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Abstract

Mining and metallurgical wastes contain potentially valuable mineral resources but pose
growing environmental risks. This review proposes a mineralogy-guided framework for
converting these wastes into low-carbon binders and construction materials. Rather than
classifying residues by origin or bulk oxide composition, it distinguishes them according to
the reaction roles of their mineral phases. The framework first distinguishes self-sufficient
systems, in which activation unlocks the intrinsic mineral inventory of the waste suffi-
ciently for matrix or product formation, from mineralogically compensated systems, in
which additional functional mineral solids are required to supply deficient reactive Si, Al,
Ca, sulfate, alkalinity, or other phase-forming components. Binary and multicomponent
formulations are then interpreted according to the specific mineralogical functions supplied
by the complementary solids and the resulting changes in reaction pathways and products.
Thermal, hydrothermal, mechanochemical, alkaline, and carbonation-based processing
routes are compared in relation to phase composition, co-precursor function, and the
mechanical, thermal, and service properties of concretes, foams, and backfill materials.
Evidence indicates that performance depends more on chemical complementarity than on
maximizing waste content. Environmental benefits must also account for contaminant im-
mobilization, carbon dioxide binding, and the energy and reagent demand of pretreatment.
Mineralogy-informed machine-learning models may support inverse mixture design, but
their transferability remains constrained by feedstock heterogeneity and limited standard-
ized data. The framework links mineralogy, processing, reaction products, performance,
and scale-up.

Keywords: precursor mineralogy; mine tailings; metallurgical slags; red mud (bauxite
residue); alkali-activated materials; geopolymers; mine backfill; machine learning

1. Introduction

The large-scale generation of mining and metallurgical wastes has made their long-
term storage a dual challenge: It entails the loss of potentially valuable mineral resources
while posing serious environmental and geotechnical risks [1-3]. Available statistics rein-
force these concerns: More than 5 billion tonnes of mine tailings are generated annually,
while the copper industry alone produces approximately 25 million tonnes of slag per
year [4,5]. These wastes, however, are not chemically homogeneous bulk materials. Their
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mineralogical composition varies with ore type and processing history and may include
quartz, feldspars, glassy silicates, iron and aluminium oxides and hydroxides, sulfides,
carbonates, sulfates, and residual alkalis [6-8]. Consequently, their environmental safety
and suitability for secondary use are governed less by bulk oxide contents than by phase
assemblage, crystallinity, particle-size distribution, and element speciation. The conver-
gence of environmental and resource constraints—the need to utilize accumulated wastes
and the drive to decarbonize construction materials—therefore makes the development
of alternative binders from mineral residues an important pathway within the circular
economy. One of the most promising approaches is the production of geopolymers and
alkali-activated materials (AAMSs) from aluminosilicate wastes. These materials can incor-
porate high fractions of secondary raw materials, and substantial reductions in embodied
carbon relative to OPC have been reported; however, the magnitude of the benefit depends
strongly on activator production, curing requirements, precursor processing, and system
boundaries [4,5,9-12].

Despite the substantial number of publications in this field, most review articles are
restricted either to individual categories of technogenic waste, such as mine tailings or
metallurgical slags [13-17], or to specific aspects such as heavy-metal immobilization or the
mechanical properties of the resulting materials. The decisive role of precursor mineralogy
remains insufficiently resolved, particularly how phase composition governs the selection
of an activation strategy and, consequently, the structure and service performance of the
final product. The same bulk oxide composition can correspond to substantially different
reactivity because Si, Al, Ca, Fe, Mg, and sulfate may occur in crystalline, amorphous,
hydroxide, carbonate, or other mineral forms with different accessibility [18]. In some
wastes, the intrinsic phase assemblage can be activated sufficiently to supply the species
required for matrix or product formation [19-22]. In others, one or more required min-
eralogical functions remain deficient and must be supplied by a complementary solid
precursor [23-26]. The central processing question is therefore not simply which oxide
or gel family dominates, but whether the intrinsic mineral inventory is sufficient for the
intended transformation and, if not, which mineralogical function must be compensated.

Current approaches to the classification of alkali-activated materials rely primarily on
available Ca content and gel type, oxide-composition domains, or precursor origin [27-29].
More specialized studies have separately addressed mine tailings and Fe-rich precur-
sors [30-32], whereas recent reviews of industrial wastes have largely retained a division
into (Si + Al)- and (Si + Ca)-oriented compositions [9]. These approaches remain fragmented
and do not provide a unified phase-oriented classification that simultaneously encompasses
silicate phases; Fe-, Al-, Ca-, and Mg-bearing oxides and hydroxides; and sulfate phases,
while linking their mineralogical functions to activation routes and reaction products.

The conventional low-Ca/high-Ca distinction remains useful because Ca availability
strongly influences reaction kinetics and the tendency toward N-A-S-H-, C-(A)-S-H-, or
hybrid gel formation, while gel-based classifications provide a convenient description of
the reaction products ultimately formed [27-29,33-36]. However, these schemes are less
informative when applied to heterogeneous mining and metallurgical wastes, because
bulk Ca content does not indicate the mineral host, accessibility, or actual reactivity of
Ca, Si, Al, Fe, or Mg, and several binding products may coexist within the same system.
For example, the same copper-tailings matrix develops predominantly N-A-S-H-type
products when combined with low-Ca fly ash, whereas Ca-rich blast-furnace slag shifts the
reaction toward C-(A)-S-H/N-(C)-A-S-H products [25]. The mineralogy-guided framework
proposed here therefore complements, rather than replaces, conventional Ca- and gel-
based classifications by moving the analysis upstream from the final reaction product
to the mineral inventory, phase accessibility, and mineralogical functions that control

https://doi.org/10.3390/min16090936


https://doi.org/10.3390/min16090936

Minerals 2026, 16, 936

30f32

processing and matrix development. Its main limitation is the need for sufficiently resolved
mineralogical and reactivity data; where quantitative phase composition or phase-specific
reactivity is unavailable, assignment remains necessarily less certain, particularly for highly
heterogeneous and co-activated systems.

This review aims to systematize and synthesize current approaches for converting
mining, metallurgical, and mixed industrial wastes into geopolymeric, alkali-activated,
and related mineral matrices through a mineralogy-guided process-selection framework.
Particular attention is paid to phase accessibility, the functional roles of individual min-
eral components, activation and pretreatment routes, reaction-product assemblages, final
material form, durability, environmental stability, and application-specific performance.
The analysis therefore links feedstock mineralogy with processing requirements and the
minimum mineralogical functions needed to achieve the target product.

The primary organizing distinction used in this review is mineralogical sufficiency.
Self-sufficient systems are those in which the waste itself provides the principal mineral
inventory required for matrix or product formation, either directly or after activation
of its intrinsic phases. When this inventory is insufficient or insufficiently accessible,
mineralogical compensation is required through the addition of one or more functional
mineral solids supplying deficient reactive Si, Al, Ca, sulfate, alkalinity, or other phase-
forming contributions. Mineral phase families such as silicates, oxides, hydroxides, sulfates,
and carbonates are treated as mechanistic descriptors rather than mutually exclusive
precursor classes.

Accordingly, phase abundance alone is not used as an assignment criterion; where
available, quantitative phase composition is interpreted together with evidence of phase
dissolution, amorphization, reaction-product formation, and the functional role of the
waste in the binder system.

2. Intrinsic Reactivity and Self-Sufficient Waste Systems

The conversion of mining, metallurgical, and other industrial wastes into solid mineral
matrices is of particular interest because it can simultaneously reduce the volume of
stored residues, replace a portion of primary mineral resources, and yield materials with
specified structural, thermal-insulation, or functional properties. Such wastes can be used
to manufacture binders, geopolymers, backfill materials, road-base materials, artificial
aggregates, porous thermal-insulation products, and functional composites. Their ability to
participate in the formation of a solid matrix, however, is governed less by the bulk contents
of individual oxides than by phase state and the availability of reactive components [37,38].

Self-sufficient systems are defined as those in which the waste itself provides the
principal mineral inventory required for matrix or product formation, either in its initial
state or after activation that increases the accessibility of its own reactive phases. Their
performance is therefore governed primarily by the mineralogical state, phase accessibility,
and transformation of the waste itself. By contrast, when the intrinsic mineral inventory
is insufficient or insufficiently accessible, additional solid precursors are introduced to
compensate for deficient reactive Si, Al, Ca, sulfate, or other required components.

The principal self-sufficient transformation routes identified in the reviewed systems
are summarized schematically in Figure 1, linking precursor mineralogy with activation
strategy, structural evolution, and representative quantitative evidence.

For mineral tailings and slags, the mineralogical occurrence and accessibility of reactive
phases are decisive. Silicon bound in quartz and resistant silicates participates only weakly
in alkaline dissolution, whereas amorphous or glassy slag phases are generally more
reactive. Their intrinsic reactivity can be enhanced through alkaline, thermal, mechanical,
or other phase-transforming treatments.
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Figure 1. Intrinsic activation and structural-evolution pathways in representative self-sufficient waste
systems: (a) Cu-tailings reactivity and direct tile production [19,39], (b) thermally activated lithium
slag [20], (c) thermally activated bauxite residue [21], and (d) pressurized carbonation of red mud [22].
Panel (a) integrates evidence from independent Cu-tailings studies and does not represent a single
continuous experimental sequence. Created by the authors based on the cited studies.

Comparative dissolution studies of aluminosilicate minerals and industrial by-
products demonstrate that similar bulk Si and Al contents do not imply similar alkaline
reactivity: Crystallinity, bonding environment, and the fraction available for dissolution are
decisive. Phase characterization should therefore precede activator selection and curing de-
sign. Accordingly, evidence was weighted according to the level of mineralogical resolution.
Studies combining quantitative phase analysis, such as Rietveld-based XRD, with validated
amorphous-phase quantification and dissolution or reaction-product data were considered
the strongest basis for phase-specific interpretation [40-42]. Studies relying on qualitative
XRD were interpreted more cautiously, whereas those reporting only bulk oxide chemistry
were retained for compositional and performance comparisons but were not used alone
to infer phase-specific reactivity or reaction mechanisms. This mineralogy-guided logic
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has previously been identified as a key condition for applying geopolymerization in the
mining and mineral-resources industries [43,44].

Table 1 compares representative self-sufficient waste systems in terms of their
mineralogical roles, processing routes, product forms, quantitative performance, and
potential applications.

The principal limitation of mineral tailings is the low availability of Si and Al. During
alkaline-hydrothermal treatment of copper tailings, the activation energies for dissolution
were 69.29 kJ-mol ! for Si and 33.91 kJ-mol ! for Al, indicating a stronger kinetic limi-
tation on silicon release [19]. Alternatively, combining alkaline treatment with pressing
produced a tile material whose dense structure was probably associated with the combined
effects of chemical treatment and mechanical compaction [39]. Thus, the performance of
sparingly soluble tailings can be controlled either by increasing phase accessibility or by
physical forming; however, hydrothermal treatment should be justified by a commensurate
improvement in reactivity.

A comparison of Cu-Ni, Cu-Zn, platinum-group-element, and iron-ore tailings con-
firmed the decisive role of mineralogy. Despite high SiO, contents in some samples, the
tailings were predominantly crystalline and contained no XRD-detectable amorphous
phase; after 24 h of alkaline leaching, less than 5% of the original components dissolved,
compared with approximately 60% for ground-granulated blast-furnace slag (GGBFS) and
80% for metakaolin. Nevertheless, optimization of the activator and curing regime yielded
up to 22 MPa for Cu-Ni tailings. Because geopolymer-gel formation was not demon-
strated unambiguously, the strength may also have arisen from silicate binding, Ca-bearing
hydrates, and particle densification [40]. For highly crystalline, low-reactivity tailings, com-
pressive strength alone should not be considered evidence of geopolymerization. Chemical
participation should be supported by converging evidence of precursor dissolution or
phase consumption, formation of new binding products, and corresponding microstruc-
tural or spectroscopic changes. Where possible, comparison with unactivated or physically
compacted controls should be used to separate chemical binding from particle-packing and
filler /nucleation effects.

Recent work on high-volume iron-ore tailings (>80 wt%) showed that small addi-
tions of graphene oxide (GO) and MXenes can mitigate heterogeneous alkali activation
by promoting glass-phase dissolution, strengthening particle-matrix interactions, filling
microvoids, and reducing crack development. The proposed particle-chain structure il-
lustrates how nanoscale additives can enhance the performance of a low-reactivity waste
precursor, while their contribution should be distinguished from the intrinsic reactivity of
the tailings themselves [45].

Early studies of copper tailings demonstrated the feasibility of producing shaped
construction products through alkaline activation and mechanical compaction [46]. Sub-
sequent investigations of durability and leaching showed that high initial strength alone
cannot establish service or environmental acceptability [47]. These findings further support
the separate evaluation of precursor reactivity, final product form, durability, and the
immobilization of potentially hazardous components.

Compared with tailings, slags more often contain amorphous or metastable phases
and may serve as independent precursors. Calcination of lithium slag at 700 °C increased
the amorphous fraction from 15.9 to 48.1% and yielded a strength of 53.1 MPa. This
case demonstrates that thermal amorphization can convert a low-reactivity residue into a
viable sole precursor, although the gain in reactivity must be considered against the energy
demand of calcination [20].
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Table 1. Intrinsic mineralogical reactivity, direct activation routes, and performance of self-sufficient waste systems.
. . . . . Performance/Durability/ o
Waste-Derived System Mineralogical Role Key Processing Conditions Product Form Leaching Scale/Target Application Ref.
Quartz-dominated Si Solid/liquid = 1:100; Ea = 69.29 kJ-mol~! (Si) and
. 1-6 M NaOH; Leaching slurry and 33.91 kJ-mol ! (Al); kinetics Laboratory assessment of
. reservoir with limited bulk o . : ..
Cu tailings .. . 20-80 °C; alkali-treated residue; no  governed by product-layer precursor reactivity for [19]
reactivity; Al is released g YA .
. . 5-120 min; hardened product. diffusion/phase-boundary AAM design.
more readily than Si. .
1000 rpm. reactions.
15 M NaOH; At 150 um and 0.1 MPa:
Cu Tailings serve as the sole solution saturation 100 x 100 mm breaking load 986 + 151 N; Laboratory tile prototype.
tailines solid precursor for directly 56.8%-57%; geopolymer tile modulus of rupture Embodied energy of [39]
& shaped geopolymer tiles. forming pressure 0.1-0.4 MPa; prototype. 18.5 + 0.7 MPa; water 10.9 kWh-m~—2.
105 °C for 48 h. absorption 8.5 £ 1.5%.
dned | CuNitings3s1gz Leboon fomuln
Cu/Ni-, Cu/Zn-, PGE-, . .g e Waterglass/NaOH activation; . . . MPa at RT after 28 d; . & p .
- o dissolution; screening of o tailings-binder cylinders . . on-site underground backfill; [40]
and iron-ore tailings e RT-60 °C; 7-28 d. optimized formulations .
activation and (940 x 30 mm). strength exceeds the cited
. .o reached ~22 MPa.
curing conditions. 0.2-5 MPa range.
Calcination increases the Calcination at 700 °C; Amorphous fraction
Li sla amorphous fraction, activator modulus = 1.2; Sole-precursor increased from 15.9% to Laboratory-scale [20]
& enabling sole-precursor alkali equivalent = 0.16; geopolymer binder. 48.1%; 28 d compressive high-strength binder.
geopolymerization. 28 d curing. strength reached 53.1 MPa.
Gibbsite dehvdroxvlation BR dried at 110 °C for 24 h and 500 °C was the minimum Laboratory thermal-window
Bauxite residue . Y yiauor calcined at 300-800 °C for 5 h; solidification threshold and  screening. Identifies 500 °C
. increases Al/Si accessibility . .
(minimum- . 8 M NaOH/Grade gave 23.15 MPa; calcined-BR  as an energy-saving lower
and establishes the . e BR geopolymer paste. [21]
temperature minimum calcination 52 sodium silicate; pastes spanned bound rather than
activation) threshold precursor:alkali = 70:30 or 19.06-37.03 MPa, with the defaulting to more
eshold. 65:35; moist-cured for 7-28 d. maximum at 800 °C. energy-intensive activation.
RM alkalinity and s
Ca-bearing phases react Water/RM = 0.10; 30 x 10 mm Strength +64%; CO, uptake Laboratory COZ_St.a bﬂ.l zed
RM (pressurized with CO,; hematite provides pellets compacted at 2.7 g/100 g RM; critical pore product. Mm.erahzanon
CO; mineralization) nucleation sites for 6.25 N-mm~Z; 100% CO,, Carbonated RM pellets. reduced porosity (54.4% to [22]

carbonate precipitation and
pore refinement.

10 bar, 4 h; 25, 45 or 65 °C.

size 720—510 nm; shape
retained after 56 d in water.

34.5%) and preserved pellet
shape for 56 d in water.

Note: Values are not directly comparable because experimental conditions differ among studies. Durability and leaching outcomes are included where reported.
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Silicomanganese slag illustrates the transition from structural to functional materials.
Activation using a waste-glass-derived alkaline solution, together with the addition of
0.1%—1% carbon fibre, produced a composite with a temperature rise of 17-21.1 °C at
10 V [48]. In this case, the alkali-activated matrix provides mechanical integrity and the
carbon fibres form a conductive network; practical applicability depends on resistance
stability during cyclic heating and climatic exposure.

Self-sufficient conversion is not limited to silicate-rich tailings and slags. Thermal de-
hydroxylation of bauxite residue enabled direct alkali activation without a second mineral
precursor; calcined-BR pastes developed compressive strengths of 19.06-37.03 MPa, while
500 °C represented the minimum reported solidification threshold [21]. A different direct
route was demonstrated for red mud, where pressurized CO, mineralization utilized the
intrinsic alkalinity and Ca-bearing phases of the residue. Carbonation increased strength
by 64%, reduced porosity from 54.4% to 34.5%, and preserved pellet integrity after 56 d of
water exposure [22]. These examples show that self-sufficiency is defined by utilization of
the waste’s own mineral inventory rather than by a specific oxide composition or gel family.

CO, mineralization should also be considered as an independent valorization route for
Ca- and Mg-bearing residues. Carbonation capacity is controlled not by total CaO or MgO
alone, but by mineral form, particle size, transport through the pore solution, product-layer
passivation, pressure, temperature, and pretreatment [49,50]. Accordingly, reported uptake
should be accompanied by reaction extent, energy demand, permanence of the carbonate
products, and any changes in leaching or mechanical performance.

Carbonation is not universally beneficial. In Ca-rich alkali-activated matrices, pro-
longed or aggressive CO, exposure can decalcify C-(A)-S-H-type binding gels and reduce
pore-solution alkalinity, potentially compromising the load-bearing matrix [36]. By contrast,
controlled carbonation can be beneficial when carbonate precipitation predominantly fills
pores and stabilizes reactive Ca/Mg-bearing phases, as observed for red mud [22]. The net
effect therefore depends on whether carbonation primarily densifies the pore structure or
consumes load-bearing binder phases; strength retention, phase evolution, porosity, and
leaching should consequently be assessed before and after carbonation.

Taken together, these studies show that self-sufficient utilization is feasible when
the waste contains sufficiently accessible reactive phases or when its intrinsic mineral
inventory can be activated through thermal, alkaline, mechanical, or carbonation-based
processing [19-22,39,40]. Where these approaches remain insufficient to provide the chem-
istry required for matrix formation or target performance, an additional mineral precursor
becomes necessary.

3. Mineralogical Compensation in Binary and Multicomponent Systems

Mineralogical compensation is required in waste-derived systems whose intrinsic
phase assemblage does not provide sufficient accessible species for matrix formation or
target performance. Additional mineral solids are therefore introduced to supply defi-
cient reactive Si, Al, Ca, sulfate, alkalinity, or other required components. Binary systems
contain one additional matrix-forming or chemically functional mineral solid, whereas
multicomponent systems combine two or more such components. Liquid activators, fibres,
foaming agents, nano-additives, and inert aggregates are not counted as precursor com-
ponents. A waste stream should not be treated merely as a source of one oxide; it has a
resource—structure profile comprising mineral phases, the availability of Al, Fe, Ca, Mg, and
sulfate, particle-size distribution, and the presence of potentially hazardous components.
Phase-specific characterization is equally important for sulfur-bearing industrial residues.
For example, sulfur cake from sulfuric-acid production contains a high total sulfur content,
while gypsum, calcium sulfate, and silicate phases occur only in minor quantities, illus-
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trating why bulk elemental composition alone cannot be used to infer the availability of a
functional sulfate source [51]. In another example, red mud may simultaneously provide
alkali, Fe/ Al-bearing phases, and nucleation sites, whereas slag may supply reactive Ca
and amorphous silicate. These roles explain why chemically complementary blends often
outperform single-waste formulations [52-54].

Figure 2 summarizes three representative compensation strategies, showing how
targeted functional addition, compositional synergy, and integrated precursor processing
modify reaction pathways and material performance.

MINERALOGICAL COMPENSATION IN WASTE-DERIVED SYSTEMS

WASTE Mineralogical / e ; o . )
PRECURSOR chemical function Processing / activation Reac h(lm'l athway Experimental evidence
change
. . . Com ive stre (MPa)
(a) Single-function compensation ol L i
l B + CCS (40% activator substitution)
HEGCS 35 19.9%
& enhanced early reaction/ 30 '*_u'.s
Ca availability 25 236
25 : l 20
) NaOH+ N acHiCA)SH
CCcs (L) NSO, ! o] 202
N S CCSassisted  gonsermateix 3| 1,
= Ca(OH),-rich alkali activation | e
Ca + alkalinity 2 d 2
) : Porosity: 23.6 — 18.9%
(b) Synergistic compensation complemeniangii s B
ynerg P /
‘ hydration
RM l g
S
' ' A0 AFt+C-5-H/C-(A)-S-H :
ﬁx‘?;}ﬁ, ._\«‘g' Ca(OH) l E '5
i . 2 intergrown reaction products < 8
GGBFS CD _assisted f B g
R ‘ ! . densified mateix 3 S
. " reactive Si—Al-Ca glass l

(c) Integrated processing —composition compensation

EMR-RM-GGBFS > EMR-GGBES > RM-GGBFS

Compressive strength (MPa)
% W 70
Q simultaneous dissolution
RM ‘ — Fe/Al-rich precursor HJE + hydration 60 59.74
4 : !
Wi 111eiti11500-800 °C 50
e N-ASH+C-ASH+ 2l
RM pretreatment AFt 40 1
l -3
— reactive Ca/Si pore refinement
K l |
i dense hybrid matrix 10
2 =) alkali activation l B R
J: s Ca?* | SO42 source NaOH + NaSiO3

Porosity: 13.39 — 7.38%

Figure 2. Representative mineralogical-compensation strategies in waste-derived systems: (a) tar-
geted single-function compensation using calcium-carbide slag in a red-mud/fly-ash system [26];
(b) synergistic compositional compensation in an EMR/red-mud/GGBFS system [55]; and (c) in-
tegrated processing—composition compensation through red-mud pretreatment followed by GG-
BFS/CSD addition [56]. The scheme links precursor functions, processing, reaction-pathway changes,
and quantitative experimental evidence. Created by the authors based on the cited studies.

Table 2 summarizes representative binary systems in which a second mineral com-
ponent compensates for limited phase accessibility, deficient matrix-forming species, or
insufficient durability of the original waste-derived precursor.

https://doi.org/10.3390/min16090936


https://doi.org/10.3390/min16090936

Minerals 2026, 16, 936

9 of 32

Table 2. Mineralogical compensation, processing routes, and performance of binary waste-derived systems.

Waste-Derived System

Mineralogical Role

Key Processing
Conditions

Product Form

Performance/Durability/
Leaching

Scale/Target Application

Ref.

Mo tailings + slag

Hydrothermal treatment
activates quartz-rich tailings,
producing a reactive sodium

aluminosilicate precursor.

5M NaOH, 200 °C, 4 h;

80 wt% activated tailings +

20 wt% slag; w/s = 0.40.

Dry one-part precursor
blend and hardened
30 mm cubes.

Si leaching increased from
35.4 to 1046.8 mg-L.~!
(29.6x); an amorphous
C-(N)-A-S-H/N-(C)-A-S-H-
containing matrix
developed.

Laboratory-scale one-part
binder. 80 wt% activated
tailings.

[57]

Cu mine tailings + PC

Cement stabilization improves
resistance of tailings to
seasonal freeze—thaw and
wet—dry degradation.

4-12 wt% Type III
Portland cement; up to
12 freeze—thaw and
12 wet—dry cycles.

Compacted stabilized
tailings specimens.

After 12 freeze—thaw cycles,
stabilized tailings retained
39%-55% of initial strength;
after wet-dry cycling,
16%—-34% was retained.

Laboratory durability
validation under simulated
seasonal exposure.

[58]

Li slag + Ca(OH),

Reactive Si/ Al from lithium
slag participates in matrix
formation, while Ca(OH),
supplies alkalinity and Ca,

shifting the reaction pathway
toward C-(A)-S-H and
ettringite formation.

20 wt% Ca(OH),;
L/S =0.40;
binder:sand = 1:3; ambient
curing (>95% RH) or 60 °C
for 24 h.

Zero-cement,
dry-activated
mortar/binder.

Optimum 20 wt% Ca(OH),
system achieved 38.22 MPa
at 28 d under
ambient curing.

Laboratory-scale
zero-cement mortar with
ambient hardening.

[59]

Lislag + PC

Low-alkali polymetallic salts
complement deficient
Ca/Al/Si supply and promote
C-(A)-S-H/N-A-S-H co-gels
and AFt.

50 wt% lithium slag +
50 wt% Portland cement;
water/solid = 0.60; 6 wt%
composite activator;
20-25°C; 7-21d.

Low-alkali, high-volume
lithium-slag
cement paste.

Compressive strength
increased by 306%, 123%,
and 108% at 7, 14, and 21 d,
respectively, while CO,
emissions per unit strength
decreased by 52.2%.

Laboratory-scale low-carbon
cementitious binder.
Multi-element activation
restores strength at 50 wt%
slag while avoiding highly
caustic activator solutions.

[60]

Fe tailings + MK

Metakaolin (MK) provides the
principal reactive Si-Al source,
while iron tailings partially
replace MK and act mainly as
supplementary mineral/filler
components in the foamed
geopolymer matrix.

10-20 wt% iron tailings
replacing MK; foamed
with Al powder, H,O, or
sodium perborate;
properties
evaluated to 90 d.

Lightweight foamed
geopolymer
block/panel.

Sodium perborate:
k=0.110-0.211 W-m~1.K™!
and 1.5-5 MPa; Al powder:

strength up to 13 MPa.

Laboratory-scale insulation
material. Foaming chemistry
permits strength-thermal-
conductivity tuning; 20 wt%
tailings can improve
mechanical response.

[61]
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Table 2. Cont.

Waste-Derived System

Mineralogical Role

Key Processing
Conditions

Product Form

Performance/Durability/
Leaching

Scale/Target Application

Ref.

IImenite tailings + MK

Tailings supply Fe/Ca-bearing
phases while metakaolin
supplies reactive Si/Al; HyO,
generates a hierarchical
pore network.

0-20 wt% tailings; 2—4 wt%
H,05; activator
modulus = 1.2; alkali
equivalent = 11%;
L/S =0.35-0.39.

Alkali-activated

foam/thermal-

insulation panel
material.

Across optimized
formulations, porosity
reached 73.32%, pore
connectivity 99.98%,
compressive strength
1.20 MPa, and the minimum
measured thermal
conductivity was
0.0602 W-m~1.K~1.

Laboratory-scale insulation
foam. Highly connected
multiscale porosity yields
very low thermal
conductivity at usable
lightweight strength.

[62]

Mo + FA

Ultrafine tailings contribute
Si-bearing fines, while fly ash
supplies reactive
aluminosilicate
for N-A-S-H formation.

Molybdenum tailings
(MoT):FA = 300:0-0:300;
200 min grinding; 3-12 M
NaOH; w/s = 0.36-0.42;
85 °C for 6-48 h; tested at
3-28 d.

Hardened geopolymer
paste/cubes.

Optimum (MoT:FA = 1:4;
9M; w/s =0.40; 48 h)
reached 31.26 MPa at 28 d;
501.67-765.74 kg COe m 3
versus 1403.81 for OPC.

Laboratory-scale low-carbon
binder. Couples N-A-S-H
strength development with a
substantially lower
cradle-to-gate carbon
indicator than OPC.

[63]

Phosphate mine
tailings/sludge + FA

CaCOs-/phosphate-bearing
tailings partially replace fly
ash and become immobilized

within the geopolymer matrix.

10-30 wt% tailings
replacing FA; 225 g
sodium silicate per 450 g
precursor; w/b = 0.45;
40 mm mortar cubes;
60 °C; 1-28 d.

Geopolymer
construction mortar.

At 30 wt% tailings: 59 MPa
at 28 d and indentation
hardness 1.05 GPa; reported
immobilization efficiencies
were generally >98%.

Laboratory-scale
construction mortar.
Combines high strength
with stabilization of
potentially hazardous
constituents.

[64]

Cu + FA or BFS

Low-Ca FA favours N-A-S-H,

whereas Ca-rich BFS promotes
faster C-(A)-S-H/N-(C)-A-S-H

formation in
sulfate-bearing tailings.

precursor/(tailings +
precursor) = 0.30-0.50;
NaOH ~10 M (FA) or ~6 M
(BFS); 85 °C (FA) or 40 °C
(BFS); accelerated curing.

Compacted, stabilized
tailings-binder cylinders.

Top BFS formulation
reached ~15 MPa at 28 d; top
FA formulation reached
~11 MPa; shortlisted
mixes emitted
0.21-0.52 kg COze kg !
paste.

Laboratory screening;
proposed end use. Supports
mix optimization for
underground
backfill/building materials,
with BFS providing higher
early UCS (unconfined
compressive strength).

[25]
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Table 2. Cont.
Waste-Derived System Mineralogical Role Key Pro.chsmg Product Form Perfo ance/l?urablhty/ Scale/Target Application Ref.
Conditions Leaching
20-50 wt% tailings Laboratory-scale
Bloleached .talhngs aFt mainly replacmg BFS;. At 50 wid% tailings, high-strength mo?tar.
. g as a filler in a reactive slag precursor:solid sodium L . One-part processing
Bioleached sulfidic mine . : . L One-part alkali-activated compressive strength . . .
- matrix while the binder metasilicate = 9:1; combines high tailings [65]
tailings + BFS - slag mortar. reached 51.8 MPa at 28 d . .
encapsulates residual w/b =0.35; and 52.6 MPa at 90 d loading, strong mechanical
sulfides/metalloids. sand/binder = 2; 23 °C, ' ’ performance and
RH 90%; 28-90 d. contaminant retention.
Five RM sources; source/ alziilzic;ljc?(t)(r)lrzcreening
Fe/A1—1.*1ch red mud .su.pphes 800°C/2 by At 50 wt% RM and 8 M Defines source-specific
alkali and Al but limited RM:FA = 25:75-75:25; Hardened geopolymer - .
. . . . NaOH, 28 d UCS exceeded quality-control and alkali
reactive Si; fly ash balances Si. 4-12 M NaOH; sodium paste cubes and :
RM + FA L - . 40 MPa; thermal-treatment windows; thermal [52]
Calcination increases silicate/precursor = 0.37; companion . . ..
o _ . . gain ranged from <1 to pretreatment is beneficial
reactivity in a water/precursor = 0.12; alkali-leached precursor. .
o ~21 MPa across RM sources. but not universally
source-dependent manner. 60 °C/24 h then
. . transferable among
ambient curing.
red muds.
. s . Laboratory durability
Red mud contributes FF%EX;};%SIS/O%; /2'0’ UCS: 10 + 1.6—6.7 + benchmark. Showed low-pH
Fe/Al/Ca and intrinsic alkali, Na OH'_Z M Is o diumo Geopolymer cylinders 1.9 MPa after 7 d acid resistance comparable to the
RM + FA while fly ash supplies the e and prisms for durability exposure; ~6-7 MPa at OPC control; reported [53]
. ; . trisilicate:water = 3:7:3; . .
reactive Si/ Al required for the 5 and leaching tests. 28-120 d; heavy-metal heavy-metal leaching
23°C/28d; pH3 or . . . . .
geopolymer network. leaching below cited limits.  remained below the cited US
7 exposure for 1-120 d. e
EPA soil limits.
BR ground <90 um and . o
Bauxite residue provides Al fused with 10%-20% Nay,O Og giﬁiﬁlfﬁlzigie/;g\aei?, Laboratory-scale one-part
Alkali-thermally and retained alkali; silica fume at 800 °C/1 h; 10%—40% Water-added one-part 19OMPa at 28 d: higher binder. Enables water-only
activated bauxite residue corrects its Si deficiency for silica fume; L/B = 0.45; geopolymer paste and 18 final mixing and identifies a [54]

+ silica fume

water-activated one-part
geopolymerization.

0.5% superplasticizer;
ambient
preparation/curing.

50 mm cubes.

silica-fume contents caused
microcracking and
strength loss.

practical Si/alkali balance
for BR solidification.
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Table 2. Cont.

Waste-Derived System

Mineralogical Role

Key Processing
Conditions

Product Form

Performance/Durability/
Leaching

Scale/Target Application

Ref.

RM + slag artificial
aggregate

Alkali-activated RM/slag
forms a cold-bonded core; a
cement shell provides
secondary curing and enables
aggregate use in concrete.

Optimum core: 70% RM +
30% slag; waterglass
modulus = 1.8; alkali

equivalent = 7%; cement
shell; RMAC at w/c =0.28
and 50% RMA
replacement.

Non-sintered core—shell
artificial aggregate and
aggregate concrete.

Optimized activated matrix
reached 39.1 MPa
compressive and 7.4 MPa
flexural strength at 28 d;
optimum RMAC reached
19.1 MPa.

Laboratory
aggregate/concrete
prototype. Converts RM into
a directly usable aggregate
without high-temperature
sintering; 50% replacement
gave the best
concrete response.

[66]

Modified magnesium
slag + FA

Mechanical grinding increases
lattice defects and
amorphization in modified
Mg slag, activating a
clinker-free backfill binder.

80% solids; 20% MMS
binder + 30% high-Ca FA +
50% aeolian sand; 20 °C
and >95% RH; 3-28 d.

Cement-free
paste-backfill slurry and
70.7 mm mortar cubes.

A 60 min optimum gave
503 m2-kg ! specific surface
and 3.83% residue on 45 pum;
most UCS gain occurred by
60 min, with little benefit up

to 120 min.

Laboratory process
optimization; field-use
context reported. Balances
grinding energy, fluidity and
reactivity for a
Portland-cement-free
coal-mine backfill route.

[67]

Fe-rich fayalite slag +
ladle slag or BFS

Fayalite slag is the main
Fe-rich precursor and
aggregate; 20 wt% Ca/Al-rich
co-binder modifies gels and
limits frost/chemical
degradation.

100% FS or 20% binder
replacement by LS/BFS;
granular FS
aggregate:binder = 2; 10 M
NaOH + sodium silicate;
23 °C; 180 freeze—thaw
cycles in water, pH 1 acid
or sulfate—chloride
solution.

Alkali-activated Fe-rich
mortar cubes and
prisms.

After 180 cycles, sole-FS
mortar disintegrated; 20%
LS/BFS blends retained their
form with partial damage.

Laboratory durability
screening. Shows that
co-binder addition is
essential for aggressive/cold
service; the durability gain
must be balanced against
higher drying shrinkage.

[68]

Note: Values are not directly comparable because experimental conditions differ among studies. Durability and leaching outcomes are included where reported.
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The role of tailings in the matrix depends on processing intensity and overall formula-
tion. Molybdenum tailings treated with 5 M NaOH at 200 °C for 4 h were combined with
slag; the supply of reactive Ca and amorphous Si promoted the formation of a C-(IN)-A-S-H-
containing matrix, showing that the outcome was controlled by chemical complementarity
rather than the independent reactivity of the tailings [57]. By contrast, at low gold-tailings
contents in cementitious composites, their contribution was probably limited to pore filling,
nucleation, and partial pozzolanic reaction; in this case, the resource benefit depends on
the actual displacement of clinker [69].

With additions of 4, 8, and 12 wt% Type III Portland cement, 39, 50, and 55% of the
initial strength, respectively, were retained after 12 freeze—thaw cycles [58]. Increasing the
cement dosage improved resistance but did not prevent substantial degradation, thereby
limiting the use of such formulations without further optimization of pore structure and
water resistance.

Lithium slag further illustrates how a second mineral component can redirect reaction
chemistry. Addition of 20 wt% Ca(OH), supplied both alkalinity and reactive Ca, producing
38.22 MPa at 28 d without Portland cement [59]. In a separate formulation containing
50 wt% Portland cement, low-alkali silicate—sulfate activation promoted C-(A)-S-H/N-
A-5-H co-gels and AFt while reducing the reported CO, indicator per unit strength by
52.2% [60].

In porous materials, the chemical complementarity of precursors is coupled with
gas-evolution control and cell stability. For iron tailings combined with metakaolin, sodium
perborate produced a thermal conductivity of approximately 0.110 W-m~1.K~! at strengths
of 1.5-5 MPa, whereas Al powder increased the strength to 13 MPa [61]. For ilmenite tailings
foamed with H,O,, a porosity of 73.3% and pore connectivity of 99% reduced thermal
conductivity to approximately 0.060 W-m~1-K~!, but the strength was only 1.20 MPa [62].
The performance of geopolymer foams is therefore governed not by maximum porosity,
but by the balance among thermal conductivity, strength, and moisture resistance [70].

Nanoscale modification provides an additional means of controlling the strength—
porosity—durability balance in porous geopolymers. In graphene-oxide-reinforced geopoly-
mer foam concrete, the maximum compressive strength reached 2.958 MPa, representing
a 58.37% increase, while 0.06 wt% GO reduced freeze-thaw mass loss and compressive-
strength loss by 51.2% and 41.1%, respectively; these improvements were associated with
nucleation, matrix connectivity, and pore refinement [71].

Mechanochemical treatment of mica- and carbonate-bearing phosphate tailings en-
abled waste contents of up to 70 wt% and strengths above 20 MPa. Natrolite and cancrinite
formed alongside N-A-5-H and C-(N)-A-5-H gels, indicating a more complex structural
evolution than the formation of an amorphous matrix alone [72]. In a molybdenum-
tailings/fly-ash system, optimization of alkalinity, water-to-solid ratio, and thermal curing
yielded 31.26 MPa and N-A-S-H formation [63]. Both examples show that high tailings
contents are achieved either by increasing structural disorder or by combining the tailings
with a more accessible aluminosilicate source. Phosphate tailings or sludge combined with
fly ash yielded a strength of 59 MPa and a hardness of 1.05 GPa, although the contribution
of the tailings must be distinguished from that of the more reactive fly ash [64].

The role of a Ca-bearing co-precursor is particularly evident in BFS-containing systems.
Slag-based copper-tailings formulations reached approximately 15 MPa, compared with
11-12 MPa for fly-ash-based formulations [25]. In bioleached sulfidic tailings combined
with BFS, the 20 wt% tailings formulation reached 91.1 MPa at 90 d, whereas the 50 wt%
formulation reached 51.8 MPa at 28 d and 52.6 MPa at 90 d [65]. The strength gain provided
by BFS does not, however, eliminate the need to control residual sulfides, acid-generation
potential, and metal leaching.

https://doi.org/10.3390/min16090936


https://doi.org/10.3390/min16090936

Minerals 2026, 16, 936

14 of 32

Binary compensation in red-mud- and bauxite-residue-based systems is strongly
dependent on the mineralogical state of the primary waste. Thermal pretreatment of five
red-mud sources followed by blending with fly ash produced markedly source-dependent
gains in reactivity and strength, with the effect of calcination ranging from less than 1 to
approximately 21 MPa [52]. In a red-mud/Class F fly-ash system, fly ash supplied the
reactive Si/ Al required for matrix development, while long-term acid exposure revealed
substantial losses in mechanical properties despite acceptable heavy-metal retention [53].
Alkali-thermally activated bauxite residue combined with silica fume provides another
form of binary compensation, in which the Si-rich addition corrects the limited silicate
availability of the residue; the optimum formulation reached approximately 19 MPa [54].

Low-Ca ferronickel slag can participate in geopolymerization when combined with
an alkali-soluble silicate source [73], while the conversion of heterogeneous wastes more
generally proceeds through coupled dissolution, transport, and precipitation reactions [74].

Binary compensation can also support product forms beyond conventional binder
pastes. Red mud combined with slag was converted into cold-bonded artificial aggregate,
with the resulting concrete reaching 19.1 MPa [66]. In a modified-magnesium-slag/fly-ash
backfill system, mechanical activation increased the specific surface area to 503 m?-kg~!,
although most of the reactivity gain was achieved within the first 60 min of grinding [67].
These cases show that the benefit of a second mineral component depends not only on
reaction chemistry but also on the intended forming and application route.

Durability data reveal limitations that are not evident from initial strength. After
180 freeze—thaw cycles in water, alkali-activated fayalite-slag mortar without a co-precursor
failed completely, whereas BFS- and ladle-slag-modified variants retained approximately 20
and 30 MPa, respectively [68]. Under 120 d of exposure to HSO4 at pH 3, a red-mud/fly-ash
material lost approximately 30% of its compressive strength, 45% of its flexural strength, and
70% of its Young’s modulus [53]. These results confirm that co-precursor selection must be as-
sessed through long-term transport and degradation mechanisms, not only early-age strength.

Representative experimental evidence linking precursor dissolution, gel chemistry,
functional performance, and environmental trade-offs is summarized in Figure 3.

Figure 3 illustrates how mineralogical reactivity and binary compensation are reflected
in precursor dissolution, reaction-product chemistry, pore structure, and environmental
performance. In Figure 3a, increasing NaOH concentration enhances Si and Al release,
although the increase gradually levels off at high alkalinity. Copper tailings exhibit com-
paratively high Al leaching but much lower release of Si, which is bound predominantly in
resistant quartz. A high Al concentration in solution is therefore not an independent mea-
sure of geopolymer reactivity, because formation of a binding matrix requires a balanced
supply of soluble Si and Al [19]. Figure 3b further demonstrates that structure develop-
ment is not limited to a single gel type. After 21 d, C-S-H-, C-A-S-H-, and N-A-5-H-like
products may coexist depending on the Ca/Si, Al/Si, and Na/Si ratios. A Ca-bearing envi-
ronment favours C-(A)-S-H formation, whereas Na-bearing activators enhance N-A-S-H
formation. Activator chemistry and the ratios of available Ca, Na, Si, and Al are therefore
more informative than the formal classification of the initial waste [60]. The transition to
porous materials changes the optimization criterion: As shown in Figure 3¢, increasing
porosity reduces measured thermal conductivity to approximately 0.060 W-m~1.K~! but
simultaneously limits strength, which was approximately 1.20 MPa for the highly porous
formulation. For thermal-insulation materials, the optimum is therefore not maximum gas
generation, but a controlled, uniform pore structure that provides an acceptable balance
between thermal conductivity and mechanical stability [62].

Finally, Figure 3d shows that a high waste fraction does not automatically guarantee
a low carbon footprint. For geopolymers prepared from molybdenum tailings and fly
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(a) Precursor dissolution

ash, calculated emissions ranged from 501.67 to 765.74 kg CO,-eq m ™2, compared with
1403.81 kg COz-eq m~3 for OPC; however, a substantial fraction of the impact arose from
NaOH production, mechanical grinding, and high-temperature curing. Environmental
benefit must therefore be evaluated together with strength and processing intensity using
consistent life-cycle boundaries [63]. Collectively, these cases show that mineralogical
compensation cannot be evaluated from a single performance metric: Improved phase
accessibility must translate into appropriate reaction products, product architecture, and
environmental performance.

(b) Gel chemistry
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Figure 3. Representative process—structure-performance relationships illustrating mineralogical
reactivity and binary compensation: (a) precursor dissolution [19], (b) reaction-product chemistry [60],
(c) porosity—thermal performance [62] and (d) strength—CO; performance [63]. The panels represent
independent case studies and are not intended for direct quantitative comparison. Adapted from
Refs. [19,60,62,63] with permission.

Binary compensation is effective when one additional mineral component can correct
the dominant limitation of the original waste, for example, by supplying reactive Si/Al,
Ca, alkalinity, or a more reactive binding phase. More heterogeneous systems, however,
may require several complementary solids to provide different phase-forming species
simultaneously. In such multicomponent formulations, performance depends on engi-
neered mineralogical complementarity rather than on the contribution of a single additional
precursor. Table 3 summarizes representative multicomponent systems in which several
mineral solids perform complementary chemical or structural functions.
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Table 3. Engineered mineralogical complementarity, processing routes, and performance of multicomponent waste-derived systems.
Waste-Derived Mineralogical Role Key Processing Conditions Product Form Performance/l?urablhty/ Scale/Target Application Ref.
System Leaching
FA:RM = 6:4; effective Laboratory-scale
Ca(OH);-rich carbide slag activator = 25% of precursor; At 40% CCS substitution: waste-activated binder. Partly
partially replaces the CCS replaces 0%—-100% of Red mud—flv ash 7.68 MPa at 3 d and replaces commercial alkali,
RM + FA + CCS conventional alkali activator NaOH-based activator; copolvmer as);e cubes 26.8 MPa at 28 d, increases increases early strength and [26]
and promotes coexisting L/S =0.52;20 °C and 98% RH; 8€OPCYMerp " 0of 102% and 13.5% over the suppresses efflorescence
C-(A)-S-H and N-A-S-H gels. optimum CCS control, respectively. through early Ca-bearing
substitution = 40%. gel formation.
sljvev/ell:f[rgejzet?rfmi fsl:fesfisagclifm’ FNS:BFS:FA = 20:50:30; Binder reached 69.6 MPa at  Laboratory grouting simulation.
. . & " W/B=0.40; NaOH + sodium Cement-free geopolymer 28 d with 317 mm flow; Demonstrated injectability and
Ferronickel slag + Ca-rich BFS accelerates s . 10 . - .
BFS + FA C-A-S-H formation and FA silicate (SiO, /NayO =1.2); 1% grout and injected grouted sand reached consolidation of medium sand [75]
improves particle packin water reducer; 20 °C, medium-sand body. 57MPaat1dand9.36 MPa  while using an all-solid-waste
p aIE) d flow. P & >95% RH; 1-28 d. at14d. ternary precursor.
Calc'med RM supplies RM calcined at 500-800 °C (2 4527 MPa at 28 d and Laboratory-scale dur'able
Fe/Al-rich precursor, GGBFS 59.74 MPa at 90 d; water concrete. The hybrid
. . . . h hold); 12 M NaOH; . o ) .
Calcined red mud + supplies reactive Ca/Si, and . Geopolymer concrete absorption 3.11%, porosity N-A-5-H/C-A-S-H matrix
Na,SiO3/NaOH = 1.5; . . o . . [56]
GGBFS + PG phosphogypsum supports . . cylinders and prisms. 7.38%; improved improved strength, chloride
. . activator/binder = 0.47; . .
sulfate-bearing reaction 80 °C/24 h then 25 °C chloride/freeze-thaw resistance and freeze—thaw
products and pore refinement. ' resistance. performance at 40 wt% RM.
EMR-derived sulfate E-R-G = 20% EMR + 15% RM Ternary E-R-G reached Laboratory-scale synergistic
. o o . 26.4 MPa compressive and  binder. Pairs the acidity /sulfate
promotes AFt, RM supplies + 55% GGBFS + 10% Ca(OH)s,; Multi-waste . .
S . - . 6.6 MPa flexural strength at of EMR with RM alkalinity,
EMR + RM + GGBFS intrinsic alkali, and GGBFS water/binder = 0.50; paste cementitious paste . . . . [55]
. ; . 28 d, outperforming the increasing AFt and C-S-H while
supplies reactive Ca/Si for cubes and 40 x 40 x 160 mm and mortar. . . . .
. Lo corresponding binary reducing the need for a single
C-(A)-S-H formation. mortar prisms; 3-28 d. . .
systems. high-dose activator.
EMR supplies sulfate, coal 20% GGBES; EMR(): 10 (/30_55 to; 28 d compressive/flexural Laboratory durability
. . coal slag = 25%—70%;
slag supplies Si/Al, and o . L strength 16.2-19.3/ assessment for grout. Reported
. . 14 wt% NaOH solution; Alkali-activated . . .
EMR + coal slag + GGBFS supplies reactive Ca; o . 5.9-7.0 MPa; leaching met the cited national
. W/C=0.55;20°C and grouting slurry and . . . [76]
GGBFS NaOH drives ~959% RH: 28 d then hardened prisms /cubes residual-strength factors limits; estimated cost was
C-(A)-S-H/N-A-S-H =700 P " >0.97/>0.93; leaching met 1250 RMB t~! and carbon
co-gel formation groundwater/ cited limits emissions 84.86 kgt~
& ’ 5% NaCl/NaySOy exposure. ’ ’ gt
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Table 3. Cont.
Waste-Derived Mineralogical Role Key Processing Conditions Product Form Performance/l?urablhty/ Scale/Target Application Ref.
System Leaching
Aeolian sand forms the . .
aggregate skeleton; RM 50% aeolian sand; 3% OPC; Ef;gf)?;zzy_icﬁe;;ﬁ;:gi fill.
RM-FA-based binder supplies fine Na,O = 3%; Aeolian-sand /RM/FA 28 d UCS 5.6-6.4 MPa; B4 with stren fh abE()) ve the stu des
for aeolian-sand Al/alkali-bearing particles activator modulus = 1.6; cemented paste-backfill leachate met cited Class III backﬁll%e direment whiley [77]
backfill and FA supplies reactive FA:RM = 1-5; solids = 78% or slurry and specimens. groundwater limits. co-utilizi(rll RM. FA and
spherical aluminosilicate for 80%; 20 °C and 95% RH. locagl san(,i
flow and strength. ’
GGBFS-EMR-OPC  The GGBFS-EMR-OPC binder ~ Optimum GGBFS:EMR:OPC = 28 d UCS >8 MPa; CO, and L;k;‘t)zjf;rﬁ::i ts}lllebcgir;ie
binder for couples latent slag reactivity, 5:3:2; 5%-10% binder; water Compacted stabilized cost reduced by 84.5% and road-soli d'i fied-soil strenath
engineering- EMR sulfate and limited content = 17.5%; compacted sediment for 67%; acceptable leaching criteria with lower binder /gOPC [78]
sediment clinker hydration to stabilize 50 x 50 mm cylinders; 23 °C road subgrade. after water/ .
e . o demand and acceptable leaching
stabilization urban sediment. and 95% RH. sulfate exposure. after water /sulfate exposure
Soda residue supplies No cement or chemical Laboratory-optimized mine
. . Ca%* /OH~, while oil-shale additives; optimum soda . 28 d UCS 5.97 MPa; slump  backfill. Uses 100% solid-waste
Oil-shale residue + . . . A . o All-solid-waste o . ,
residue and steel slag provide  residue = 12%; solids = 70.32%; 205 mm; CO, 86.9% lower; binder, meets the study’s
steel slag + soda 1 | slag-oil-shal low-carbon cemented al li illi f L d [79]
residue complementary steel slag:oil-shale backfill slurry,/body. ass IlI-compliant illing-performance criteria, an
silicate/aluminate phases for residue = 1.17; water-only ’ heavy-metal leachate. produced Class III-compliant
cement-free hydration. mixing; 20 °C and 96% RH. heavy-metal leachate.
o . . Laboratory karst-environment
Low-temperature treatment EMRaacttiS\?eScof—/in}Z;i(;iI:gosne Permeability simulation. Meets the cited
Thermally modified converts EMR gypsum to a EMR:C CS'Cli_nker — 95.3:4: EMR-GGBFS cement 9.3 x 1078 cm-s7; <1077 cm s~ landfill
EMR + GG- more reactive sulfate activator; 0. timl.lm actiV; tor. i grout/karst minimum UCS loss 3.69% anti-seepage threshold and [80]
BFS/CCS/clinker CCS and clinker support P sealing body. after 21 leachate showed the best resistance to

GGBEFS hydration and sealing.

content = 25%; W/B = 0.80;
28 d then 21 wet—dry cycles.

wet—dry cycles.

EMR leachate at the
25% optimum.
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Table 3. Cont.

Waste-Derived Mineralogical Role Key Processing Conditions Product Form Perfo ance/l?urablhty/ Scale/Target Application Ref.
System Leaching
. . . . mman. Laboratory-scale road-subgrade
. Carbide slag supplies Binder mass ratio = 4:3:2:3:2; 28 d UCS 6.88 MPa; resilient material. Uses a 100%
Full-solid-waste Ca/OH™, while GGBEFS, fly 0-40 wt% binder; no external . . . . .
. e . . Compacted, stabilized modulus 1.98x and CBR industrial-solid-waste binder
binder for ash, silica fume and alkali; compaction = . . . .
. .. o o aeolian-sand 1.53 x higher; no reported without external strong alkali [81]
aeolian-sand desulfurization gypsum 94%-100%; UCS, CBR, water . .
. iy road-subgrade material. heavy-metal hazard in and showed no reported
subgrade provide complementary stability, freeze—thaw and . :
. - leaching tests. heavy-metal hazard in the
Ca-Si-Al-sulfate modules. leaching tests. .
leaching assessment.
Al:jtli:;}tlgznécl)\;[rﬁes?anlliceiﬂy Compressive strength Laboratory-scale one-part
EMR + - supp Alkali-thermal-mechanical Water-added one-part reached 23.8 MPa at 14 d hybrid binder. Avoids handling
. . sulfate/alkali, while the . ..
vanadium-bearing . - pretreatment; water-added geopolymer and a maximum of 35.1 MPa a separate corrosive liquid
. leaching residue and BFS . . . ; . [82]
shale leaching rovide complementary oxide one-part formulation; 14 d and binder /hardened after autoclave-dry curing; activator at final use and
residue + BFS p p y autoclave-dry curing. composite. C-S-H and N-(C)-A-S-H co-utilizes two
modules for hybrid formed synergisticall metal-processing residues
gel formation. yners ¥ p & '
Wet BR provides Al and Filter-pressed BR (36% water), Labora}tory cold.-reglon
s gy used without . durability material. RF75
intrinsic alkalinity; waste glass . o Strength +17%; scaling mass .
. . . . drying/grinding; glass Hardened BR-based o . . balances strength and deicer-salt
Wet bauxite residue +  supplies amorphous Si and o . . loss —48%; cumulative ) ;
replaces 0%-100% FA; geopolymer specimens Y scaling resistance; RF100 [83]
FA + waste glass replaces fly ash to tune gel : . i . . scaled mass 0.32 kg-m .9
cross-linking and activator/binder = 0.40; for cold-region scaling. after 50 cvles maximizes glass use for
salt-scalin res%stance 50 cycles at —18 °C/16 h and yeies: lower-load /nonstructural
& ’ 4°C/8hin 4% CaCl,. applications.
. Re%d r.nud supplles Al and . Water-only GP7 (57% RM, Laboratory-scale l.ow—.alk.ah
intrinsic alkali, glass powder =~ RM:glass = 1.5; 0, 2.5 or 5 wt% o o binder. Uses the intrinsic
. . One-part or 38% glass, 5% cement) ., . .
RM + waste supplies Si, and a small cement; water, 4 M or 8 M .. alkalinity of RM; the best mix
. alkali-activated ternary =~ reached 11.35 + 1.23 MPa at . . [84]
glass + PC cement fraction adds NaOH; L/S = 0.45-0.50; copolvmer cvlinders 28 d: increasing added required only water at final
Ca-bearing 24°C/284d. §EOpPOLy y ’ ! & mixing, whereas excess alkali
. NaOH reduced strength.
hydration products. promoted efflorescence.
Note: Values are not directly comparable because experimental conditions differ among studies. Durability and leaching outcomes are included where reported.
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Multicomponent compensation can extend beyond the addition of conventional co-
precursors by incorporating waste-derived activating solids. In the red-mud/fly-ash
system, Ca(OH),-rich carbide slag partially replaced NaOH while promoting coexisting
Ca- and Na-aluminosilicate products; 40% replacement yielded 26.8 MPa at 28 d [26]. This
illustrates how a third functional solid can simultaneously modify alkalinity, Ca availability,
reaction products, and environmental performance.

The benefits of multicomponent complementarity are particularly evident in metal-
lurgical and mixed industrial residues. A ternary ferronickel-slag/BFS/fly-ash system
reached 69.6 MPa, while a GGBFS-EMR-OPC binder exceeded 8 MPa in sediment stabiliza-
tion. A cement-free combination of oil-shale residue, steel slag, and soda residue reached
5.97 MPa as mine backfill and was associated with an estimated 86.9% reduction in CO,
emissions [75,78,79]. In these systems, performance arose from the complementary supply
of reactive silicate, Ca, alkali, sulfate, and other phase-forming species rather than from a
single dominant component.

Hybrid matrices are especially useful when no individual waste supplies all required
species. A calcined red-mud/GGBFS/phosphogypsum composition of 40/45/15 wt%
exhibited lower porosity and water absorption and a 28 d strength 73.4% higher than that
of the 70/15/15 mixture. An EMR/red-mud/GGBEFS binder formed a sulfate- and alkali-
regulated hybrid matrix with a flexural strength of approximately 6.6 MPa [55,56]. Here,
red mud contributes Fe/Al-bearing phases and alkalinity, GGBFS supplies reactive Ca and
silicate, and the sulfate-bearing component modifies early precipitation and hydration.

The effect of sulfate is therefore dosage- and phase-dependent. At controlled levels,
sulfate promotes early AFt precipitation and can coexist with C-S-H/C-(A)-S-H and alumi-
nosilicate gels, filling pores and densifying the hybrid matrix [55,56]. However, high sulfate
availability can retard silicate hydration, while excessive or delayed ettringite/gypsum
formation may generate crystallization stresses, microcracking, and loss of integrity. Thus,
sulfate-bearing wastes should be optimized according to phase evolution rather than sulfate
content alone, with long-term assessment of strength retention, dimensional stability, and
sulfate resistance [55,56].

For backfill materials, matrix chemistry must be considered together with rheology
and the stability of the surrounding environment. An EMR/coal-slag/BFS blend reached
19.3 MPa and remained stable in groundwater, NaCl, and Na;SO, solutions, whereas
red-mud/fly-ash/aeolian-sand backfill exhibited Herschel-Bulkley flow and 28 d strengths
of 5.6-6.4 MPa depending on solids concentration [76,77].

Complementary mineral modules are also effective in geotechnical systems with rel-
atively modest strength requirements. A GGBFS-EMR-OPC binder used for sediment
stabilization exceeded 8 MPa while reducing the reported CO, burden and cost by 84.5%
and 67%, respectively [78]. The oil-shale-residue/steel-slag/soda-residue system reached
5.97 MPa without cement or chemical additives and achieved the required backfill worka-
bility and leaching performance [79]. For road-subgrade stabilization, a full-solid-waste
binder combining carbide slag, GGBFS, fly ash, silica fume, and desulfurization gypsum
reached 6.88 MPa without external strong alkali [81].

A related waste-based stabilization strategy combined recycled demolition waste
(RDW) with a GGBFSfly-ash geopolymer binder for high-plasticity clay. Addition of
25% RDW increased the California bearing ratio (CBR) by 184%, while the combination of
25% RDW and 15% geopolymer binder increased unconfined compressive strength (UCS)
approximately eightfold; XRD and SEM indicated that improved particle packing and
geopolymeric bonding jointly contributed to densification and stabilization [85]. Other
recent backfill studies likewise show that solids content, sulfate chemistry, activator dosage,
bleeding, and setting behaviour are as important as peak strength [86-89].
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The performance gains achieved in hybrid systems must also be compared with
processing intensity. Alkali-thermal-mechanical treatment of EMR and vanadium-slag
leach residue followed by the addition of 20% BEFS yielded 23.8 MPa at 14 d and 35.1 MPa
after autoclave drying [82]. In wet bauxite-residue/fly-ash/waste-glass geopolymers,
increasing glass substitution improved scaling resistance but reduced structural strength; in
a red-mud/waste-glass composite, the addition of 5% Portland cement increased strength
by approximately 220% [83,84]. Such improvements may be technically useful, but the
contribution of high-temperature processing, concentrated alkali, or clinker must remain
visible in environmental comparisons.

Low-temperature thermal modification of electrolytic manganese residue before in-
corporation into a GGBFS-based grout improved strength development and resistance to
erosion under simulated service conditions [80]. This route is attractive because it uses a
relatively mild pretreatment, although its technical benefit should still be evaluated against
energy demand and the stability of residual Mn-bearing phases.

Alkali-thermal processing has also been used to incorporate up to 40 wt% red mud
into one-part binders with a compressive strength of approximately 40 MPa [90]. Such
routes reduce handling of liquid alkali at final mixing, but their practical value depends on
storage stability, solid-activator dissolution, and sensitivity to water dosage and tempera-
ture. However, simplified water-only mixing does not eliminate field-scale risks in one-part
systems. Pre-blended alkali-activated binders can undergo storage-induced changes, partic-
ularly under exposure to ambient moisture, which may alter subsequent hydration kinetics
and early strength development [91]. In addition, incomplete dissolution of granular
solid activators and excessively rapid setting can compromise mixture homogeneity and
workability [92], while mixing-water temperature can substantially modify solid-activator
dissolution, slump retention, and setting behaviour under realistic hot- or cold-weather
conditions [93]. For waste-derived systems, these operational sensitivities are compounded
by batch-to-batch mineralogical variability, which can change precursor reactivity and the
response to a nominally identical activation treatment [52]. Large-scale application there-
fore requires moisture-controlled storage and shelf-life testing of dry blends, batch-specific
mineralogical and chemical quality control, verification of solid-activator dissolution and
dry-blend homogeneity, and robustness testing across realistic variations in water dosage,
mixing temperature, and ambient conditions.

Additive-assisted modification has also been demonstrated for steel-slag geopolymers
containing recycled wind-turbine-blade powder. Glass-fibre-reinforced polymer and balsa-
wood fractions contributed to stress transfer, crack suppression, and enhanced hydration,
with 6 wt% WTB-WB providing the reported optimum balance between reduced density
and physical performance [94].

Figure 4 integrates representative phase-transformation and performance responses
across different levels of mineralogical utilization and compensation. Figure 4a shows that
calcination increased the red-mud activity index from approximately 0.66 in the original
state to about 0.88 at 700 °C, followed by a decline to about 0.78 at 800 °C, demonstrating
that over-calcination can reduce rather than increase reactivity [56]. Figure 4b illustrates
synergistic hydration in an EMR /red-mud/GGBFS binder: The sulfate- and alkali-bearing
combination generated a distinct secondary exothermic feature and greater cumulative heat
release over 72 h, consistent with prolonged reaction and hybrid-product formation [55].
Figure 4c demonstrates the service consequence of chemical complementarity. Pure alkali-
activated fayalite slag failed after 180 freeze-thaw cycles, whereas BFS- and ladle-slag-
modified compositions retained approximately 20 and 30 MPa, respectively [68]. Figure 4d
shows that carbonation of red mud at 10 bar CO; and 45 °C reduced the critical pore
diameter from 720 to 510 nm and porosity from 54.4 to 34.5%, even though the measured
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uptake was only 2.7 g CO, per 100 g of red mud [22]. These cases show that phase
transformation and pore-structure control affect application-relevant performance. Service-
specific validation should also include parameters such as hydraulic conductivity and
environmental compliance where relevant [95,96].

(a) Thermal activation and reactivity (b) Synergistic hydration kinetics
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Figure 4. Representative activation-structure—performance relationships across self-sufficient, binary,
and multicomponent waste-derived systems: (a) thermal activation and reactivity [56], (b) synergistic
hydration kinetics [55], (c) freeze—thaw strength retention [68] and (d) carbonation-induced pore
refinement [22] (In (d), dashed lines represent the cumulative intruded volume, while solid lines
represent the differential intrusion curves; black and blue lines correspond to RM and RMC_45 °C, re-
spectively). The panels represent independent case studies and are not intended for direct quantitative
comparison. Adapted from Refs. [22,55,56,68] with permission.

Long-term contaminant retention is controlled by both the mineral hosts in the pre-
cursor and the stability of the reaction products formed during activation. N-A-S-H-type
aluminosilicate matrices can contribute to retention through charge-balancing sites and
physical encapsulation, whereas Ca-bearing C-(A)-S-H-type products provide additional
sorption or incorporation environments and can restrict contaminant transport through
pore refinement [97,98]. Fe- and Al-bearing oxide or hydroxide phases may provide ad-
ditional surface-sorption and co-precipitation sites, while sulfate-bearing systems can
modify element partitioning through AFt-type phase formation [7,23,24]. These mecha-
nisms are conditional rather than permanent: Acidification and carbonation can destabilize
Ca-bearing hydrates or sulfate-containing phases, whereas redox-driven transformation of
Fe- or sulfide-bearing phases can increase trace-element mobility [6,53,99]. Immobilization
should therefore be interpreted as a mineralogical phase-stability problem rather than
inferred solely from low initial leachate concentrations.
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For contaminant-bearing waste-derived AAMs, short-term compliance leaching tests
should therefore be complemented by long-term exposure protocols that reproduce changes
expected under service conditions. Validation should include monolithic rather than
only crushed-sample leaching, repeated or sequential sampling, and exposure to acidic,
near-neutral, and alkaline conditions. Carbonation should be evaluated before or during
leaching because the associated decrease in alkalinity and phase transformation may
alter contaminant retention, while sulfide- or Fe-bearing wastes should additionally be
tested under alternating oxidizing and reducing conditions because redox-driven phase
transformations can modify trace-element mobility [6,47,53,99]. Persistent immobilization
should be assessed from cumulative contaminant release together with solution pH and
redox potential, permeability, mass and strength retention, and post-exposure mineralogical
or microstructural changes rather than from a single short-duration extraction test.

The evidence reviewed above indicates that the need for additional precursors is
governed by the mineralogical sufficiency of the original waste rather than by its industrial
origin or bulk oxide composition. Binary systems compensate for a dominant limitation
through one additional mineral component, whereas multicomponent systems distribute
matrix-forming, activating, and stabilizing functions among several complementary solids.
Increasing formulation complexity is therefore justified only when it produces a demonstra-
ble gain in phase accessibility, reaction-product development, durability, environmental
stability, or application-specific performance.

Neither high compressive strength nor a high waste fraction is sufficient to demon-
strate chemical participation or environmental benefit. Pretreatment routes involve different
energy-reagent trade-offs. Thermal activation can efficiently dehydroxylate or amorphize
resistant phases but introduces a direct heat demand [20,21,52], whereas hydrothermal
activation may substantially increase precursor dissolution but combines elevated tempera-
ture and pressure with concentrated alkali consumption [57]. Mechanochemical activation
avoids bulk heating and can reduce chemical demand, although prolonged grinding in-
troduces an electrical-energy penalty and may show diminishing returns [67,72]. Direct
alkaline activation generally requires less thermal pretreatment but transfers part of the
environmental burden to NaOH or sodium-silicate production, whereas waste-derived
activators or chemically complementary co-precursors can reduce commercial-reagent
demand [26,63]. Processing routes should therefore be compared within consistent system
boundaries that include pretreatment energy, activator production and dosage, co-binder
content, achieved reactivity and strength, durability, leaching, and, where available, cost
and life-cycle indicators [100-103]. Performance criteria should remain application-specific:
mine backfill and subgrade materials require reliable rheology, early stability, and leaching
control; structural products require long-term mechanical and durability validation; and
porous products require a controlled balance among density, strength, thermal conductivity,
and moisture resistance. The preferred route is therefore not necessarily the one producing
maximum reactivity, but the least intensive treatment that reliably satisfies the requirements
of the intended application. Economic comparisons should likewise be normalized to a
functional unit, such as the cost per tonne of qualified material or per unit of product
meeting specified strength, durability, and leaching requirements, rather than considering
binder cost alone.

Although laboratory studies still dominate the literature, several waste-derived sys-
tems have progressed to pilot-scale production and field implementation. Lu et al. devel-
oped an alkali-activated road material from open-pit mine road aggregate, GGBFS, and coal
fly ash and subsequently validated the optimized formulation through construction of an
actual haul-road section at an open-pit coal mine [104]. Qin et al. similarly converted coal
slurry, slag powder, and fly ash into a geopolymer pavement material and demonstrated
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its engineering application in a coal-mine pavement [105]. In the metallurgical-waste
sector, Kriskova et al. transferred bauxite-residue- and steel-slag-based formulations from
laboratory optimization to pilot-scale production and outdoor demonstration, including
250 m? of bauxite-residue pavement and 20 m? of steel-slag pavers [106]. Longer-term field
evidence is provided by high-density geopolymer concrete containing steel-furnace-slag
aggregate and a GGBFS-fly-ash binder, with approximately 90 m? installed as breakwater
armour units and evaluated after three years of marine exposure [107]. These examples
demonstrate that mining- and metallurgical-waste-derived materials can progress beyond
laboratory formulation; however, such evidence remains limited relative to the laboratory
literature and is concentrated in a small number of waste streams and applications.

4. Artificial Intelligence and Machine Learning for Predictive
Materials Design

Despite substantial progress in understanding the mineralogical and chemical regu-
larities of waste conversion, practical formulation of geopolymeric and alkali-activated
materials remains difficult. Multicomponent compositions, feedstock variability, and non-
linear structure development make conventional empirical optimization labour-intensive
and often poorly transferable. Artificial intelligence and machine learning (Al and ML) can
accelerate property prediction, identify hidden relationships among precursor characteris-
tics, activation parameters, and final performance, and guide the selection of subsequent
experiments. They should, however, complement rather than replace mineralogical charac-
terization and experimental validation.

Compressive-strength prediction remains the most developed application. Early stud-
ies used artificial neural networks and optimized support-vector-machine models to predict
the strength of alkali-activated slags and related binders [108,109]. Later work on fly-ash
geopolymer concrete demonstrated that nonlinear algorithms could outperform conven-
tional regression when mixture proportions and curing conditions were included [110]. In
one comparison, extreme gradient boosting (XGBoost) reached R? = 0.98, whereas SVM
and multilayer perceptron models achieved R? values of 0.91 and 0.88; the corresponding
best-model errors were MAE = 1.49 MPa and RMSE = 1.78 MPa [111]. Such metrics are en-
couraging, but they are meaningful only when the validation design prevents information
leakage between closely related mixtures.

The scope of ML has expanded from single-system prediction to broader datasets and
multi-algorithm comparisons [112-114]. In an experimental study covering four industrial-
waste streams—Dblast-furnace slag, fly ash, reducing slag, and waste glass—42 mixtures
were used to train and compare models. A random-forest model was selected for optimiza-
tion, and the subsequently tested composition increased compressive strength by 59.65%
relative to the reference mixture [115]. The value of this workflow lies not only in prediction,
but in closing the loop between model recommendation and experimental verification.

High coefficients of determination obtained from randomly split datasets can nev-
ertheless overstate generalization. Samples from the same experimental campaign often
share precursor batches, activator chemistry, and curing conditions; distributing them
between training and test sets makes the prediction task artificially easy. Study-level or
precursor-batch-grouped validation is therefore preferable when the aim is to predict new
wastes. Applicability domains and predictive uncertainty should also be reported so that
extrapolation beyond the training data can be identified explicitly.

A central limitation of current databases is the sparse description of precursor miner-
alogy. Most models use mass fractions, water/binder ratio, activator dosage, curing time,
and temperature, while phase assemblage, amorphous content, particle size, and disso-
lution behaviour are rarely included. A chemistry-informed analysis of 676 geopolymer
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compositions showed that incorporating compositional descriptors can improve the inter-
pretation of strength development [116]. Coupling machine learning with thermodynamic
information provides a further route for constraining predictions by physically plausible
reaction products [117].

Bulk S5iO;, Al,O3, CaO, and Fe,O3 contents are only indirect proxies for reactivity. The
same SiO, content may represent inert quartz in one tailings sample and reactive glass
in another. Likewise, Fe-, Ca-, Mg-, Al-, and sulfate-bearing wastes must be described
according to the actual mineral hosts—such as crystalline oxides, hydroxides, carbonates,
sulfates, or amorphous phases—because bulk oxide totals do not distinguish reactive from
inert or poorly accessible forms. Models based solely on oxide totals may fit a restricted
dataset yet fail for a new residue with different mineral hosts [118]. Future datasets should
therefore include quantitative phase composition, amorphous fraction, specific surface area,
particle-size distribution, and standardized dissolution indicators.

Explainable artificial intelligence can help determine whether a model has learned
chemically plausible relationships. XGBoost combined with SHapley Additive exPlanations
(SHAP) analysis has been used to interpret strength development in one-part dry alkali-
activated materials [119], while interpretable models have also been applied to slump and
compressive strength in fly-ash geopolymer concrete [120]. SHAP values and related impor-
tance measures identify statistical contributions rather than causal mechanisms [119,120].
Their mechanistic interpretation should therefore be validated experimentally: phase- or
amorphous-content effects by quantitative XRD and reaction-product analysis [40—42],
kinetic effects by calorimetry, and inferred precursor reactivity by standardized dissolution
measurements [43]. Agreement among independent mineralogical and physicochemical
measurements should be established before statistical feature importance is interpreted as
evidence of a reaction mechanism [116,117].

Beyond forward prediction, ML supports inverse design: selecting compositions that
satisfy specified strength, cost, and environmental objectives. Random-forest-based opti-
mization has been used for alkali-activated concrete formulations [121], and multi-objective
frameworks have jointly considered compressive strength, cost, and CO, emissions [122].
Soft-computing approaches provide another means of exploring trade-offs among com-
peting performance targets [123]. For waste-derived materials, batch-to-batch variability
should be represented explicitly through measured ranges or probability distributions
of mineralogical descriptors, including quantitative phase contents, amorphous fraction,
and dissolution-related variables [116-118]. Inverse-design optimisation should then iden-
tify formulations that satisfy performance, leaching, and durability requirements across
these plausible precursor compositions rather than for a single nominal batch [121-123].
Precursor-batch-grouped validation, prediction uncertainty, and applicability-domain
checks should be used to reject solutions that rely on extrapolation beyond the char-
acterized feedstock range. Activator availability and curing-energy constraints should be
included simultaneously in the optimisation.

The most useful workflow is iterative: model, experiment, update, and repeat [124].
Active or sequential learning is particularly suitable for highly variable wastes because the
algorithm selects the next experiment that is expected to provide the greatest information
gain or improvement toward the target. In a study based on 284 records and 18 input vari-
ables, the model achieved an accuracy of 98.9%, corresponding to an improvement of 4.1%
over the baseline approach [125]. Such results should nevertheless be interpreted together
with dataset size, validation strategy, and the definition of the reported accuracy metric.

Durability prediction is developing more slowly than strength prediction because
exposure tests are longer, protocols are less uniform, and failure mechanisms are more com-
plex. ML has been applied to the high-temperature response of geopolymer concrete [126]
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and to freeze-thaw performance in one-part geopolymer-stabilized soil [127]. Broader at-
tempts to predict durability and environmental performance remain limited [128]. Progress
requires datasets that record not only mixture design, but exposure solution, cycle defini-
tion, specimen geometry, preconditioning, mass change, strength retention, permeability,
and leaching.

For the framework proposed in this review, model variables can be organized into
three categories—precursor descriptors, processing and activation variables, and reaction-
product descriptors—while application-performance metrics are treated as prediction
targets. Precursor descriptors include quantitative phase composition, amorphous content,
particle size, specific surface area, and dissolution indices. Processing variables include
grinding energy, calcination or hydrothermal conditions, activator chemistry and dosage,
liquid-to-solid ratio, curing regime, and co-precursor content. Reaction-product descriptors,
such as gel or hydrate assemblage and pore structure, may serve as intermediate mechanis-
tic features, whereas strength, thermal conductivity, durability, leaching, and CO,-related
indicators should be treated as target variables according to the modelling objective.

For transferable modelling, precursor descriptors should represent the mineralogical
functions relevant to the reaction rather than predefined waste classes. Minimum inputs
should therefore include quantitative contents of major crystalline and amorphous phases,
amorphous fraction, standardized soluble or accessible Si and Al, reactive Ca/Mg-bearing
phases, Fe and Al speciation where relevant, sulfate and carbonate phase contents, alkalin-
ity or carbonation potential, specific surface area, and particle-size descriptors [31,32,40-42].
For compensated systems, the mineralogical contribution and dosage of each functional
co-precursor should be recorded explicitly. Processing variables—including activator chem-
istry and dosage, liquid-to-solid ratio, grinding, thermal or hydrothermal pretreatment, and
curing regime—should then be coupled with these precursor descriptors. Recent chemistry-
and physics-informed ML frameworks further support the use of physically meaningful
mineralogical and mechanistic variables rather than conventional mixture proportions or
bulk oxide composition alone [129,130].

Al and ML can therefore support a transition from trial-and-error formulation to
predictive materials design, but the most robust strategy is a hybrid one: mineralogical
characterization to define physically meaningful inputs; interpretable ML for screening
and optimization; thermodynamic or kinetic constraints to restrict implausible predictions;
uncertainty quantification to identify extrapolation; and targeted experiments to validate
the selected formulations. Without this integration, a high statistical score may conceal a
model that is accurate only within a narrow and poorly transferable dataset.

Improving model transferability will also require coordinated data generation rather
than isolated single-laboratory datasets. A shared machine-readable reporting schema
should be adopted for waste-derived AAMs, together with multi-institutional benchmark
datasets covering geographically and mineralogically distinct waste sources. Interlabora-
tory studies using common mineralogical characterization, dissolution, curing, durability,
and leaching protocols would allow models to be externally validated across precursor
batches and regions. Open repositories should retain batch identifiers, measurement uncer-
tainty, processing metadata, and unsuccessful as well as successful formulations to reduce
publication bias and define realistic applicability domains.

5. Conclusions

This review synthesized current approaches for converting mining, metallurgical, and
mixed industrial wastes into geopolymeric, alkali-activated, and related mineral matrices.
The central conclusion is that waste suitability is determined not by its industrial name or
bulk contents of SiO;, Al,O3, CaO, Fe,O3 and MgO, but by the mineral forms in which
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these components occur, their solubility and accessibility, and their reaction roles within
the overall formulation.

The primary design distinction is whether the intrinsic mineral inventory of a waste
is sufficient for the intended transformation. In self-sufficient systems, processing should
maximize the accessibility and reaction of intrinsic phases through dissolution, amorphiza-
tion, dehydroxylation, mechanochemical activation, carbonation, or related transforma-
tions. Where the intrinsic inventory is insufficient, additional mineral solids should be
selected according to the missing functional contribution—such as reactive Si/Al, Ca,
sulfate, alkalinity, or complementary phase-forming capacity. Binary compensation can
address a dominant limitation through one additional functional solid, whereas multi-
component formulations distribute several complementary functions among multiple
precursors. Formulation complexity is therefore justified only when it produces a demon-
strable improvement in reaction-product development, durability, environmental stability,
or application-specific performance.

The required product form should determine the activation strategy. Mine backfill
and subgrade materials may tolerate moderate strength but require reliable rheology, early
stability, leaching control, and low processing cost. Structural products require sustained
strength and durability under relevant exposure conditions. Porous thermal-insulation
materials require controlled cell architecture rather than maximum porosity. Carbonation
and CO, mineralization can improve pore structure and bind carbon in Ca- and Mg-
bearing wastes, but their benefit depends on reaction extent, permanence, and the energy
and pressure required.

The principal obstacles to scale-up are feedstock variability, intensive pretreatment,
activator-related environmental impacts, and insufficient durability and leaching data.
Results should be compared only across compatible formulations, specimen geometries,
curing regimes, and test methods. A high waste fraction or compressive strength does
not prove that the waste has reacted chemically; quantitative phase analysis, dissolution
measurements, and reaction-product identification are required to distinguish a reactive
precursor from a filler.

Machine learning can accelerate mixture screening and inverse design, but its relia-
bility is constrained by data quality. Future databases should include quantitative phase
composition, amorphous fraction, particle-size distribution, dissolution behaviour, activa-
tor chemistry, curing energy, environmental indicators, and uncertainty. Interpretable and
physics-informed models, combined with grouped validation and targeted experiments,
are more likely to transfer across waste sources than black-box models trained only on
mixture proportions and bulk oxide contents.

The highest-priority gaps for industrial deployment are therefore twofold. Exper-
imentally, future work should prioritize validation across representative waste batches,
scale-appropriate processing and ambient curing, long-term durability and contaminant
retention, and integrated assessment of mechanical performance, leaching, energy and
reagent demand, cost, and life-cycle impacts. From a data-development perspective,
transferable databases should record batch-resolved quantitative mineralogy, amorphous
fraction, particle-size distribution, standardized dissolution or reactivity indicators, activa-
tion and curing conditions, reaction-product assemblage, durability and leaching outcomes,
validation scale, and associated uncertainty. Addressing these experimental and data gaps
together is essential for moving mineralogy-guided waste valorization from laboratory
optimization toward reproducible industrial deployment.
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AAM Alkali-activated material

BFS Blast-furnace slag

C-(A)-S-H Calcium (alumino)silicate hydrate
C-(N)-A-S-H Calcium-(sodium) aluminosilicate hydrate
C-S-H Calcium silicate hydrate

Cccs Calcium carbide slag

CSD Calcium sulfate dihydrate

EMR Electrolytic manganese residue

FA Fly ash

GGBFS Ground-granulated blast-furnace slag
L/S Liquid-to-solid ratio

MK Metakaolin

ML Machine learning

N-A-S-H Sodium aluminosilicate hydrate
N-(C)-A-5-H Sodium-(calcium) aluminosilicate hydrate
OPC Ordinary Portland cement

PG Phosphogypsum

PC Portland cement

RM Red mud

UucCs Unconfined compressive strength
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