 3 wt% of
K. The other elemental compositions were maintained, indi-
cating that the KOH solution maintained the main elemental
composition of the raw red mud with addition of K only.

3.1.2 Characterization of catalysts. The crystallinity and
composition of pure RM and metal-promoted RM were exam-
ined using X-ray diffraction (XRD) technique, and the results are
shown Fig. 1. The XRD pattern for RM reveals the existence of
the primary mineral phases in the RM as Fe,0;, Al,O3, and
TiO,.”>7* The main crystalline phases of o-Fe,O; (hematite,
JCPDS card number 89-0596, JCPDS card number 33-0664,
JCPDS card number 85-098), AIO(OH) (boehemite: JCPDS card
number 17-0940), Al(OH); (gibbsite, JCPDS card number 33-
0018, JCPDS card number 83-2256), FeO(OH) (lepidocrocite:
JCPDS card number 74-187), CaCO; (calcite: JCPDS card
number 01-086-2343), sodalite (JCPDS card number 00-037-
0196) and TiO, (anatase titania, JCPDS card number 21-1272)
were detected in XRD as shown in Fig. 1a. For instance, calcium
carbonate as calcite (CaCOj3) is observed with the appearance of
diffraction peaks at 26 = 26, 27, 28, 48 and 59°. Similarly, the
presence of Fe,O3 has diffraction peaks at 26 = 34, 36, 42, 49.5,
54 and 63°.7° The effect of K loading on XRD is also investigated.
When the K content is increased from 1 to 5%, it is observed
that the reflections related to all metal planes decreased, as
depicted in Fig. 1a.

The peak at 19° for Al in RM has shown a little shift to the
right with the increase of K loading which was observed as
a maximum shift by 0.3° for the addition of 5%K in RM (Fig. 1a).
This was due to the crystal lattice strain or lattice deformation
resulting in smaller grain size, as evidenced in HRTEM the 5%
K@RM (Fig. 5). However, the excess amount of K (5%K@RM)
incorporates higher basicity, which breaks down larger crystals
as supported by TEM data.”

Then, different metal ions (3%) (X= Na, Mg, Cs, Ba, and Sr)
in addition to the K are loaded into the RM, and its XRD

RSC Adv, 2025, 15, 4970-4986 | 4973
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Fig.1 XRD of (a) pure RM and different percent K-promoted RM, (b) pure RM and 3 wt¥% different metal-promoted RM, (c) pure RM and 3%K@RM,

KOH-treated RM (KOH-RM), and HCl-treated RM (HCI-RM).

signatures were evaluated, and the results are shown in Fig. 1b.
The diffraction peaks of each individual metal ions were
detected in XRD as shown in Fig. 1b. In Fig. 1c, the addition of
KOH by wet method has showed the presence of many more
microcrystalline structures in the catalyst. The XRD data that
appeared for KOH-treated RM has many new reflection peaks
(from 26 = 20 to 26 = 46°, shaded regions). These peaks were
generated from different planes of the corresponding metal
compounds (that were absent in RM). HCl-treated RM has
mainly bigger ions as smaller ions were washed away such as
Na, Al, and other composite materials NasAl;CSi;O;5. From the
XRD data of HCl-treated RM (Fig. 1c), the diminished intensity
of NasAl;CSiz0,5, CaCOj3, Fe, 03, FeO(OH), Al(OH); established
the proof of this hypothesis.

FTIR spectra of pure RM and K-promoted RM with compa-
rable transmission bands are presented in Fig. 2(a and b) and
the dominant bands are listed in Table 1. No noticeable change
in the absorption band is observed when the concentration of K
is increased from 1 to 5% (Fig. 2a). However, a broad peak at

4974 | RSC Adv, 2025, 15, 4970-4986

3433 cm ! appeared in the stretching vibration of ~OH groups
due to adsorbed water molecules in the surface or the envelope
formed by hydrogen-bonded surface -OH groups, when the data
is compared with pure RM and 3%K®@RM in Fig. 2b.”” The
bands at 555-565 cm ™' were assigned to the Fe-O stretching
vibration arising from the hematite present in the RM. Also,
a prominent peak at 1435 cm™ " appears due to CaCO; formed
after calcination of RM at 500 °C.

Additionally, the peak at 1113 cm ~ suggests asymmetric
stretching of Si-O-Al framework in cancrinite and hibschite, as
well as O-Fe-O in goethite. Furthermore, the peak at 986 cm ™"
signifies Si-O-Si(Al) bonds, corresponding to the anti-
symmetric stretching vibrations (v;) in SiO, tetrahedra of
Ca,Si0,. The peaks at 563 and below 500 cm ' in RM are
attributed to the stretching vibration of Fe-O, some minor
peaks at the range of 612-695 cm™ " correspond to Al-O band,
which are predominant in 3% and 5%K promoted RM
(Fig. 2a).”” This may be due to the phase changes during the
activation process.

1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR data of (a) K-promoted RM, (b) pure RM vs. 3wt% K-promoted RM (c) Raman spectroscopy of K-promoted RM.

The presence of metal-oxides is further supplemented by
Raman spectroscopy and the results are shown in Fig. 2c. The
distinct Raman peaks at specific wavelengths in the analysis
represent various metal oxides in RM. For example, five prom-
inent peaks at 145, 211, 275, and 620 cm ™, are associated with
hematite (Fe,03), which is one of the major components in RM.
Additionally, the peaks at 145, 280, 400, and 508 cm " could be
attributed to the presence of anatase (TiO,), calcium carbonate
(CaCO0s), alumina (Al,03), and quartz (SiO,), respectively.”®*
Also, the presence of Fe,O; is more noticeable when 3% K was
added to RM.

Table 1 The main phases present in RM calcined at 500 °C for 5 h
determined by FT-IR measurement

Wavenumbers (cm ") Phases

3433 OH group, H-bond
1640 H,O in cancrinite
1435 CaCo;

1113 FeO(OH)

986 Ca,Si0,, Si-O-Si(Al)
612-695 Al-O

563 Fe,O;

© 2025 The Author(s). Published by the Royal Society of Chemistry

A scanning electron microscope (SEM) imaging study is
performed to investigate the surface morphology of the pure
RM and alkali and alkaline earth metal-promoted RM catalysts.
As depicted in Fig. 3, the heterogeneous internal structure of
RM is confirmed by the SEM imaging of pure RM, which is
constituted by different sizes of particles and crystals with
various shapes and morphology ranging from nanometer to
a few microns sizes formed by agglomeration (Fig. 3). The
higher agglomeration of particles was observed with the KOH-
treated samples, thereby decreasing the surface area and
leading to the loss of active sites.

It is noticeable in SEM that the monovalent Na, K, and Cs
metal-promoted RM contributed to an increase in the particle
size than in di-valent Mg, Ba, and Sr metal-promoted RM with
the fixed concentration of metal ions (3%) (Fig. 3a-i). Also, no
significant effect in morphology is noted when the K content is
increased from 1 to 3% (Fig. 3j-1). However, a higher amount of
K (5%) in RM undoubtedly promotes further agglomeration,
diminishing catalytic activity. X-ray dispersive spectroscopy
(EDS) attached to SEM confirms the presence of constituent
elements in the RM, its promoter metal elements, and their
distribution. The detailed composition and contents of Si, Fe,
Al, Na, Ti, and Ca of RM and other catalysts were found by EDS

RSC Adv, 2025, 15, 4970-4986 | 4975
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Fig. 3 SEM image of pure RM, KOH- and HCl-treated RM, and different metal-promoted and different wt% K-promoted RM.

mapping data and from XRF normalized wt% (ESI, Fig. S1, S2,
and Table S1t).

The transmission electron microscopy (TEM) images are
depicted in Fig. 4. The particles present in the RM and RM-
based catalysts exhibit diverse sizes and shapes with different
crystal planner orientations due to the presence of different
metal nanocrystals. KOH-treated RM showed irregularly shaped
smaller particles, while HCl-treated RM exposed longer arrays of
crystal planes, which resulted in TiO, rod-like structures.?* The
introduction of K and other metals had an impact on the grain
size and crystallinity of the constituent materials (ESIT). Pure
RM crystallinity was enhanced by a slight addition of K. This
trend leveled off to 3 wt% of K. However, the higher amount of K
(5%) in RM starts to break the long-range order of the lattice.
This claim has been justified by the XRD peak analysis pre-
sented in Fig. 1c. It caused smaller grains and a large amount of
grain boundary. However, it did not bring significant changes in
the morphology of the particles. Upon examination, it was
noted that K-promoted RM resulted in the formation of parti-
cles with pores and rod-like structures, attributed to the
contribution of quartz and rutile®* in RM. The unidirectional
crystal growth, which gives the tubular shape, comes from the
combined effect of Al substitution on hematite.*® The effect of
Na, Cs, Mg, and Sr on RM particle shape and size has shown

4976 | RSC Adv, 2025, 15, 4970-4986

a similar effect. However, 3%Ba@RM has produced bigger
cubic particles due to the cubic nature of BaO.

HRTEM picture has shown slip dislocation, or planar defect
on the structure (Fig. 5). HRTEM of 3%K@RM revealed the clear
and bright surface of the particle. As mentioned earlier, RM is
a complex mixture of different metal oxides, HRTEM image
clearly established the presence of Al,O; with d(;19) = spacing
0.24 nm,* hematite Fe,O; with dz11) = 0.25 nm.* Also, the
presence of hexagonal anatase TiO, nanoparticles with d(;91) =
0.35 nm (ref. 82) and rutile phase TiO, nanorods with d(;,0) =
0.33 nm® is confirmed by the matching of inter-planar distance
(@)

The hydrogen consumption-ability of pure and modified RM
samples was assessed using temperature-programmed reduc-
ibility studies (H,-TPR) and spectra, as shown in Fig. 6a. It
demonstrated the well-defined reduction peak at 502 °C for the
pure RM. Generally, hematite (a-Fe,O3) is reduced by H, in the
range of 220 to 680 °C,*® while magnetite reduces in the range of
600 to 800 °C.*” The other metals available in the RM sample
such as sodium, potassium, magnesium, calcium, and titanium
are also reduced in the range of 250 to 850 °C, which concludes
that the broad peak is composed of overlapping of a series of
peaks of each constituent element. However, modifying the RM
sample with different concentrations of potassium led to
a reduction in H, consumption, as shown in Fig. 6a. It was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM image of pure RM and different metal-promoted RM.

observed that the total H, consumption for the parent RM
catalyst was 502 umol g~ at temperatures ranging between 200
to 850 °C. Moreover, as the concentration of the K increased to 5
Wt%, a reduction in H, consumption (502 to 423 umol g~ ') was
observed. Additionally, it was observed that the first peak,
centered around 600 °C, shifted to a lower temperature as the
concentration of K increased in the sample. On the other hand,
the second peak located after 800 °C was shifted toward higher
temperatures, which confirms the contribution of K in
changing the elemental phase of the RM.

Fig. 6b illustrates the textural properties of the pure RM and
3% alkali or alkaline earth metal-loaded RM catalysts. In the
curve of RM, it is evident that the adsorption and desorption
curves diverged when the relative pressure was increased. A
substantial hysteresis loop was observed between relative
pressures of >0 and 1.0, indicating the presence of huge mes-
oporosity in the prepared catalysts. According to IUPAC
isotherm data, type IV suggests the presence of numerous
mesopores and macropores in RM with monolayer and multi-
layer adsorption.®® In contrast, the 3%K@RM hysteresis loop
demonstrated a significant decrease in adsorption capacity.
When the relative pressure was below 0.2, the adsorption and
desorption curves were nearly superimposed, indicating the
existence of micropores. Noticeably, BET surface area decreased
gradually from 20 m*> g ' to 11.2 m*® g ' as the K loading

© 2025 The Author(s). Published by the Royal Society of Chemistry

increased to 5%. The adsorption of gas was probably facilitated
in RM instead of K loaded RM (Table 2).

3.2 Catalytic evaluation

The catalytic performance for CO, hydrogenation process was
performed in a fixed bed reactor with gas hourly space velocity
(GHSV) of 4500 mL g ' h™'. The catalytic process was per-
formed at 375 °C and 30 bar using CO,: H, mixture (1:3). As
shown in Fig. 7a, the catalytic conversion of CO, hydrogenation
over pure RM promoted with different wt% of potassium was
presented after 6 hours of reaction on stream. The conversion
was found to have variation in catalytic activities. With pure RM
acting as a control catalyst, 22% of CO, conversion was
accomplished. However, treating the pure Red Mud catalysts
with HClI resulted in the reduction of the catalytic conversion to
16%, due to the role of acid in removing some of the elements
such as aluminum from the catalytic structure and, conse-
quentially, a chance for enhancing the presence of oxygen
vacancies required for the reduction of CO, to CO, but with less
catalytic activity due to the limitation of metal active sites. By
this treatment, it is proved that CO, hydrogenation process
requires large metal active sites as well as oxygen vacancies for
the process of reverse-water gas shift reaction. Similarly, treat-
ing the RM catalyst with 3% potassium driven from potassium
hydroxide source led to a reduction of the catalytic conversion

RSC Adv, 2025, 15, 4970-4986 | 4977
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Fig. 6 (a) Ho-TPR profile, (b) N, adsorption—desorption isotherms of RM and K-promoted RM samples.

to around 16% due to the role of potassium hydroxide in dis-
turbing the crystallinity structure of silicon atoms within the
catalyst bed. Although the catalytic conversion dropped in these
two samples from 22 to 16%, the catalytic selectivity toward CO

Table 2 Pore volume and surface area of pure RM and different
percent K-promoted RM obtained from BET measurement

Pore volume Surface area

Sample (ccg™ (m*>g™)
RM 0.029 20.36
1%K@RM 0.026 14.19
3%K@RM 0.023 15.26
5%K@RM 0.019 11.2

4978 | RSC Adv, 2025, 15, 4970-4986

was enhanced by acid treatment and the catalytic selectivity for
CO increased from 91% to 97%. On the other hand, selectivity
dropped significantly from 91% to 64% by base treatment. The
aforementioned data suggest that acid and base have a signifi-
cant role in influencing both the metallic composition of the
catalyst and the existence of oxygen vacancies, which are
necessary for the conversion of CO, to CO. Furthermore, acid
and base treatment also had an impact on selectivity toward
hydrocarbons. It was observed that the acid treatment led to
areduction in hydrocarbons from 9 to 3%, while base treatment
led to an increase in the catalytic selectivity toward hydrocar-
bons from 9 to 36%, indicating that the base-treaded RM
catalyst has enhanced the modified Fischer-Tropsch (FT)
process. On the other hand, the selectivity of light olefins with
the produced hydrocarbons was also affected by acid and base

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The catalytic performance data for RM and RM-based cata-
lysts for CO, conversion, CO, hydrocarbon, olefin, and CH,4 selectivity®

Sample CO, conversion CO Hydrocarbon C,_, CH,
RM 22 91 9 7 75
HCI treated RM 16 97 3 12 83
3%KOH@RM 16 64 36 1 92
1%K@RM 21 96 4 8 72
2%K@RM 21 95 5 11 70
3%K@RM 27 94 6 28 54
5%K@RM 27 93 7 21 53
3%Na@RM 26 92 8 3 82
3%Cs@RM 27 93 7 5 77
3%Ba@RM 26 91 9 3 80
3%Mg@RM 25 95 5 6 77
3%Sr@RM 25 90 10 3 84

% The converted CO, was produced as CO hydrocarbons. The main
products of those hydrocarbons were olefins and CH,.

© 2025 The Author(s). Published by the Royal Society of Chemistry

treatment. It was observed that the selectivity toward light
olefins increased from 7 to 12% by acid treatment, while it
decreased from 9% to 1% by base treatment. All the catalytic
performance data has been summarized in Table 3 and
comparative performance with conventional catalyst is pre-
sented in Table 4.

The higher olefins selectivity for HCl-treated RM and their
subsequent DI-water washing may cause the removal of smaller
metal cations from RM as shown in eqn (8) and enhanced the
crystallinity of larger cations (as shown in HRTEM), which
boosted the active sites of RM needed for the CO, hydrogena-
tion for olefins selectivity.

F6203 +6 HCl — 2 FGC13 +3 Hzo (8)

Heavy elements Sr and Ba favored methanation, but lighter
elements Mg enhanced CO selectivity.* At the same time, Mg

RSC Adv, 2025, 15, 4970-4986 | 4979
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enhanced the absorption of CO, over the Mg-modified Iron
based catalyst, resulting in increased methanation efficacy and
highly active Fe carbides.”® RM contains around 29% Fe,0;,
based on Table S1}'s XRF data. For RM, the CO, conversion was
22%; for 3%Mg@RM, it was 25%. While the Na and K enhanced
CO selectivity, they also increased the number of basic sites.”*
CO, adsorption on the surface was enhanced by larger size for
monovalent cations like Cs (absorption of Cs" > Na'), which
directly affects CO, conversion.”” That effect is clear from our
observations presented in Table 3 as well.

The effect of varied concentrations of K (1, 2, 3, and 5 wt%)
sourced from KNO; was found to have a vital effect on the
catalytic conversion of CO, hydrogenation at high concentra-
tions of K as shown in Fig. 7a. Though the addition of K can
modify the electronic properties of RM support in a way that
enhances the catalytic activity of transition metals (e.g., Fe, Al),
the addition of 1% and 2% of K as a promoter (in dry mixing
method) was found to have no role in improving the catalytic
conversion. The interactions facilitate K* production, which
creates room for direct interactions of metal oxides present in
RM. It increased the number of basic sites available on the RM
surface for CO, adsorption and activation. It produced CO from
CO, following the modified Fischer-Tropsch (FT) process® and
the reverse water-gas shift (RWGS) reaction (eqn (9)) by the
endothermic reaction. The hydrogenation of CO can yield C,.
hydrocarbons, which are then subjected to the processes
described in eqn (10)-(12):

CO, + H, = CO + H,0; AH = +41.2 kJ mol™ 9)

Besides the above-mentioned endothermic reaction can be
turned into a spontaneous exothermic reaction by K impreg-
nation as K — K" + e . These electrons will facilitate the
production of CO as

CO, — CO* + O* (10)
nCO + (2n + I)Hz = CnH2n+l + }’leO (11)
nCO + 2l’lH2 = CnHZn + nHZO (12)

However, further increasing K concentration from 2% to 3
and 5% led to enhancing the catalytic conversion from 22% to
27%, indicating the role of potassium in enhancing the catalytic
adsorption for CO, molecules. Selectivity was found to be
affected by the concentration of K. The higher loading
concentration leads to the high dispersion of K" ions, which
could lead to better access for CO, to interact with the K" active
sites. The catalysts with an appreciable amount of Fe, tend to
form iron carbide after multiple reaction steps.

aFe,0; — Fe;04 — FeO — Fe’ — FesC,

According to recent research, the phase transitions of Fe,O;
— Fe5C, due to catalyst activation and Fe;C, — Fe;O,4 due to
catalyst deactivation.”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Iron carbides (FesC,) on the catalyst surface improved CO
activation and hydrocarbon chain development, leading to
enhanced conversion and selectivity to olefins (Fig. 8). The
carbides were more effective in CO hydrogenation, producing
the required olefins.*> Higg carbide (FesC,) improves CO,
conversion and olefin selectivity in the K-Fel5 catalyst. This
phase is very active for CO activation and creation of C,-C,
olefins while reducing the generation of methane and longer-
chain hydrocarbons.

It was observed that the CO selectivity has increased from 91
to 96% by increasing the potassium concentration by 1%.
Further increase in K concentration was found to have a nega-
tive effect on CO selectivity, and the selectivity toward CO was
reduced stepwise from 96% to 93% and hydrocarbon selectivity
increased from 4 to 7% by increasing K concentration from 1 to
5%. Within hydrocarbons, the selectivity toward light olefins
was enhanced from 8% to 28% by increasing K concentration
from 1 to 3%. This effect is attributed to its promotion of CO,
adsorption and the suppression of further hydrogenation of
produced olefins, which enhances selectivity.** Beyond 3% of K,
the selectivity toward light olefins starts to drop slightly from 27
to 21%, indicating the optimum concentration was obtained at
3% of K, which probably anticipated to attenuate the hydroge-
nation activity of Fe, consequently fostering the propensity for
olefin preference formation.* This, in turn, may facilitate the
re-adsorption of olefins, thereby enabling extended chain
growth.

A broader scope of the effect of alkali and alkaline earth
metal promoters on CO, hydrogenation is investigated under
the optimized reaction condition. In this regard, a series of

© RM © C
Ok
(CH, A=)

o 0

@ Fe

\
3H:

0

o C2H4

\Light Olefins )

Exposed K active sites on RM Catalyst

Fig.8 CO, adsorption by the active sites on RM for higher conversion
and olefins selectivity.
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alkali or alkaline earth metals, such as Na, Cs, Ba, Mg, and Sr
were employed in a fixed concentration (3%) and impregnated
into the RM for CO, hydrogenation. It was observed that the 3%
Na loaded RM demonstrated comparable CO, conversion (26%)
with a very low olefins selectivity (3%) as shown in Fig. 7b.
However, the Cs promoted RM, and retained its reactivity
towards CO, conversion as 3%K loaded RM. Notably, a trend in
very low olefins selectivity (3-6%) was established with these
alkali or alkaline earth metals with the RM.

The catalytic performance of red mud (RM) can be attributed
to the synergistic roles of its key metal oxides, particularly Fe,O5
and TiO,. Fe,0; plays a critical role in CO, activation through its
redox properties (Fe** < Fe®*), enabling CO, adsorption and
dissociation, while TiO, provides oxygen vacancies that act as
additional active sites and enhances the dispersion of active
phases. Together, these oxides create a unique catalytic envi-
ronment that facilitates electron transfer and surface interac-
tions essential for CO, hydrogenation. The calcination process
at 500 °C improves the crystallinity and distribution of these
oxides, further boosting their activity. Additionally, the inclu-
sion of potassium as a promoter modifies the electronic prop-
erties of Fe,0; and TiO,, enhancing CO, adsorption and
hydrogenation efficiency.

Some significant factors affect the interacting mechanisms
for CO, hydrogenation. The catalyst preparation methods, the
amount of loading of active metals, the source of support
materials, and promoters including their precursor source play
a vital role in this case. It is worth noting that the physical and
chemical behavior of RM found in different geographical loca-
tions and other sources are different due to their different
elemental composition. Besides optimal process conditions
such as reaction temperature, pressure, and gas flow rate,
reaction bed configuration, the relative ratio of CO, and H,
mixture determines the olefin selectivity. The formation of iron
carbides and its effect on catalytic inhibition and activation is
also a major concern. The major challenge in the scientific
community is to ensure higher CO, conversion and greater
selectivity for light olefin. Furthermore, understanding the
feasibility of RM to be used as catalysts in processes such as CO,
hydrogenation is a smart approach to minimize the accumu-
lation of this waste material produced due to the demands of
mining and alumina production. This requires extensive
studies to understand the relationship between the physi-
ochemical properties of such kind of catalysts and reaction
mechanisms. We understand from our studies that the pres-
ence of potassium over Red Mud can enhance the presence of
light olefins. However, a limited amount of light olefins were
obtained, which made room for us to further explore the
possibilities of improving Red Mud in coming studies. Besides,
to ensure higher CO, conversion with appreciable hydrocarbon
product selectivity, there is a huge space for research with other
metals, especially transition metals such as Fe, Co, Cu, and so
on. From the extended part of our study, it was observed that
iron concentration has a great influence in tuning the catalytic
conversion in CO, hydrogenation and enhancing the catalytic
selectivity for hydrocarbons. The investigation was observed for
iron concentration ranging between 5 and 20 wt% over Red
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Mud (X%Fe@3%K@RM, X = 5, 10, or 20) as shown in ESI,
Fig. S4.1 The main finding was that these composites can lead
to higher methane selectivity in the absence of light olefins,
which is not the topic of interest here. This study is still in
progress to find the desired product by tunable composition of
metal active sites.

Our findings might be considered as a foundation of
understanding the synergic effect of metals presence in natural
materials.

4. Conclusion

In conclusion, RM-based catalysts, when paired with appropri-
ately selected promoter materials, demonstrate a cost-effective
solution for addressing the challenges posed by CO,. A
straightforward catalyst preparation technique enhances envi-
ronmental sustainability by minimizing the direct exposure of
RM and contributes significantly to CO, reduction efforts. RM
calcined at 500 °C outperformed its HCl- and KOH-treated
counterparts. Different effects on CO, hydrogenation were
found when several monovalent and bivalent metal promoters
were used. Among them, 3% K-promoted RM emerged as the
most effective, achieving 27% CO, conversion and 28% olefin
selectivity. Notably, the source of potassium played a crucial
role, as 3% K in RM derived from NO;~ and OH™ sources yiel-
ded varying outcomes. This finding highlights the potential for
further research to optimize catalytic performance by exploring
diverse sources of the same metal promoter. Furthermore, our
research indicates that one crucial factor that may be changed
to attain desired olefin yields is the weight percentage of
promoters. These insights cover the way for future advance-
ments in designing efficient catalysts for CO, hydrogenation.
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