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Abstract

The lack of periodic safe disposal of silico-manganese wastes poses significant environmental and health risks. Pro-
ducing each ton of silico-manganese alloy results in more than one ton of slag and 10%-15% fume, which can sup-
plement cement in concrete. This study presents the first critical review of silicomanganese fume (SiMnF) for the syn-
thesis of cementitious composites and evaluation of engineering properties. The review covers the fresh, hardened,
and durability characteristics, along with the microstructural development of SiMnF-based Portland cement

and alkali-activated products. It also examines the synergistic effects of SIMnF with other supplementary cementitious
materials, focusing on rheological and mechanical aspects. The findings indicate that pre-treatment of raw materials
and post-treatment of composites are essential for achieving target properties. Optimized dosage of SiMnF, alkaline
activator concentration, and curing conditions can provide workable mixes with compressive strengths of up to

50 MPa. A detailed life-cycle assessment was conducted to quantify the environmental impact of SiMnF-based mix-
tures. Based on identified knowledge gaps, the study proposes a roadmap for future research. This review highlights
the strategies for SiMnF from ferroalloy plants to be used in the cement and concrete industries, promoting solid
waste management, reducing carbon footprints, and supporting sustainable development towards net-zero emission
targets.
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1 Introduction

The largest synthetic compound and second-most widely
consumed material on Earth is cement, following the
indispensable consumption of water. The primary func-
tion of cement is to provide hydraulic binding properties
to the concrete matrix. As a result of such attributes, the
basic infrastructural needs of iconic buildings have been
made practicable. It has been estimated that the current
global demand for cement stands at 4.6 billion tons, with
expectations for it to reach around 6 billion tons by 2050
[1]. This increase in cement production correlates with
the growth of global population. The global construc-
tion boom presents a pressing concern due to the sub-
stantial energy demands of cement production and the
carbon emissions from the calcination of limestone to
produce cement. Approximately 70%—80% of the overall
energy consumption in cement production occurs dur-
ing the formation of clinker, accounting for 2% of global
energy usage and 5% of industrial energy consumption
[2]. Consequently, energy expenses represent a signifi-
cant portion, ranging from 20% to 40% of total manufac-
turing costs [2, 3]. Addressing these challenges requires
a shift towards more sustainable practices in cement
usage to reduce consumption and offset demand for this
carbon-intensive product. This includes substituting raw
materials and fuel technologies, such as utilizing blended
cements and adopting co-processing methods [4]. Fur-
thermore, integrating supplementary cementitious
materials (SCMs), such as waste and by-products, to sub-
stitute Portland cement (PC) either partially or entirely,
stands out as a highly promising advancement for reduc-
ing emissions within the construction sector [5, 6].

Solid waste utilized in concrete mixes falls into three
main categories: industrial or agricultural waste, munici-
pal solid waste, and construction and demolition waste.
Typically, these waste materials are either burned in the
open air, sent to landfills, or stockpiled without recycling,
particularly in developing countries. Open field burning
is a cost-effective method used to improve the rotation of
the crop cycle. However, it is associated with numerous
environmental and health issues due to the release of fine
particles and gases such as fine particulate matter, carbon
monoxide, methane, polycyclic aromatic hydrocarbons,
polychlorinated  dibenzo-p-dioxins,  polychlorinated
dibenzofurans, elemental carbon, and organic carbon.
These substances are light and can disperse in the air
and cause acute respiratory effects and other health
problems when inhaled unknowingly by people [7].
Similarly, industrial emissions often possess detrimental

characteristics, such as toxicity, corrosiveness, flamma-
bility, chemical reactivity, and infectiousness [8]. Land-
filling exacerbates space scarcity issues and poses risks
of landslides. To mitigate these problems, several coun-
tries have implemented landfill taxation laws to reduce
the volume of waste sent to landfills and to address issues
like noise, odor, and pollution. These levies have continu-
ously increased, varying based on waste type. For exam-
ple, taxes on combustible waste surged from €15 to €50
per ton between 1993 to 1997, reaching €75 per ton by
2007, and increased by 50% as of July 2015 [9]. Addition-
ally, landfilling can increase landslide risks, endangering
human life and property.

Developing a robust solid waste management plan is
essential to address environmental concerns and cost
considerations effectively. A promising solution involves
utilizing these solid wastes in infrastructural applica-
tions to promote green construction [10, 11]. These waste
materials can serve as replacements for fine or coarse
aggregates. In this regard, concrete technologists are
increasingly exploring the incorporation of agricultural
waste materials, such as oil palm, date palm, rice husk,
sugarcane bagasse, wheat straw, coconut coir, corncob,
elephant grass, bamboo, and olive waste, in concrete pro-
duction [12]. Additionally, industrial byproducts from
steel manufacturing, such as ground granulated blast
furnace slag (GBFS), and from ferrosilicon production,
like silica fume (SF), as well as residues from coal-pow-
ered power plants, such as fly ash (FA), have been widely
utilized [13, 14]. Natural SCMs like red mud, metakao-
lin, calcined clay, and natural pozzolan are also gaining
broad attention [15-19]. Despite these advancements,
there is a constant need to identify additional potential
waste products and enhance existing materials and tech-
nology. For instance, by-products from the ferroalloy
industry, including silicomanganese slag (SiMnS) and
silicomanganese fume (SiMnF), are relatively rare in the
literature. These materials contain high concentrations
of manganese oxide (MnO), potassium oxide (K,O),
and silica (SiO,) [20, 21]. They present opportunities for
value-added applications in construction products, either
within the PC system or through alkali-activated/geopol-
ymer technology [22-25].

In recent years, there has been a growing interest in
assessing the potential of SiMnF as a sustainable con-
struction material. Despite emerging studies, a compre-
hensive review of SiMnF-based mortar and concrete
mixtures, their composition, performance, and practical
relevance, has been lacking. Given the increasing global
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generation of SiMnF, the urgent demand for low-carbon
construction solutions, and the broader shift toward
industrial by-product utilization, consolidating exist-
ing knowledge is both timely and necessary. This paper
presents the first thorough review of SiMnF, analyzing
various aspects of its production, application, proper-
ties, and implications. Initially, the paper addresses the
challenges associated with manganese alloy produc-
tion, including the ferroalloy production process and
the concentration of manganese in the vicinity of such
plants, emphasizing the health risks linked with man-
ganese exposure (Sect. 2). The physical and chemi-
cal properties of SiMnF are presented (Sect. 3). It then
explores the utilization of SiMnF waste in construction
applications alongside the synthesis of SiMnF-based
mixtures (Sect. 4). The review discusses the fresh and
hardened properties of these mixtures, focusing on
their rheological and mechanical aspects, and investi-
gates their performance in normal and alkali-activated
mortars (Sect. 5). The microstructural analysis, includ-
ing scanning electron microscopy (SEM), energy dis-
persive X-ray spectroscopy (EDS), X-ray diffracation
(XRD), Fourier transform infrared spectrometry (FTIR),
and thermogravimetric analyses of SiMnF composites,
is reviewed to provide insights into their microstruc-
tural characteristics (Sect. 6). Additionally, the review
examines the durability properties (Sect. 7), conducts a
sustainability assessment (Sect. 8), and identifies chal-
lenges and future perspectives (Sect. 9). Finally, sum-
marized conclusions were highlighted (Sect. 10). In
general, this state-of-the-art review of literature eluci-
dates the insights on exploiting SiMnF from ferroalloy
facilities in the cement and concrete sectors, advancing
solid waste management, minimizing carbon emissions,
and fostering green infrastructural development in pur-
suit of net-zero emission goals.
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Fig. 1 World statistics. a Mn reserves. b alloy production (Adapted from: [26])
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2 Manganese alloy production and associated
problems

Manganese (Mn) is positioned as the 25th element on the
periodic table, and it is recognized as the 12th most prev-
alent element in the Earth’s crust, as well as the 4th natu-
rally occurring metal [20]. According to the International
Manganese Institute (IMnl), present global reserves of
Mn, including low-grade ores, are estimated to be sev-
eral billion tons. In 2011, the reserves of high-grade ores
(with Mn content greater than 44%) reached 680 million
tons. From these reserves, the production of Mn alloy
was recorded to be 17.7 million metric tons (MMT).
According to the 2009 statistics, the countries with the
highest Mn reserves and production (in MMT) were:
Ukraine (140 reserves and 0.31 production), South Africa
(130 reserves and 1.3 production), Australia (87 reserves
and 1.6 production), India (56 reserves and 0.96 produc-
tion), Gabon (52 reserves and 0.81 production), China
(40 reserves and 2.4 production), Brazil (29 reserves and
0.99 production). The remaining countries have a negligi-
ble Mn reserve and a production of 1.2 MMT, as shown
in Fig. 1. Approximately 93% of global Mn alloy produc-
tion is primarily used in the production of steel, as there
is no suitable alternative for Mn in this industry. The
remaining Mn alloy is used in the manufacturing process
of handy batteries, aluminum cans, insecticides for farm-
ing, circuit boards, livestock fertilizers, coloring agents,
pigments, oxidizing chemicals, sparklers, leather goods,
and pharmaceuticals [26].

2.1 Ferroalloy production process

The electric arc furnace (EAF) and the blast furnace
are the main approaches used to manufacture Mn alloy
from all grades of Mn ore [27]. The production of fer-
roalloys involves multiple steps such as procuring and
stockpiling raw materials, feeding them into storage
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containers, transporting them to the EAF, mixing them,
storing them in a furnace, smelting them, tapping the
molten metal, casting it, and then cooling and handling
the final product.

Figure 2 illustrates a visual representation of the
movement of raw materials in a standard ferroalloy
plant. To prevent the release of SiMn dust or fumes
during the manufacturing process, baghouse filters are
installed at smelting, tapping, ladle, casting, crushing,
and screening zones [28]. However, approximately 15%
of silicomanganese (SiMn) escapes as fume or dust dur-
ing the entire course of converting Mn ore into alloy.
Furthermore, a significant quantity of waste slag is gen-
erated during the production of the alloy. According to
reports, an Indian facility produces 50 000 tons of slag
from an annual alloy production of 60 000 tons. This
means that approximately 900 kg of slag are generated
per ton of ferroalloy manganese production, whilst 200
tons of slag are required to be disposed of every day
[29]. Elsewhere, it is reported that approximately 1.2
to 1.4 tons of slag are generated for every ton of SiMn
alloy produced, resulting in a yearly yield of about 10
million tons of SiMnS [30]. According to the 2012 sta-
tistics from IMnl, the globe produced approximately 15
MMT of SiMnS annually, highlighting its potential for
waste valorization.
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Three grades of ferromanganese alloy are used in
steel manufacturing: high carbon ferromanganese (HC
FeMn), refined medium carbon ferromanganese (Ref or
MC FeMn), and low carbon ferromanganese (LC FeMn)
or SiMn alloy. These grades have different Mn content,
with HC FeMn constituting 65%—79%, Ref or MC FeMn
constituting 80%-81%, and SiMn constituting 60%—77%.
Out of all the grades, SiMn synthesis accounts for 56% of
the entire Mn alloy production. SiMn production uses
low-grade ore to manufacture 50% of global construction
reinforcing steel. The global production of Mn alloys in
2000 and 2008 for HC FeMn, MC FeMn, and LC SiMn
was estimated to be 3.35 and 4.73 MMT, 0.74 and 1.12
MMT, and 3.77 and 7.85 MMT, respectively, as indicated
in the data in Fig. 3 [26]. The global rise in Mn alloy pro-
duction over time can be attributed to the continuously
growing demand for steel.

2.2 Mn concentration in ferroalloy plants

Ferroalloy industries release Mn particles into the atmos-
phere as aerosols during various production activities.
Additionally, they produce two by-products, SiMnS and
SiMnF, which are collected separately and stored in des-
ignated areas of the plant for periodic landfilling. There-
fore, the World Health Organization (WHO) has limited
a yearly permissible limit of 150 ng/m? for Mn to control
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Fig. 2 Schematic of movement of unprocessed materials in a standard ferroalloy facility (Adapted and modified from: [31])
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anthropogenic activities in ferromanganese refineries,
which are responsible for high Mn concentration in the
surrounding air of the plants. Surprisingly, this regulation
is being broadly violated by many ferroalloy plants and
ferromanganese refineries, as tabulated in Table 1.

2.3 Health problems associated with Mn exposure

Clinical research indicates that the human body
requires only minimal amounts of Mn-based nutrients
for skeletal growth, metabolic function, and regula-
tion of the immune and nervous systems [32]. These
nutrients also stabilizes hormone systems and restricts
cellular oxidative stress [33, 34]. On the contrary,

excessive inhalation of airborne Mn can result in
various adverse health effects. It primarily affects the
neurological system, leading to motor and cognitive
impairments [35, 36]. Chronic exposure to Mn can
lead to Mn poisoning, which bears some resemblance
to Parkinson’s disease [37—-39]. Additionally, elevated
Mn exposure in children and elderly people is particu-
larly linked to lower intellegience quotient (IQ) levels,
reduced body mass, hyperactivity disorder, and sen-
sory deficits [40]. The Agency for Toxic Substances
and Disease Registry (ATSDR) toxicological profile for
Mn reports that high-level exposure has effects on the
nervous system [41].

Table 1 Statistics of Mn concentration in the vicinity of some ferroalloy plants

Author(s) Ferroalloy plant location Average annual Mn Affected plant vicinity (km) Inhabitants Year
concentration in air
(ng/m3)
Haynes et al. [42] Marietta town, USA 203 7.3 (north, north-east) 14515 -
Ledoux et al. [43] Agglomeration Community of Boulogne, 7 560 - 120000 -
France
Querol et al. [44] Cantabria, northern Spain 4-23 - - -
Moreno et al. [45] Santander, northern Spain 166 7 (north-east) 174 000 2007
CIMA [46] Maliafio, Spain 781 10 000 2005
CIMA [47] 1072 2009
Arruti et al. [48] Santander, northern Spain (Mn reduction 491 - - 2008
Ruiz et al. [49] after corrective measures) 315 R B 2009
Hernandez-Pellén Maliafo, Spain 714 - - 2015

and Ferndndez-Olmo
[50]
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2.4 Challenges in SiMn-based recycling and processing

Conventional SiMn production and recycling methods
face significant technical, environmental, and economic
challenges. One of the primary issues is the high energy
consumption of the process. The reduction of manganese
oxides (MnO and Mn,0O;) from ores and slags requires
temperatures exceeding 1 500 C, typically achieved using
EAFs. These furnaces have low thermal efficiency and
consume vast amounts of fossil-derived energy, primarily
from coke and coal. The energy intensity directly contrib-
utes to increased CO, emissions, making SiMn one of the
more carbon-intensive ferroalloys to produce [26, 51].

From a technical perspective, material losses and inef-
ficiencies are prevalent throughout the process. During
smelting and tapping, significant quantities of Mn are
lost to slag in oxidized form (MnO), which remains unre-
duced due to kinetic or thermodynamic limitations [52].
In addition, fine particulates such as SIMnF and dust gen-
erated from the furnace and handling operations lead to
further Mn losses. These particles are often too fine or
oxidized for direct reintroduction into the furnace with-
out further processing [53].

Another limitation lies in the variability and quality
of input materials, especially when recycling dust, slag,
or off-spec alloys. Recycled materials may contain high
levels of impurities like phosphorus, sulfur, and alka-
lis, which compromise the quality of the final alloy and
lead to greater slag volumes or environmental hazards
[54]. Furthermore, the fines produced (such as SiMnF
or baghouse dust) often have poor flowability and reac-
tivity, which hinders their direct reuse without pre-
treatment [55].

Environmental concerns also arise from large volumes
of slag and dust generated in SiMn processing. Slag
management is a persistent challenge due to the limited
recycling potential of high-manganese slags and their
tendency to leach trace metals. Disposal via landfilling
presents a long-term environmental liability, while efforts
to use slag in construction or as a secondary resource are
still limited in practice [56].

Economically, the low market value of recycled SiMn
materials compared to primary alloys discourages invest-
ment in advanced recycling routes. While techniques
such as slag reduction with ferrosilicon (FeSi) or alu-
minum can recover Mn, they are often cost-prohibitive
due to the high prices of reductants and the energy
required. Similarly, hydrometallurgical processes for
recovering Mn from dust or slag are rarely implemented
at scale because of their complexity, chemical cost, and
waste stream management issues [57].

Finally, the lack of circular infrastructure for collect-
ing, sorting, and processing SiMn-rich waste limits
the effectiveness of recycling initiatives. Unlike steel or
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aluminum industries, which have established systems
for scrap recovery, the SiMn industry remains rela-
tively linear in its material flow. This makes it difficult to
achieve meaningful material circularity without systemic
changes, such as integrating SiMn waste streams into
cement production, steelmaking, or the development of
secondary alloys [56].

2.5 Leaching behavior of SiMn-based cementitious
materials

The concerns regarding the leaching of heavy metals,
particularly Mn, in SiMnS and SiMnF-based cementi-
tious systems should be addressed to ensure environ-
mental safety and compliance with regulatory standards.
In response, a few recent studies have begun to explore
this critical issue. Rashid et al. [58] investigated the per-
formance of concrete incorporating up to 30% SiMnF
as a cement replacement. Their findings demonstrated
that Mn leaching peaked at just 0.002 mg/L within the
first two days and fell below detectable limits, remaining
well within safety thresholds. However, calcium leach-
ing was significant across all mixes, with the control mix
exhibiting the highest levels. Despite limited literature on
SiMnF, these findings suggest its potential as a safe sup-
plementary material when used within optimized limits.

In contrast, recent research has examined SiMnS to
a greater extent. Yu et al. [59] explored the stabilization
and leaching mechanisms of heavy metals in cementi-
tious materials containing SiMnS. Their leaching assess-
ments, conducted under simulated natural conditions,
revealed that Mn was primarily present as acid-extract-
able species. The findings demonstrated the potential of
SiMnS to safely incorporate industrial by-products while
minimizing environmental risk. Zhang et al. [55] further
validated the application of SiMnS in low-carbon cement
formulations, where SiMnS was used alongside GBES,
flue gas desulfurization gypsum, and carbide slag. Leach-
ing toxicity tests confirmed Mn concentrations below
0.1 mg/L in mortars with up to 80% SiMnS, and the pres-
ence of jouravskite among the hydration products indi-
cated effective Mn stabilization under normal conditions.
In contrast, Liu et al. [60] reported that although SiMnS
exhibits higher hydration activity than local GBFS, it
poses leaching risks under aggressive environments.
While Mn concentrations in powder leachate remained
within limits under neutral and mild conditions, acid
leaching tests on mortars with 30%—50% SiMnS replace-
ment revealed Mn levels as high as 31 mg/L, which
suggested that environmental conditions significantly
influence the leaching behavior and must be considered
in durability design.

In general, current evidence suggests that SiMnS and
SiMnF can be safely used in cementitious systems, with
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negligible Mn leaching under normal service conditions.
However, high SiMnS content and aggressive environ-
ments can elevate leaching risks, which highlighted the
need for careful mix design, service condition assess-
ment, and long-term durability evaluation to ensure safe
and sustainable use. Furthermore, there remains a critical
research gap regarding the leaching behavior of SiMnEF-
based mixes, particularly under varied exposure condi-
tions, which should be addressed in future investigations.

3 Properties of SiMnF raw material

SiMnF varies in appearance, typically brown to brown-
ish-black, depending on its source and processing route
[61-64]. Its median particle size (Dy;) is approximately
29.17 um [65], comparable to that of Portland cement
[66], making it viable for direct substitution. Notably, the
particle size distribution often shows dual peaks at~0.7
and~90 pum with limited volume in between [62]; to
mitigate this issue, GBES is often blended. SiMnF has a
specific gravity between 2.11 and 2.87 and a surface area
ranging from 8.1 to 13.7 m?/g. Its average moisture con-
tent is around 0.33%. While the spherical morphology
improves mix flowability, its relatively low strength activ-
ity index (~75%) may reduce the compressive strength
of cementitious composites [67]. SiMnS, in contrast,
typically appears beige to dark brown, though variations
from light green to nearly black have been noted due to
different cooling and storage conditions [68, 69]. It has a
higher specific gravity (2.90-3.02) than SiMnF, and Dy,
values ranging from 9.2 to 29.2 pm. Optimal fineness is
reported in the range of 4 500-6 500 cm?/g [70]. Table 2
depicts the common physical properties of SiMnF and
SiMnS collected from previous studies.

Table 3 presents the chemical compositions of SiMnF
and SiMnS reported by several previous studies. SiMnF
primarily contains MnO, SiO,, and K,O, which collec-
tively constitute over 70% of its mass [61, 64]. One study
reported 35.42% MnO, 19.5% SiO,, and 16.62% K,O
[61], with minor contributions from CaO (7.24%) and

Table 2 Physical properties of SiMnF and SiMnS
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Al,O; (1.46%). The low CaO and AlL,O; contents par-
tially explain its limited strength contribution compared
to more reactive SCMs like GBFS or Class C FA. Some
compositions feature higher K,O and lower SiO,, which
may influence its acid—base behavior [63, 64].

In contrast, SiMnS displays a more pozzolanic oxide
composition, predominantly consisting of SiO,, CaO,
and AL, O;, often making up over 70% of the total mass
[68, 74]. This composition supports pozzolanic reactiv-
ity, which contributes to improved strength and dura-
bility. The hydraulicity index (HI), defined as HI=(w(C
a0) + w(Al,O;) + w(MgO))/w(SiO,), has been reported
to range from 1.12 to 1.26, suggesting moderate pozzo-
lanic activity [68, 75]. Despite this, the w(CaO/w(SiO,)
ratio (0.59-0.77) classifies SiMnS as mildly acidic [70,
76, 77]. Figure 4 depicts the SEM, EDS, and XRD of the
raw SiMnE. SEM analysis reveals that SiMnF particles are
generally well-rounded and vary significantly in size, with
Dyy~1 um, Dy, between 31-94 pm, and Dy, reaching
281 pm [78]. This wide size range may enhance particle
packing and workability [79]. High-magnification SEM
images [64, 80] support these observations. XRD analysis
confirms the presence of manganese ferric oxide, quartz,
and potassium chloride as dominant crystalline phases
[64, 80].

4 Construction applications of SiMn waste

To address the negative effects of Mn found in ferroalloy
industrial waste, some cement and concrete technolo-
gists have incorporated FeMn slag into the development
of construction materials. Various metallurgical slags
from different industrial processes, such as ferrous slag
(steel slag, ferronickel slag, titaniferous slag, and stainless
steel slag) and non-ferrous slag (lead slag, copper slag,
nickel and nickel-copper slag, zinc slag, phosphorus slag,
manganese and silico-manganese slag), have also been
used as binders in construction applications [82, 83]. The
following sub-sections discuss individual SiMn wastes
separately.

Material Appearance Specific gravity Moisture  Surface D,, D5, Dy, Average Pore Shape Ref.
content area (um) (um) (um)  particlesize  volume
(%) (m?/g) (mm) (em?/g)
SIMnF Brown 2.87 10.06 058 2917 179.95 0.0001 Spherical  [61,62]
Brown 2.80 10.00 30.00 Spherical  [63]
Brownish black  2.11 032 13.70 - 0463 Spherical  [64]
SiMnS 2.90 099 1480 4962 - - - [71,72]
Beige to brown  2.95 [68]
3.02 29.20 [73]
292 9.20 [70]
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Fig. 4 Characterization of the raw SiMnF. a Wide range, well-rounded particles [78]. b High magnification view [64, 80]. ¢ XRD spectrum [64, 80]

4.1 SiMnS-based binders

To the best of recent knowledge, only a few studies have
been conducted hitherto on SiMnS-based waste material
as cementitious composites or binders [56, 69, 71-74, 76,
77, 81, 84—87]. It was observed that all these studies on
SiMnS were conducted after its pre-treatment in the lab-
oratory since the slag is produced in coarse form, which
at least requires extensive pulverization. These stud-
ies mainly focused on the reaction kinetics, pozzolanic
activity, and structural reorganization of SiMnS, while
others evaluated aspects such as shrinkage, durability,
and electrochemical characteristics. Studies from 1999
to 2016 partially replaced traditional PC with SiMnS,
which cannot effectively mitigate the negative effect of
PC production, while the remaining studies in subse-
quent years attempted to develop alkali-activated binder
(AAB) [88]; however, the AAB mainly consisted of GBFS
or FA as a primary SCM and a minor amount of ferroal-
loy by-product.

Research on SiMnS waste in infrastructural applica-
tions demonstrated that it can be activated through
mechanical, thermal, and/or chemical processes to
enhance its reactivity. Studies indicate the possibil-
ity of partially replacing PC with up to 50% SiMnS [29,
69, 71, 76, 77, 81, 85, 86]. The positive effects of SiMnS,
after pre-treatment by milling [74, 77], air or water cool-
ing of slag, and various curing methods on the reaction
mechanism and rate of strength development of the
produced binder, were investigated [29, 87, 89]. Some

research explored the potential of formulating AAB using
100% SiMnS [74, 89], SiMnS admixed with FA [72, 73],
and SiMnS admixed with high volume GBES [84]. It was
revealed that the presence of reactive lime content could
enable the dual formation of calcium aluminosilicate
hydrate (C-A-S—H) and N/C-A-S—H phases in the binder
matrix, resulting in improved mechanical strength of
SiMnS-based AAB [73]. Additionally, resistance to rein-
forcement corrosion was evident when SiMnS blended
with GBFS was used as precursor to the AAB [84]. X-ray
analysis also showed the formation of hydrated cal-
cium manganese (C-Mn-H) compounds responsible for
enhancing the mechanical properties of the cementitious
product [76].

4.2 SiMnF-based binders
Very few studies have been reported so far on SiMnF as
a cementitious or precursor material, as this waste mate-
rial is relatively novel and was recently identified. Most
research has focused on the synthesis and evaluation of
alkali-activated SiMnF-based paste and mortar [67, 80,
90, 91]. These studies generally found that SiMnF pos-
sesses poor reactivity ascribed to the abundance of Mn,
Si, and K based oxides and a deficiency of CaO, in con-
trast to the SiMnS. The subsequent sections provide the
first comprehensive review of SiMnF-based cementitious
composites.

The first phase of the review examines the physico-
chemical and microstructural characteristics of SiMnF,
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emphasizing its distinctions from SiMnS. The second
phase explores the synthesis of SiMnF-based PC and
alkali-activated binders, along with their synergies with
other SCMs. Subsequently, the influence of key fresh
and hardened properties, including durability of the
developed binders is investigated. Next, the mineralogy,
morphology, bond behavior, and thermal stability of the
developed binders, as identified by advanced analytical
tools, are reported. In the fourth phase, a sustainability
analysis was carried out on all the SiMnF-based mix-
tures in the literature, employing life cycle assessment
(LCA). Finally, the challenges and gaps in literature are
highlighted, and a roadmap to promote and upscale the
SiMnF-based binder technology is presented. This review
is intended to serve as a guide for the engineers to estab-
lish safe valorization strategies for this newly identified
SiMnF from ferroalloy plants for infrastructural appli-
cations. This comes at a time when established SCMs,
such as FA, are experiencing declining production capac-
ity compared to demand, necessitating the investigation
of other potential SCMs. It is also envisioned that this
review will provide opportunities for extending future
research in this domain, leading to further improvements
in the engineering properties. Most importantly, this
review will contribute to achieving solid waste manage-
ment, net-zero targets, low-carbon construction, and a
construction circular economy.

4.3 Mixture synthesis of SiMnF

According to the literature, SiMnF was used to formu-
late both traditional and alkali-activated concretes. How-
ever, self-compacting concrete (SCC) with a conventional
design using the absolute volume method has also been
reported [64]. In that research, SiMnF was introduced
to the mixtures by partially replacing the cement (10%-
90%). The water/binder ratio was maintained at 0.40 in all
mixtures, while the superplasticizer (SP) dosage was var-
ied to achieve a desirable flow (670—-680 mm). To ensure
the high cohesiveness of SCC-SiMnF mixtures, 20%
of the sand was replaced by limestone powder. Water
immersion for 28 days was adopted as a curing method
for the developed SCC-SiMnF mixtures.

The majority of previous studies used alkali activators,
namely NaOH (SH) and Na,SiO; (SS), to activate SiMnF.
Nasir et al. [62] conducted a study utilizing activated
SiMnF with SH and SS. Different concentrations of SH (4,
8, 10, 12, and 16 M) and different SS/SH ratios were tried
for optimization purposes. In another study, concentra-
tion and SS/SH ratio were maintained at 10 M and 2.5,
respectively, while SiMnF content was partially replaced
with GBFS [92]. Free water (FW) was added to the mix
to facilitate the chemical reaction in several research arti-
cles [61-63, 92—-94]. However, other researchers do not

Page 10 of 30

incorporate FW [80]. In addition to the conventional
experimental design, the Taguchi method was used to
formulate and manage the effective variables of the mix
design [67, 90]. The effects of the previously mentioned
parameters and mix design variables on the fresh and
hardened properties of alkali-activated mortars are dis-
cussed in the subsequent sections.

5 Fresh and hardened properties

In this section, an exploration of the fresh properties of
mortar/concrete mixtures containing SiMnF, including
aspects such as flow and setting time, has been under-
taken. The discussion extends to the mechanical proper-
ties of SiMnF composites, including compressive, tensile,
and flexural strengths as well as modulus of elasticity.
Through an in-depth examination of these properties, the
key factors to produce high-performance SiMnF mortar/
concrete have been highlighted.

5.1 Rheological properties

As detailed in Sect. 3, SiMnF exhibited spherical particles
similar to FA, which is expected to enhance the flowa-
bility of the mix through a lubrication effect. However,
the high fineness of SiMnF may increase the demand for
water to achieve comparable flow, rendering an overall
loss in flowability from the inclusion of SiMnF at a con-
stant water/binder ratio. It was reported that there is a
demand to increase the dosage of SP with an increase in
the quantity of SiMnF in SCC to maintain a perfect slump
flow between 670 and 680 mm [64]. To achieve that, SP
doses ranging from 0.80% to 1.06% were introduced to
SCC mixtures containing SiMnF, replacing 10% to 90%
of the cement. Other workability tests, such as T50 flow
time, V-funnel time, L-box ratio, and U-box were esti-
mated. The control mixture exhibited the highest T50
flow time (4.5 s), while this time decreased and reached
2 s, the minimum limit by EFNARC [95], at 70% SiMnF
content. Similarly, the V-funnel time of the control mix-
ture was 11.5 s, while it was 6 s, the minimum limit by
European Federation of National Associations Repre-
senting Producers and Applicators of Specialist Building
Products for Concrete (EFNARC) [95], for a 70% SiMnF
mixture. Mixtures containing 80% and 90% SiMnF fail
to pass these two tests. However, all mixtures (10%—90%
SiMnF) pass the L-box and U-box tests with similar
enhancement trends of the filling ability. Paste samples
were prepared to examine the initial and final setting
times. The control mixture resulted in 140 and 225 min
for the initial and final setting times, respectively. The
incorporation of SiMnF increased both the initial and
final setting times significantly. The initial setting time of
mixtures containing 10%—90% SiMnF ranged from 172 to
470 min, while the final setting time ranged from 285 to
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720 min. In other research [67], it was reported that the
incorporation of 40% SiMnF to replace cement exhibited
no negative effect on the flowability of cement compos-
ites; however, the incorporation of 10% SF resulted in a
severe reduction in the flowability.

In alkali-activated mixtures, factors such as SH molar-
ity, SS/SH ratio, and alkaline activators to precursor
materials ratio (AAs/PMs) are crucial to the flowability.
Najamuddin et al. [80] studied the effect of SH molar-
ity (4 M, 8 M, 12 M) and SS/SH (2.0, 2.5, 3.0) ratios on
the flow of alkali-activated mixtures. Generally, it was
found that flow increased with an increase in SH molar-
ity; however, it is also controlled by the SS/SH ratio. The
optimum silica modulus (SiO,/Na,0O) is the key factor in
achieving the highest flow. For example, using 8 M of SH
and SS/SH=2.0 yields the highest flow due to the opti-
mum ratio of SiO,/Na,O (1.53). The mix with 12 M of SH
and a 2.0 SS/SH ratio results in a lower flow due to a dis-
proportionate SiO,/OH ratio. Another study examined
the effect of the AAs/PMs ratio (0.50, 0.51, 0.52, and 0.53)
on the flow of SiMnF mortars [90]. The findings revealed
that the flow is always better with higher AAs/PMs ratios.

Nasir et al. [92] fixed the molarity of SH at 10 and the
silica modulus at 3.3 and varied the quantity of SiMnF by
replacing it with GBEFS at 10%, 20%, 30%, 40%, and 50%.
A gradual decreasing trend in the flow was observed as
the replacement level increased. For example, the flow
diameter was reduced from 170 to 139 mm when 40% of
SiMnF was replaced by GBFS. This reduction was attrib-
uted to the fact that the angularity of GBES particles is
considerably higher compared to the spherical shape of
SiMnF particles, which creates friction resistance during
flow. Another observation of replacing SiMnF with GBFS
was the significant drop in the initial and final setting
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times. The control mix recorded 470 and 525 min for
the initial and final setting times, respectively. However,
replacing 50% of the SiMnF with GBFS decreased the ini-
tial and final setting times to 20 and 30 min, respectively.
This huge reduction in the setting times was attributed
to the rapid formation of C-A-S—H and the formation of
calcium carbonate (CaCO;) due to the excessive quan-
tity of calcium oxide (CaO) available in the GBFS and its
reaction with calcium dioxide (CO,) in the surrounding
atmosphere.

5.2 Mechanical properties

5.2.1 Cement-based SiMnF concrete

The hardened properties of cement-based SiMnF SCC
were investigated by Gawah et al. [64]. Figure 5 depicts
the mechanical properties, including compressive
strength, split tensile strength, flexural strength, and
modulus of elasticity of cement-based SCC containing
10%-70% SiMnF. All mechanical properties followed a
similar trend, increasing up to 20% SiMnF, then gradu-
ally decreasing as SiMnF content increased. According to
Gawah et al. [64], the strength and stiffness of the 10%
and 20% SiMnF mixtures improved significantly due to
the packing effect, where the finer particles of SiMnF
effectively occupy the voids between the larger aggregate
particles as well as cement. This interpretation is fur-
ther supported by the wide particle size distribution and
spherical morphology of SiMnF particles, as described
in Sect. 3, which enhance packing efficiency and reduce
voids [78]. However, once the amount of SiMnF exceeds
20%, the strength and elastic modulus show a decreas-
ing trend. This decline can be attributed to the poten-
tial increase in the surface area of fine SiMnF particles,
leading to insufficient cement binding for these particles.
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Fig. 5 Mechanical properties of cement-based SiMnF SCC (at 28 days of curing) [64]
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Consequently, the 10% SiMnF mixture exhibited an
increase in compressive strength, split tensile strength,
flexural strength, and modulus of elasticity by 22%, 14%,
17%, and 9%, respectively. Furthermore, the 70% SiMnF
mixture exhibited a decrease in compressive strength,
split tensile strength, flexural strength, and modulus of
elasticity by 39%, 31%, 26%, and 25%, respectively. This
reduction in the compressive strength is attributed to the
low reactivity of SiMnF compared to other pozzolanic
materials. In the same line, the effect of incorporating SF
along with SiMnF was investigated [67]. It was found that
the addition of SF can compromise the reduction in the
compressive strength of mixtures with only SiMnF.

5.2.2 Alkali-activated-SiMnF-based mortar

Few previous studies investigated the performance of
alkali-activated SiMnF-based mortars. This section pre-
sents and discusses in detail the mechanical proper-
ties of alkali-activated-SiMnF-based mortars. A recent
study by Ibrahim et al. [96] investigated the incorpo-
ration of SiMnF into alkali-activated binder systems,
replacing part of the ground volcanic pumice. The inclu-
sion of 30% SiMnF resulted in a compressive strength
of 48.15 MPa after 28 days of ambient curing, alongside
notable improvements in the microstructure. These find-
ings further support the potential of SiMnF to contribute
positively to the strength development of binder systems
under suitable activation conditions. As compressive
strength is considered the main mechanical property of
concrete, researchers optimized the mix design parame-
ters based on compressive strength results. The compres-
sive strength of alkali-activated-SiMnF-based mortars
was investigated using different concentrations of SH (4,

445 710

(a)

Fig. 6 Effect of activator parameters on the compressive strength (in MPa) of SiMnF alkali-activated mortar. a SH molarity. b SS/SH ratio [62]
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8, 10, 12, and 16 M) and SS/SH ratios (1, 1.5, 2, 2.5, 3, and
3.5) [62]. In the first set of experiments, the SS/SH ratio
was fixed at 2.5, while the molarity of SH ranged from 4
to 16 M. In the second set of experiments, the molarity
of SH was fixed at 10, while the SS/SH ratio ranged from
1 to 3.5 M. Figure 6 depicts the compressive strength of
SiMnF alkali-activated mortar for different SH molarities
and SS/SH ratios [62]. The lowest compressive strength
(33.1 MPa) was recorded at the lowest concentration
of SH (4 M). The compressive strength increases as the
concentration of SH increases up to 10 M (44.5 MPa);
however, strength declines with a further increase in the
concentration of SH. This indicates that 10 M is the opti-
mum concentration of SH to produce alkali-activated
SiMnF concrete. At this concentration, hydroxylation
and dissolution are at their optimum levels, resulting in
better polymerization. Regarding the effect of the SS/
SH ratio, the compressive strength increases with the
increase of the SS/SH ratio up to 2.5, showing the high-
est strength (44.5 MPa); however, a degradation in the
compressive strength was observed as the SS/SH ratio
increased, reaching the lowest strength (29.6 MPa) at
3.5. This degradation is attributed to the precipitation of
excessive silicate that disturbs polymerization and pre-
vents the dissolution of SH. For three different molarities
(4, 8, and 12 M), Najamuddin et al. [80] reported that the
flexural strength of alkali-activated-SiMnF-based mor-
tars was the highest (3.18 MPa) using 8 M of SH. This
observation is a good match with the trend of compres-
sive strength results.

The effect of the AAs/PMs ratio on the compressive
strength of alkali-activated-SiMnF-based mortars was
investigated using different ratios (0.5, 0.51, 0.52, and

45

2.5

(b)
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Fig. 7 Effect of AAs/PMs ratio on the compressive strength of SiMnF alkali-activated mortar [90]

0.53) [90]. Figure 7 depicts the compressive strength of
SiMnF alkali-activated mortar for different AAs/PMs
ratios. The highest compressive strength was 32.7 MPa,
achieved using a 0.51 AAs/PMs ratio. This combination
of a mixing ratio can be considered optimal. The mix-
ture with the highest AAs/PMs ratio (0.53) showed a low
compressive strength (24.5 MPa) due to the high sand/
PMs ratio, while the mixture with the lowest AAs/PMs
ratio (0.5) showed a relatively low compressive strength
(29.2 MPa) due to the insufficient dissolution of SiMnF.
Overall, decreasing the alkaline activator content results
in a marginal reduction in the compressive strength;
however, increasing the alkaline activator content causes
a considerable reduction in the compressive strength.
This reduction is attributed to the excessive dissolution
rate of SiMnF, which slows down the polycondensation
rate later on [97].

The curing regime is another factor that affects the
compressive strength of alkali-activated-SiMnF-based
mortars. The effect of heat curing on the compressive
strength of alkali-activated-SiMnF-based mortars using
different temperatures (40, 60, 80, and 95 “C) and different
periods (3, 6, 12, and 24 h) was studied [93]. To optimize
these variables, two sets of experiments were executed.
In the first set, the temperature varied, while the period
was fixed at 6 h. In the other set, the period was varied,
while the temperature was fixed at 60 “C. The 3-day com-
pressive strength values of the control mixtures cured
in water and at room temperature were 23.4 MPa and
23 MPa, respectively. Figure 8 depicts the 3-day com-
pressive strength of alkali-activated-SiMnF-based mor-
tar for different curing temperatures and periods. The
early strength tends to increase with rising curing tem-
peratures up to 60 C, reaching a strength of 37.8 MPa.
Beyond this point, however, the compressive strength

exhibits a decreasing trend with further increases in cur-
ing temperature. On the other hand, a significant increase
in compressive strength was observed when the curing
period was extended from 3 to 6 h. Further increase in
the curing period to 12 and 24 h improved the compres-
sive strength marginally. Therefore, the optimal curing
parameters are identified as 60 ‘C and 6 h, which allows
for the attainment of 83.5% of the 28-day strength within
3 days only.

6 Microstructural analysis

The microstructure of SiMnF-based cementitious
composites is a critical determinant of their mechani-
cal strength, durability, and long-term performance in
construction applications. Since SiMnF is an industrial
byproduct with variable chemical composition and par-
ticle morphology, understanding its interaction within
cementitious matrices is essential for optimizing material
design. The microstructural evolution of these compos-
ites is governed by multiple factors, including the alkali
activation process, the incorporation of SCMs, curing
conditions, and the inherent reactivity of SiMnF parti-
cles. A comprehensive analysis of pore structure, crack
propagation, interfacial transition zones (ITZs), and reac-
tion products provides valuable insights for engineering
high-performance, sustainable construction materials.

6.1 SEM analysis

SEM is a powerful tool for characterizing the microstruc-
tural features of SiMnF-modified cementitious compos-
ites at high magnification. SEM imaging reveals critical
details about particle morphology, distribution, bond-
ing mechanisms, and porosity, each of which influences
mechanical behavior and durability. By examining these
microstructural attributes, researchers can establish
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Fig. 8 Effect of heat curing parameters on the compressive strength (in MPa) of SiMnF alkali-activated mortar. a Curing temperature (°C). b Curing

period (hours) [93]

correlations between processing parameters and material
performance, enabling the development of tailored com-
posites for specific applications.

The alkali activation of SiMnF is highly dependent on
the concentration of the alkaline solution and the silica
modulus (Si0,/Na,O ratio). Najamuddin et al. [80] inves-
tigated the effect of NaOH molarity on SiMnF-based
geopolymers and found that a lower molarity (4 M) at an
optimum silica modulus ratio of 2.5 resulted in a loosely
packed microstructure with visible porosity and minimal
cracking (Fig. 9(a)). This can be attributed to insufficient
hydroxyl ions (OH") to fully dissolve silica and alumina
species from SiMnF, leading to partial geopolymeriza-
tion and unreacted residues. Conversely, a higher NaOH
concentration (12 M) facilitated greater silica dissolution,
promoting the formation of a dense sodium aluminosili-
cate (N-A-S—H) gel matrix. The increased gel formation
filled interstitial voids, reducing porosity and enhancing
mechanical strength. However, excessive alkalinity also
induced microcracking due to rapid geopolymerization
and shrinkage stresses. This suggests that an intermedi-
ate molarity (~8-10 M) may offer the best compromise
between densification and crack mitigation.

Since SiMnF is primarily a silica-rich material with
limited calcium content, its reactivity in cementitious
systems can be enhanced by blending it with calcium-
rich SCMs such as GBFS. It was demonstrated that

pure SiMnF geopolymers exhibited weak bonding, wide
cracks, and residual unreacted particles due to insuf-
ficient calcium for cross-linking in the geopolymer net-
work [92]. However, replacing 30% of SiMnF with GBES,
which supplies additional CaO, led to the formation of
calcium aluminosilicate hydrate (C-A-S—H) gel along-
side N-A-S—H gel, improving microstructure cohesion
(Fig. 9(b)).

Heat curing further optimized the reaction kinetics,
as seen in Fig. 9(c) [63], where specimens cured at 60 C
exhibited a more refined microstructure with narrower,
discontinuous cracks. This improvement is attributed to
accelerated polycondensation and better gel interconnec-
tivity under thermal activation.

The durability of SiMnF-GBFS composites under sul-
fate exposure was examined by Nasir et al. [61]. They
observed that low-molarity (4 M) specimens suffered
severe microstructural degradation when exposed to
MgSO, solution, with visible cracking and gel depolym-
erization. In contrast, high-molarity (10 M) GBFS-mod-
ified specimens maintained structural integrity due to
their compact microstructure, which impeded sulfate ion
penetration. This highlights the importance of optimiz-
ing alkali concentration and SCM selection for enhanced
durability in aggressive environments.

To further enhance microstructure densification, Nasir
et al. [67] incorporated SF into SiMnF-based composites.
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Fig. 9 SEM micrographs of alkali-activated binders. a Low-temperature cured SiMnF (100%). b Low-temperature cured 30% GBFS blended. c Heat

cured at 60 °C [63]

While SiMnF alone introduced some porosity due to its
irregular particle packing, the addition of 5% SF, a highly
reactive pozzolan with ultrafine particles, effectively
filled nano-scale voids and promoted secondary C-S—H
gel formation. This led to a more homogeneous micro-
structure with reduced permeability, improving both
mechanical strength and chemical resistance.

Curing conditions significantly influence the reaction
kinetics and final microstructure of SiMnF composites. It
was found that oven curing at 60 ‘C for 6 h maximized
geopolymerization, yielding a dense and well-connected
gel network [93]. However, prolonged heating (>6 h)
or higher temperatures (>80 ‘C) caused excessive water
evaporation, leading to capillary pore formation and
strength reduction. Ambient curing, while energy-effi-
cient, produced a less homogeneous microstructure due
to slower reaction rates, emphasizing the need for con-
trolled thermal treatment in industrial applications.

6.2 EDS analysis

Elemental analysis is a valuable technique for character-
izing SiMnF in a cementitious matrix. This information
is essential for understanding the composition of SiMnF.
By determining the elemental composition of SiMnF,

crucial insights into its chemical makeup can be gained,
which directly influence the behavior and properties of
the cementitious matrix. It also helps to establish rela-
tionships between specific elements and material proper-
ties by correlating the elemental composition of SiMnF
with the performance of the cementitious matrix. This
knowledge enables targeted adjustments to the composi-
tion to achieve the desired performance characteristics.
Najamuddin et al. [80] conducted EDS analysis on alkali-
activated SiMnF mortar, revealing the presence of several
major and moderate elements. The major elements iden-
tified included silicon (Si), sodium (Na), manganese (Mn),
and potassium (K), while chlorine (Cl), magnesium (Mg),
and calcium (Ca) were present in moderate quantities.
Additionally, sulfur (S) and aluminum (Al) were traced at
lower levels. The strength development of the mortar was
found to be influenced by the ratios of Si/Mn and Na/Mn,
with favorable strength observed at ratios higher than 0.6
and 0.35, respectively. This favorable development was
attributed to the chemical changes in reaction products
with alkali activators at these concentrations.
Furthermore, the degree of polymerization and trans-
formation of reaction products was observed to be more
pronounced at higher concentrations of alkali activators
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compared to mild concentrations, as shown in the ter-
nary diagram in Fig. 10(a). An analysis of the elemen-
tal composition of alkali-activated SiMnF binders was
conducted, and crucial factors indicating binder per-
formance were identified [92]. Specifically, the ratios of
Ca/Si, Si/Mn, and Ca/Mn were found to be significant.
Specimens with higher ratios of Ca/Mn, Si/Mn, and Ca/
Mn (0.95, 1.30, and 1.23, respectively) exhibited a denser
microstructure compared to specimens with lower ratios
(0.25, 0.66, and 0.16, respectively) when cured at room
temperature. This difference in microstructure indicated
varying levels of strength development. Moreover, the
impact of heat curing on alkali-activated SiMnF com-
posites, particularly when replaced with 30% of GBES,
was demonstrated [63]. Heat curing facilitated enhanced
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reactivity of calcium (Ca) with other major elements
of precursors and increased the amorphous nature of
the reaction products. This resulted in higher early-age
strength development. Conversely, heat curing of pure
alkali-activated SiMnF led to lower strength development
due to its high Mn/Ca ratio, indicating that Mn-bearing
particles were less activated by heat curing.

6.3 XRD analysis

XRD analysis plays a crucial role in characterizing the
crystalline structure and phase composition of SiMnF
composites, providing valuable insights into their
properties, reactivity, and performance. Najamud-
din et al. [80] highlighted the importance of specific
activation conditions for the successful formation of
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key geopolymerization products in SiMnF compos-
ites. They found that a higher concentration of NaOH
(12 M) and an optimum ratio of Na,SiO3;/NaOH (2.5)
are crucial for activating the manganese compound
in the presence of soluble silica. This activation pro-
cess led to the formation of nchwaningite (Mn,**
SiO4(OH),(H,0)), a primary geopolymerization prod-
uct responsible for enhancing the density, strength,
and stability of the composite (as shown in Fig. 10(b)).
Additionally, the geopolymerization process resulted
in the formation of other important products such as
magnetite (Fe;O,), manganese iron oxide (MnFe,O,),
and KAISiO4. These findings underscore the signifi-
cance of optimizing activation conditions to promote
the formation of desired geopolymerization products in
SiMnF composites. It was found that subjecting SiMnF
to alkali activation led to the formation of glaucochroite
and nchwaningite minerals [92]. Additionally, the
inclusion of GBES in the alkali-activated SiMnF binder
was observed to increase the reactivity between potas-
sium oxide and calcium oxide (CaO), as well as silicon
dioxide (SiO,). This increased reactivity resulted in the
formation of potassium feldspar (K-A-S—H), which
contributed to the development of a denser microstruc-
ture and consequently improved strength. Moreover,
the GBEFS incorporation refined the pores and densified
the microstructure, which resulted in reduced carbona-
tion, as evident from the disappearance of the calcite
peak in specimens with 30% GBFS compared to those
of control specimens.

Furthermore, research findings indicated that the
XRD diffractogram of SiMnF composite was more crys-
talline than that of GBFS admixed SiMnF composite
cured at room temperature, while heat curing at 60 C
further reduced the crystallinity of the GBFS admixed
SiMnF composite [63]. The formation of calcite (21.9°),
and the increased crystallinity of hydrotalcite peaks
indicates carbonation in the control mix. Notably,
the strength developed in these alkali-activated bind-
ers was due to the presence of nchwaningite, glauc-
ochroite, feldspar, tobermorite, stratlingite, and C-S—H
products. The enhancement in strength in 30% GBFS
incorporated specimens is attributed to the formation
of stratlingite, additional peaks of C-S—-H (~50.4°),
feldspar (~50.4°), and increased crystallinity of C-Mn-
H and C-S—H phases (~29.6°). Further, heat treatment
enhanced the amorphousity of the 30% GBFS-incorpo-
rated specimens, resulting in a reduction in the inten-
sity of products such as tobermorite, feldspar, C-S—H,
and hydrotalcite, while the stratlingite peak disap-
peared, which favored the high-early strength develop-
ment. Nasir et al. [61] reported that upon exposure to
sulfate attack, the unreacted Ca>" cations and Ca-based
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products in the alkali-activated SiMnF binders reacted
with the SO,* anions supplied by MgSO,, resulting
in the formation of deterioration products, namely,
thenardite, gypsum, and thaumasite. Because of the
absence of gypsum/brucite phases in the control speci-
men due to a lack of CaO content or Ca-based prod-
ucts compared to that of GBFS-admixed specimens, the
resistance to sulfate attachment was higher in the con-
trol than in GBFS-incorporated specimens. However,
among the GBFS-incorporated specimens, the deterio-
ration against sulfate attack was more prominent with
the formation of high crystallinity of gypsum, brucite,
and calcite in low-molarity (4 M) specimens than in
high-molarity (10 M).

6.4 FTIR analysis

FTIR analysis showed that the incorporation of GBES
reduced the excessive carbonation (CO,>~ at 1400 cm™),
weak hydroxyl compound (-OH at 3 375 cm™!), and
bonded water molecule (H-O-H at 1 644 cm™) in alkali-
activated SiMnF composites. This reduction was attrib-
uted to the pore-filling effect of GBFS, which decreased
the microcracks and enhanced the density of the micro-
structure (as shown in Fig. 10(c)) [92]. It was observed
that when the alkali-activated specimens were subjected
to MgSO, exposure, absorption peaks of gypsum bonds
(S—0) at 600, 670, and 1 130 cm ™! with increased crystal-
linity were noted with an increase in the GBFS content
or a decrease in the molarity among the GBFS-incorpo-
rated specimens [61]. Thus, the lower gypsum formation,
decalcification, and dealumination of the control mix
were due to less CaO and Al,O; compared to the GBFS-
admixed specimens. The strong stretching vibration (3
325 cm™) in low-molarity GBFS specimens compared
to those of high-molarity specimens indicated abundant
hydroxyl ions in brucite and gypsum, which resulted in
their poor performance against sulfate attack, while the
shallow band in the higher-molarity specimens exhibited
moderate sulfate resistance, and the unchanged transmit-
tance intensity in the GBFS-free specimens exhibited sig-
nificant resistance to sulfate attack.

6.5 Thermogravimetric analysis

The SiMnF and 30% GBFS incorporated alkali-activated
composites were analyzed under thermogravimetric
analysis, revealing four different phases of decomposition
[63]. The first phase, between 32 °‘C and 105 °C, was due
to the evaporation of unbound water/activators, which
was higher in control specimens and reduced by 78.5%
in the GBFS mix. The second phase, between 110°C and
380 °C due to the decomposition of hydration products,
was observed to be 46% higher in GBFS than the control
specimen. The third phase, between 380°C and 460 C,
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attributed to dehydroxylation of Ca(OH), was 14% less in
the GBFS mix than the control specimen, and the final
phase, between 600°C and 700 °C, due to the carbona-
tion, was reduced by 64% in the GBFS mix compared to
the control mix. This indicated that higher chemically
bound water/activators supported the condensation
of oligomers in combination with a reduced carbona-
tion in the GBFS incorporated mix, which enhanced its
performance.

7 Durability properties

The durability aspects of SiMnF composites reported in
the literature are discussed in this section. The resistance
of alkali-activated SiMnF and GBFS composites against
magnesium sulfate (MgSO,) was evaluated by subjecting
the specimens to a 5% MgSO, solution for 40 weeks (as
shown in Fig. 11(a)) [61]. The GBFS-added high-alkaline
binder showed the highest strength, reaching 49.4 MPa,
and exhibited moderate stability against sulfate exposure.
This was attributed to the enhanced microstructural den-
sification and dissolution of source material (presumably
silicomanganese compounds). In contrast, the GBEFS-
added mild-alkaline system achieved a moderate strength
of 39.6 MPa but experienced progressive deterioration,
mainly due to unreacted Ca®" grains. The GBFS-free sys-
tem had a maximum strength of 20.6 MPa, with relatively
less damage due to the absence of sulfate phases and the
formation of quartz, resulting from the lack of CaO in the
composite.

Moreover, the resistance of these composites against
sodium sulfate (Na,SO,) was also assessed by expos-
ing the specimens to a 5% Na,SO, solution for 40 weeks
(as shown in Fig. 11(b)) [94]. The GBFS-blended high
alkaline binder system demonstrated impressive sulfate
resistance with an ultimate residual strength of 88.8% and
minimal mass loss of 2.4%, attributed to a dense matrix of
C-S—H, K-A-S-H, and C-Mn-H compounds. Conversely,
the GBFS-blended mild-alkaline system displayed lower
residual strength (74.1%) and increased mass loss (4.4%).
Degradation under Na,SO, exposure resulted from pH
differentials, leading to additional gypsum and calcite
formation due to ion mobility. Remarkably, the SiMnF
system (ie., without GBES) displayed excellent stability
under sulfate environments, attributed to the low calcium
content in SiMnF. Figure 12 compares the sulfate perfor-
mance of the SiMnF mixtures after 40 weeks of exposure
to Na,SO, and MgSO, [61, 94]. In this figure, three mix-
tures were examined: R(0)M(10), R(0.3)M(10), and R(0.3)
M(4), where R(0) and R(0.3) denote the mass ratio of
GBFS incorporation (either zero or 0.3), while M(10) and
M(4) indicate high and low molarity of NaOH, respec-
tively. Generally, magnesium sulfate is more aggres-
sive than sodium sulfate. However, the incorporation of
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GBES significantly improved strength development, with
the high alkali system (10 M) demonstrating superior
strength compared to the low alkali system (4 M).

Additionally, the sulfuric acid resistance of these com-
posites was evaluated by subjecting them to a 5% H,SO,
acid solution for 20 weeks (as shown in Fig. 13) [98]. It
was reported that the GBFS-free specimens showed high
acid attack resistance due to the low calcium content
in SiMnF, with a residual strength of 20.1%. The GBFS-
mixed mild alkali system exhibited increased gypsum
formation and dealumination, leading to severe spalling
from incomplete Ca grain dissolution, resulting in a
residual strength of 16%. In contrast, the GBFS-mixed
high alkaline system displayed moderate resistance due
to the dense microstructure formed by additional C-S—
H, K-A-S-H, and C-Mn-H gel, enhancing retention of
the polymerized framework, with a residual strength of
18.6%. Overall, the resistance of these composites against
different sulfate and acid environments is influenced by
various factors, including the composition ratios of Ca/
Si, Ca/Mn, Si/Mn, Ca/K, and Si/K. Al-Duais et al. [99]
developed alkali-activated concrete formulations by
replacing 70%—90% of ordinary Portland cement (OPC)
with various precursor materials. These included SiMnF
(10%), limestone powder (10%), red mud (20%), and natu-
ral pozzolana (30%—50%), and their resistance against
exposure to sulfuric acid (3%) and sulfate attack was eval-
uated. Remarkably, it was observed that alkali-activated
concrete specimens with OPC content exceeding 10%
exhibited resistance against both acid and sulfate attacks
comparable to or even surpassing that of conventional
OPC mixtures. This underscores the potential of incor-
porating alternative materials in alkali-activated concrete
formulations to enhance their durability and environ-
mental sustainability while maintaining or improving
performance under harsh chemical exposures. Table 4
summarizes the details of the durability characteristics of
SiMnF composites.

8 Sustainability assessment

Current methods for cement production raise many envi-
ronmental concerns regarding the use of high energy in
the production process, along with the process emissions,
as well as the depletion of natural resources consumed in
the formation of clinker. A recent report on the State of
Climate Action 2023 [100] estimates that cement manu-
facturing contributes to 1.6 gigatonnes of CO,-equivalent
(Gt CO,,) of the global net greenhouse gas (GHG) emis-
sions, which accounts for around 13% of the industry’s
contribution. The 2020 estimates of the carbon foot-
print of global cement production were around 660 kg
CO,/t, while the 2030 target is 360-370 kg CO,/t, as
shown in Fig. 14. Thus, many efforts are required in the



Nasir et al. Low-carbon Materials and Green Construction (2025) 3:24

20t week

Page 19 of 30

40t week

ROM(10E(MS)

R(0.3IIM(10E(MS)

R(0.3IMDEMS)

—_
=
-’

20th week

40th week

ROM(10)E(SS)

R(0.3)M(10)E(SS)

R(0.3)M(4E(SS)

Fig. 11 Alkali-activated SiMnF specimens exposed to a 5% MgSO, solution, b 5% Na,SO,[61]

construction industry to reach the target, especially as
infrastructure development demand is growing. Con-
sequently, several materials and methods have been
developed to mitigate the carbon footprint of cement
production. Among these, the utilization of SCMs to

replace the PC partially or fully is one of the most prom-
ising developments that can lower the emissions intensity
in the short term [101]. As SiMnF is a by-product, or in
many cases, a waste material, it can be classified as a low-
carbon binder that can help reduce cement consumption.
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Fig. 12 Sulfate performance of the SiMnF mixtures after 40 weeks of exposure to Na,SO, and MgSO, a Variation in the compressive strength. b

Residual strength. [61, 94]

Such a sustainable alternative requires an environmental
assessment to quantify its climate impact.

In this section, the ecological impact analysis of the
SiMnF-based mixtures was evaluated using LCA. The
analysis was conducted in accordance with the ISO
14040 standard [102], which defines the four main phases
of LCA: (i) goal and scope definition, (ii) life cycle inven-
tory (LCI), (iii) life cycle impact assessment (LCIA), and
(iv) interpretation. The goal of this study was to assess
the global warming potential (GWP) of concrete and
mortar mixtures incorporating SiMnF. The functional

10t week

unit was defined as 1 kg of produced mixes. The system
boundaries followed a cradle-to-gate approach, which
includes raw material extraction, processing, and trans-
portation up to the production stage. Construction, use,
and end-of-life stages were not considered. The LCA
was quantified in the environmental indicator based on
the equivalent CO, emissions (expressed as kg CO,e/
kg). Thus, the GWP of the mixtures’ ingredients was
obtained from the related literature [103—107]. To trade
off between the environmental impact and the engineer-
ing performance, a mechanical-environmental indicator

20t week
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Fig. 13 Alkali-activated SiMnF specimens exposed to 5% sulfuric acid [98]
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Fig. 14 Current and target carbon footprints of cement production (Reproduced from [100])

was used, which expresses the eco-strength index (Igg).
The Ig was calculated as the ratio of the carbon foot-
print (in kg CO,e) to the compressive strength (in MPa),
thereby providing a metric that reflects both sustainabil-
ity and structural performance, i.e., having a unit of kg
CO,e/MPa. Lower I;¢ values indicate mixtures with bet-
ter environmental-mechanical efficiency. As this study
synthesizes LCA data from multiple published sources,
no specific LCA software was employed; instead, com-
parative environmental indicators were computed based
on standardized data sets and reported GWP values.

The environmental impact of the SiMnF mixtures has
been studied in very limited research work. In a recent
study [67], a detailed LCA analysis of the SiMnF mortars
was conducted. The results revealed that the inclusion of
higher proportions of SiMnF (>40%) reduced the CO,
emissions by around 56% compared to 100% PC without
any SCMs. In another study, Gawah et al. [64] conducted
an elementary assessment of CO, emissions associated
with self-compacting concrete, employing different pro-
portions of SiMnF. The findings revealed a promising
reduction in CO, emissions ranging from 10% to 68%, cor-
relating with varying SiMnF content spanning from 10 to
70%. Despite these limited studies, a unified LCA-based
comparison across all available mixtures is still lacking.
Hence, this study compiles and analyzes the LCA results
of different SiMnF-based mixes from the literature under
a standardized framework to derive comparative insights.

Table 5 presents the proportions of the SiMnF-based
mixes. A total of 39 mixes were included in this compari-
son study, predominantly consisting of alkali-activated
mortars. Four binders were commonly blended in these
mixes: SiMnF, GBFS, SF, and PC. In terms of alkaline
activators, SS and SH were used in all alkali-activated
mortars. It is worth mentioning that the carbon footprint

of water was excluded in the LCA calculations as it had
a negligible impact on the overall GWP. Mix M1 with
100% PC was included as a reference mortar for compari-
son. Figure 15 shows the embodied carbon results of all
mixes. The range of CO, emissions of SiMnF-based mix-
tures was found to be between 0.060 and 0.182 kg CO,/
kg, while the reference mix without any SiMnF regis-
tered the highest emissions of 0.229 kg CO,/kg. The LCA
analysis revealed that the mix M5, having 100% SiMnF,
had the lowest carbon footprint (0.060 kg CO,/kg), high-
lighting the significant environmental impact of SiMnF.
This corresponds to an emissions reduction of 74% com-
pared to the reference mix. On the other hand, mix M38
blended with only 20% SiMnF showed a lower emissions
reduction of around 20%.

Among the alkali-activated mixes (M2 through M31),
the alkaline activators (SS and SH) were the major con-
tributors to the total GWP. Thus, the activating chemicals
were responsible for higher emissions as they are energy-
intensive ingredients. This can also be shown in Fig. 16,
which displays the breakdown of the CO, emissions. Typi-
cally, the SS and SH accounted for about 60% and 38%,
respectively, of the total GWP. On the other mixes, M32 to
M39, the presence of higher volumes of PC was the main
reason for their emissions (i.e., PC accounted for over 99%
of emissions in these mixes, as depicted in Fig. 16).

For more practical cases, it is essential to consider the
engineering properties, such as compressive strength,
along with the environmental aspects. Thus, the strength-
normalized index, called the eco-strength index (Ig)
indicator, was evaluated. Figure 17(a) depicts the CO,
emissions of SiMnF-based mixes with their associated
compressive strength. Generally, CO, emissions followed
the trend of compressive strength, implying that the use
of more intensive carbon ingredients leads to increased
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Table 5 Proportions of the SiMnF-based mixes included in the LCA study

Mix No. Mix proportions (kg/m3) Ref.

OPC SiMnF GBFS SF Sand SS SH

M1 797.8 0 0 0 1196.7 0 0 [67]
M2 0 470.0 0 0 940.0 134.7 674 [80]
M3 0 470.0 0 0 940.0 1443 57.7 [80]
M4 0 470.0 0 0 940.0 151.6 50.52 [80]
M5 0 723.0 0 0 13014 0 103.2 [62]
Mé 0 723.0 0 0 13014 180.6 180.6 [62]
M7 0 723.0 0 0 13014 216.7 144.5 [62]
M8 0 723.0 0 0 13014 240.8 1204 [62]
M9 0 723.0 0 0 13014 2580 103.2 [62]
M10 0 7230 0 0 13014 2709 90.3 [62]
M11 0 723.0 0 0 13014 280.9 80.3 [62]
M12 0 723.0 0 0 1084.5 2410 120.5 [90]
M13 0 723.0 0 0 13014 2634 1053 [90]
M14 0 723.0 0 0 13014 258 103.2 [92]
M15 0 723.0 0 0 17352 298.0 85.1 [90]
M16 0 723.0 0 0 15183 282.0 94.0 [90]
M17 0 650.7 72.3 0 13014 258 103.2 [92]
M18 0 5784 144.6 0 13014 258 103.2 [92]
M19 0 506.1 2169 0 13014 258 103.2 [92]
M20 0 3976 3253 0 1084.5 268.54 1074 [90]
M21 0 614.5 1084 0 1735.2 2582 103.3 [90]
M22 0 3976 3253 0 15183 281.2 80.3 [90]
M23 0 506.1 216.9 0 15183 273.7 109.5 [90]
M24 0 397.6 3253 0 13014 2555 127.7 [90]
M25 0 614.5 1084 0 1084.5 2874 95.8 [90]
M26 0 506.1 216.9 0 1084.5 286.8 81.94 [90]
M27 0 614.55 10845 0 13014 29241 83.55 [90]
M28 0 397.65 32535 0 1735.2 276.55 9218 [90]
M29 0 614.55 108.45 0 15183 245.82 12291 [90]
M30 0 506.1 2169 0 13014 271.13 90.38 [90]
M31 0 506.1 216.9 0 17352 250.64 12532 [90]
M32 5145 1286 0 0 1286.2 0 0 [67]
M33 401.1 291.7 0 364 1094 0 0 [67]
M34 339.7 271.8 0 67.9 1359.1 0 0 [67]
M35 3516 2344 0 0 1465 0 0 [67]
M36 453 120.8 0 30.2 1510.1 0 0 [67]
M37 5302 151.5 0 75.7 11363 0 0 [67]
M38 635.1 1587 0 0 1190.8 0 0 [67]
M39 5929 158.1 0 39.5 11859 0 0 [67]

strength (Fig. 17(a)). But how to assess this reduction in
strength? Fig. 17(b) provides some insights by presenting
the calculated I indicator, which is a combined index.

It was found that mix M34 with 40% SiMnF exhibited
the lowest I value (2.6 x 10~ kg CO,e/MPa) as it had
a good compressive strength of 38 MPa and low emis-
sions of 0.098 kg CO,/kg. However, mix M19 registered
the highest It value (7.29x 1073 kg CO,e/MPa) due to

its lower compressive strength (19.0 MPa) and relatively
higher emissions (2.554 kg CO,/kg). Therefore, the LCA
comparison results revealed that a viable and prom-
ising environmental impact can be achieved through
optimizing the mix proportions with low-carbon ingre-
dients. This suggests that SiMnF can be utilized as a
low-carbon binder for producing sustainable mixtures
having reasonably acceptable compressive strength.
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9 Challenges and future perspectives

The use of SiMnF as a construction material presents a
promising substitute for conventional materials such
as cement and other value-added, expensive, or often
imported SCMs, such as slag, FA, and SF, whose declin-
ing production and increasing demand are concern-
ing. Despite the potential for the use of SiMnF as an

alternative SCM, certain challenges need to be addressed
when incorporating SiMnF into infrastructural applica-
tions. Therefore, this section highlights the knowledge
gaps and research priorities crucial for promoting and
upscaling the SiMnF-based binders.

The integration of design of experiments (DoE) meth-
ods and optimization statistical techniques in the SiMnF
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Fig. 17 Sustainability assessment. a CO, emissions of SiMnF-based
mixes with their associated compressive strength. b Eco-strength
efficiency of SiMnF-based mixes

mixtures holds significant importance. These approaches
offer a systematic approach for formulating and enhanc-
ing concrete compositions, offering advantages over
traditional trial-and-error approaches. One prominent
DoE method is the Taguchi method (TM), widely recog-
nized for its efficacy in minimizing the need for intensive
experimental iterations [90]. In addition, optimization
methods, such as the response surface approach, can
be effectively employed to optimize mixtures, achieving
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desired engineering properties while considering eco-
nomic and sustainability factors. Therefore, the design of
a SiMnF-based concrete mixture should incorporate sta-
tistical methods.

Literature lacks quantified economic viability of SiMnF
as a construction material, simply because most end up
in landfilling and stockpiling; instances where it is used
as an SCM or a cement blend remain a regulated trade
secret. The associated costs can still be traced to safe
handling, storing, and transporting to cement plants.
This review paper notes that SIMnF does not require fur-
ther processing and grinding to be blended with cement
to offset clinkers, and as such, this byproduct can offset
the costs of cement production. If SiMnF can be sourced
locally and handled cost-effectively, competitive produc-
tion of SiMnF-blended cement is possible. However, it is
anticipated that just like FA and GBFS, with a progres-
sively higher demand, the price of SiMnF can be expected
to rise close to the unit price of Portland cement eventu-
ally. Nonetheless, a more durable product ensures lower
rates of maintenance and replacements, offering longer
service life at a cost-saving.

The literature survey reveals that most reported
mechanical properties of alkali-activated SiMnF-based
mixtures are basic, primarily focusing on compressive
strength evaluation. Detailed mechanical performance,
for possible structural applications, including the tensile
and flexural strengths as well as modulus of elasticity,
is yet to be investigated. In addition, the existing litera-
ture primarily pertains to mortar mixtures, neglecting
concrete-related properties involving coarse aggregates.
The compatibility of SiMnF with other constituents of
concrete and mortar, such as aggregates and admixtures,
needs to be thoroughly evaluated to prevent undesirable
interactions and ensure structural performance.

Literature lacks comprehensive data on the durabil-
ity characteristics of SiMnF-based mixtures. Especially,
studies on permeability, water absorption, pore size dis-
tribution, chloride diffusion, reinforcement corrosion,
alkali-silica reaction, freeze—thaw resistance, abrasion
resistance, performance under elevated temperatures,
and fire resistance are needed. In addition, dimensional
stability, including plastic shrinkage, drying shrink-
age, creep, and thermal expansion, requires evaluation.
Besides, the long-term durability performance under
various environmental conditions is yet to be explored
to monitor the resilience of SiMnF in concrete over time,
ensuring durable structures.

Most developed SiMnF-based mixtures are alkali-
activated composites, where alkali activators, such as SS
and SH, contribute significantly to environmental impact
due to their energy intensity and carbon footprints. Opti-
mization of mixture designs should aim to minimize



Nasir et al. Low-carbon Materials and Green Construction (2025) 3:24

activator content where possible. Exploring alternative
alkaline activators stemming from natural resources
holds promise for reducing environmental impact. On
the other hand, heat curing is occasionally used to acti-
vate binder-based mixtures but raises production costs
and environmental concerns due to energy intensity.
Therefore, promoting room-temperature curing methods
for developing sustainable mixtures is essential. Besides
the effects of curing temperature and duration, the rela-
tive humidity can be investigated to optimize the most
efficient curing regime suitable for the SiMnF mixtures
[93]. In this way, the possibility of cast-in-place SiMnF-
based concrete could be upscaled into real applications.
While GWP was selected as the primary environ-
mental indicator in this study due to its relevance to
climate-related impacts and the availability of consistent
data, other important categories, such as acidification,
eutrophication, resource depletion, and water scarcity,
were not included because of limited or inconsistent
reporting across the reviewed studies. Future research
should aim to incorporate these additional indicators
for a more comprehensive sustainability assessment of
SiMnF-based mixtures. In addition to the eco-strength
index used in this study, more comprehensive eco-
mechanical evaluation methods have been proposed in
the literature for SCMs. For example, the recent work by
Sirico et al. [108] introduces a multi-criteria framework,
in which combining splitting tensile strength and duc-
tility could be considered in future studies to develop a
more integrated assessment of SiMnF-based systems.
Future research prospects for SiMnF-based mixtures
include the utilization of nanomaterials (to enhance the
material properties) and the incorporation of by-prod-
ucts from other industries (to enhance quality and sus-
tainability). Given SiMnF’s low Ca and high Mn and K
content [94], using Ca-rich materials can significantly
enhance reactivity and improve mechanical strength.
While some SiMnF-based mixtures show promising
strength characteristics, further research is needed on
their flexural and shear behavior in structural elements
such as beams, columns, and slabs. These studies can lead
to the development of design guidelines and construction
codes tailored for SiMnF-based concrete, facilitating its
broader acceptance in the construction industry. Cur-
rent construction standards, which are often prescriptive
rather than performance-based, may pose challenges to
integrating new materials such as low-carbon binders
in practical applications. Overcoming these challenges
is essential to realizing the potential benefits of alterna-
tive materials in sustainable construction practices. To
that extent, it is to be noted that in using SiMnF, there
are some health concerns handling the material (as with
any dust, including cement) that need mentioning as a
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future challenge to the adaptation of this as an SCM. It
is recommended that SiMnF collection and delivery to
concrete plants follow stringent procedures to eliminate
dust exposure. A more severe issue is possibly a lack of
understanding of leachates from SiMnF concrete run-
offs and pore extracts. Future research should address
the critical gap in understanding the leaching behavior of
SiMnF-based mixes, particularly under varied exposure
conditions. This includes investigating the pore solution
for unbound heavy metal ions and assessing their mobili-
zation through leaching experiments to identify potential
environmental risks.

10 Conclusions

SiMnF, a by-product of the ferroalloy industry, holds
remarkable potential for use in the construction indus-
try. This review examines the synthesis, reaction mech-
anisms, and evaluation of the engineering properties of
alkali-activated SiMnF-based mixtures. A comprehensive
ecological impact analysis of the SiMnF-based mixtures
was conducted using LCA. Despite progress in research,
many aspects of SiMnF-based mixtures remain unex-
plored, including detailed mechanical performance,
concrete-related properties, and long-term durability
characteristics. Based on the research findings and LCA,
the following points are highlighted:

— SiMnF possesses desirable physical properties such
as a reasonable particle size (D5,=29.17 um), which
offers a good packing effect and density. Its spherical
texture can improve workability due to the ball-bear-
ing effect, enabling its application in self-compacting
concrete. However, its composition, primarily MnO,
SiO,, and K,O (over 70%), with a dearth of CaO
(7.24%) and Al,O4 (1.46%), results in poor reactivity
and a low rate of strength development.

— SiMnF is primarily used in alkali-activated compos-
ites and self-compacting concrete. Common acti-
vators include NaOH and Na,SiO;, with NaOH
concentrations ranging from 2.5 to 16 M and alkali
activator ratios from 1 to 3.5. Some studies utilized
the Taguchi method for optimizing their mix designs
due to various key parameters.

— Mechanical properties of SiMnF-based materials
are rarely investigated beyond compressive strength.
In self-compacting concrete, mechanical properties
decline as SiMnF content exceeds 20%. For alkali-
activated SiMnF mortars, strengths of 45-50 MPa
are achievable at optimal NaOH molarity (10 M) and
alkaline activator ratio (2.5). Heat curing at 60 °C for
6 h yields 83.5% of the 28-day strength in just 3 days.

— The microstructure of alkali-activated SiMnF mor-
tar improves at higher NaOH molarity owing to
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greater polymerization, resulting in a compact
matrix with fewer pores. Elemental composition
and XRD analysis revealed the formation of Mn-
S—H type gel as a reaction product at higher alkali
activator concentrations. These microstructural
changes correlate well with improved mechanical
properties and resistance to acid or sulfate attacks.

— Limited studies on sulfate resistance in MgSO, and
Na,SO, solutions for 40 weeks showed good per-
formance due to the absence of sulfate phases and
formation of quartz, attributed to the low CaO con-
tent.

— Environmental assessments, in terms of life-cycle
analysis, classify SIMnF as a low-carbon binder,
capable of reducing CO, emissions by up to 40% in
alkali-activated mixtures compared to 100% OPC
mixtures with similar strength grades. However,
alkaline activators significantly contribute to the
total carbon footprint of alkali-activated SiMnF
mixtures. Therefore, the carbon reduction can be as
high as 60% in standard SiMnF-based mortar mix-
tures.

— Blending SiMnF-based composites with SF or blast
furnace slag can densify the microstructure and
enhance mechanical and durability properties,
although this may reduce flow and setting times.
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