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Slag-Based Alkali-Activated S Léaching, Microstructural, and Life-

Cycle Assessmentg
Abstract

This study ain‘ to
(GGBFS) in stabilizing iron
elemental leaching, changes i
impacts. Sodi i
wt.% GGBFS at a fi
porosity, and leachin
more effective. th
containing

e effectiveness of sodium hydroxide and ground granulated blast-furnace slag
gs. The distinctive contribution of this study lies in the integrated assessment of
chemical environment, microstructural evolution during stabilization, and life-cycle
entrations ranging from 0 to 5 M were first investigated, followed by the addition of 0—9
H concentration of 3 M. The pH, electrical conductivity, microstructure, apparent surface
vior of Ni, Cu, Zn, Pb, and Ba were evaluated. The results showed that GGBFS addition was
reasing the alkaline activator concentration alone in reducing elemental mobility. The mixture
and 9 wt.% GGBFS exhibited the lowest leaching concentrations of Ni, Cu, Zn, Pb, and Ba, at 0.10,
0.12,0.12, nd 0.40 mg/L, respectively. The apparent surface porosity of this mixture was also reduced to 0.81%. The
life-cycle asseSSthent showed that the scenario containing 9 wt.% GGBFS and 5 M NaOH reduced global warming potential,
abiotic resource depletion, particulate matter formation, and land use by approximately 32%, 33%, 22%, and 16%,
respectively, compared with stabilization using 9 wt.% Portland cement, although the human toxicity potential increased by
approximately 8%. Overall, the proposed system showed considerable potential for reducing elemental mobility, while
selection of the final mixture requires a balance between stabilization performance and life-cycle impacts.

Keywords: element leaching, ground granulated blast-furnace slag, iron ore tailings, life-cycle assessment,
stabilization and solidification.
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EXTENDED ABSTRACT

Background

The large-scale accumula“n of iron o, taild presents substantial environmental and land-management
challenges. These {geg@rained ing resid e generally stored in tailings dams or surface disposal facilities,
where they may cont‘ute upation, dust generation, water consumption, and potential contamination
of surrounding soil and wager rces. Although their mineral composition may permit reuse in construction
and geotechnical applicatio ch utilization requires prior assessment of the mobility of potentially polluting
elements.

lan

k cannot be determined solely from the total elemental composition of tailings because
elementa il epends on chemical form, pH, ionic conditions, water—solid interactions, and the
accessibilement-bearing particles. Direct leaching assessment is therefore essential for evaluating the
effectivenes stabilization treatments. Portland cement is commonly used for the stabilization and
solidification of mining residues, but its production is associated with high energy consumption, raw-material
demand, and carbon dioxide emissions. Alkali-activated binders incorporating industrial by-products may
provide an alternative approach.

Ground granulated blast-furnace slag is rich in calcium, silicon, and aluminum and can contribute to the
formation of a denser binding matrix under alkaline conditions. Sodium hydroxide promotes the dissolution of
reactive constituents, although excessive activator consumption may increase treatment costs, soluble ion
concentrations, and life-cycle environmental burdens. Accordingly, the performance of an alkali-activated
stabilization system should be assessed by considering both its capacity to reduce elemental mobility and its
associated life-cycle impacts.
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Objective

This study evaluated the environmental stabilization of iron ore tailings using sodium hydroxide and ground
granulated blast-furnace slag. The principal objective was to determine the effects of alkaline activator
concentration and slag content on the leaching of Ni, Cu, Zn, Pb, and Ba.

The distinctive contribution of the study was the integrated evaluation of elemental leaching, chemical
conditions, microstructural evolution, and life-cycle environmental impacts. The experimental design first
isolated the effect of sodium hydroxide concentration in the absence of slag and subsequently examined the
effect of slag addition at a fixed activator concentration. This approach enabled the relative contributions of
alkaline treatment and reactive slag addition to be distinguished.

Materials and Methods

Iron ore tailings were used as the primary solid material, sodium hydroxide as the alkaline
granulated blast-furnace slag as the supplementary reactive precursor. The experim
two stages. In the first stage, sodium hydroxide concentrations of 0,\, 3, and 5 M we
slag. In the second stage, slag contents of 0, 3, 6, and 9% by dry m f tailings were
sodium hydroxide concentration of 3 M.

es@ijattd without

alg@ted at a fixed

The chemical environment of the mixtures was characterized thyo
measurements. The oxide compositions and mineralogicajficharacteristic
determined by X-ray fluorescence and X-ray diffraction, ygipectively’
the untreated raw materials and was not used to ideniifi¢ reaction

an ctrical conductivity
he raw tailings and slag were
diffraction was performed only on
in the stabilized specimens.

Microstructural changes were examined by sca
processed using ImageJ to quantify apparent two-dime
only for relative comparison and were not interpreted as totathree-dimensional porosity. Energy-dispersive X-
ray spectroscopy was conducted on the untregted tailings andlthe specimen containing 3 M sodium hydroxide
and 9% slag. The results were interpreted as , semiquantit@ive evidence of changes in elemental distribution

tron microscopy. The micrographs were
face porosity. These measurements were used

The leaching performance of thq specime as evaluated using the Toxicity Characteristic Leaching
Procedure in accordance ilh United Sta i ental Protection Agency Method 1311. The concentrations

of Ni, Cu, Zn, Pb,adaa were sulting leachates.

A comparativ*radl ife-cycle assessment was also performed. The evaluated scenarios included
the untreated reference, mi ontaining 3 and 9% Portland cement, and mixtures containing 3 and 9% slag
activated with 5 M sogi ydroxide. The assessed impact categories comprised global warming potential,

abiotic resour i man toxicity potential, particulate matter formation, and land use.
Re

X-ray fluo ce analysis showed that the iron ore tailings were primarily composed of SiO., Fe:0s, CaO,
MgO, and AL:Os, with respective contents of approximately 40.09, 22.38, 17.93, 9.83, and 6.05%. The slag
contained approximately 38.20% CaO, 35.90% SiO:, and 8.62% Al:Os. These results indicated that the tailings
mainly provided the mineral framework, whereas the slag supplied a comparatively more reactive calcium-
silicon—aluminum source. X-ray diffraction indicated the predominance of crystalline iron-bearing and silicate
phases in the tailings and a less crystalline structure in the slag.

Increasing sodium hydroxide concentration generally increased pH and electrical conductivity. Slag
addition also modified both parameters, although the response was not strictly proportional at higher slag
contents. This behavior indicated that the measured chemical conditions were influenced not only by ionic
dissolution but also by the consumption, incorporation, or precipitation of dissolved species during matrix
development. Consequently, the highest pH or electrical conductivity did not necessarily correspond to the
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lowest elemental leaching.

Scanning electron microscopy revealed progressive transformation from a loose particle arrangement to a
more coherent matrix. In the slag-free series, apparent surface porosity decreased from 49.8% in the untreated
tailings to 31.1, 30.7, and 23.3% at sodium hydroxide concentrations of 1, 3, and 5 M, respectively. Alkaline
treatment alone therefore improved matrix continuity, although visible open regions remained.

Slag addition produced a substantially greater reduction in apparent surface porosity. At 3 M sodium
hydroxide, porosity decreased from 30.7% without slag to 22.1, 5.75, and 0.81% at slag contents of 3, 6, and 9%,
respectively. The reduction was accompanied by greater matrix continuity and fewer visible surface voids,
demonstrating that slag addition was more effective than increasing sodium hydroxide concentration alone in
developing a dense microstructure.

ion of slag and
sodium hydroxide in matrix development, although specific binding phase sively identified.

were 1.20, 2.00, 3.50, 4.20, and 1.50 mg/L, respectivghy. At 5

evaluated elements in the absence of slag. In untreated t?gs, the con i i, Cu, Zn, Pb, and Ba

ng slag content produced a further systematic
d the lowest concentrations of Ni, Cu, Zn, Pb, and

values represented reductions of approximat % for Ni, 9488 for Cu, 97% for Zn, more than 99% for Pb, and
73% for Ba.

uted to restricting liquid transport and reducing contact
g particles. Physicochemical interactions, including surface
less-soluBle species, may also have contributed. Nevertheless, the findings
r the specified leaching conditions and do not confirm permanent

indicated that microstrucFaI densificajon co
between the extraction solutio

retention and pos”rmation
demonstrate  reducedmob i

immobilization under all e

The li
varied among impa
containing 9% sla

egories. Compared with the mixture containing 9% Portland cement, the scenario
5 M sodium hydroxide reduced global warming potential, abiotic resource depletion,
particula mation, and land use by approximately 32, 33, 22, and 16%, respectively. However, human
toxicity po increased by approximately 8%, potentially reflecting the upstream burdens associated with
sodium hydr8¥de production.

Conclusion

The combined use of sodium hydroxide and ground granulated blast-furnace slag substantially reduced the
mobility of Ni, Cu, Zn, Pb, and Ba in iron ore tailings. Although increasing sodium hydroxide concentration
alone improved leaching performance and reduced apparent surface porosity, slag addition produced a markedly
greater effect. The mixture containing 3 M sodium hydroxide and 9% slag achieved the lowest leaching
concentrations and reduced apparent surface porosity to 0.81%.

The life-cycle results indicated that slag-based alkali-activated stabilization can reduce several
environmental impacts compared with treatment using 9% Portland cement. However, the increase in human
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toxicity potential demonstrated that environmental performance cannot be assessed solely through carbon-related
indicators. Moreover, because the life-cycle scenarios were based on 5 M sodium hydroxide, the mixture
showing the best leaching performance should not automatically be considered the optimum life-cycle
formulation.

Overall, selection of the final stabilization mixture should be based on the simultaneous consideration of
leaching efficiency, sodium hydroxide consumption, slag content, and life-cycle impacts.
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