Construction and Building Materials 527 (2026) 146477

Contents lists available at ScienceDirect

onstruction
and Building

MATERIALS

Construction and Building Materials

FI. SEVIER

journal homepage: www.elsevier.com/locate/conbuildmat

BOF slag hydration activated by trisodium nitrilotriacetate (NagNTA)

Zhihan Jiang “®, Helong Song "“®", Xuan Ling“, Tao Liu°®, Katrin Schollbach*®,
H.J.H. Brouwers*

@ Department of the Built Environment, Eindhoven University of Technology, Eindhoven 5600 MB, the Netherlands

b Key Laboratory of Coastal Urban Soil-Water Environmental Evolution, Ministry of Ecology and Environment (under construction), Shenzhen University, Shenzhen,
518060, China

¢ State Key Laboratory of Intelligent Geotechnics and Tunnelling (Shenzhen University), Shenzhen, 518060, China

4 College of Civil and Transportation Engineering, the Underground Polis Academy, Shenzhen University, Shenzhen, 518060, China

€ Construction Materials and Durability, Department of Environmental and Resource Engineering, Technical University of Denmark, Kgs Lyngby 2800, Denmark

ARTICLE INFO ABSTRACT

Keywords:

BOF slag hydration

Nitrilotriacetate (NazNTA) activation
Hydration kinetics

Mineral phase evolution

Heavy metal leaching

Basic oxygen furnace (BOF) slag exhibits a mineralogy comparable to that of Portland cement, notably con-
taining brownmillerite and belite (C»S). However, its intrinsic hydraulic reactivity is limited. This work in-
troduces trisodium nitrilotriacetate (NagNTA) as a novel activator for BOF slag and systematically evaluates its
effects on hydration kinetics, phase evolution, microstructure, mechanical performance, and leaching behavior.
Techniques, including isothermal calorimetry, XRD, TG/DTG, FTIR, MIP, and ICP-OES, were applied. Results
reveal that NagNTA substantially promotes hydration, with no induction period in activated samples. At a dosage
of 3.6 wt% NagNTA, brownmillerite and CyS attain hydration degrees of 63.2% and 29.5% within 1 day,
respectively (versus 7.6% and near 0% in the control). In activated samples, the hydration assemblage is
dominated by hydrogarnet and C-S-H gel, whereas the inactivated reference primarily yields hydrotalcite and
C-S-H gel. NTA complexes are rapidly incorporated into the solid matrix at an early age. Moreover, NagNTA
activation leads to rapid and pronounced improvements in both mechanical performance and pore structure:
with 3.6 wt% NasNTA usage, a 25.0 MPa compressive strength and a 20.2% porosity are obtained at 7 day,
compared with 2.8 MPa and 34.6% for the reference. Hazardous elements, Cr and V, are effectively immobilized
in the hydrated solid matrix, with leaching values far below legal thresholds. This research presents a promising
approach to valorize BOF slag as a sustainable binder via NagNTA activation.

1. Introduction accounts for approximately 71.1% of global crude steel production,
totaling around 1345 million tons in 2023 [6]. Consequently, BOF slag is

Basic Oxygen Furnace (BOF) slag is a metallurgical residue formed generated in substantial quantities, representing approximately

during the Linz-Donawitz steel-making process [1,2]. The chemical and
mineralogical composition of BOF slag varies due to differences in the
origin of iron ore, steel-making operational parameters, and cooling
conditions. Nevertheless, its primary chemical constituents are well
characterized, comprising mainly CaO, Fe;Os, SiO3, MgO, MnO, and
Aly03, along with minor components such as TiOg, V205, P2Os, and
Cry03 [1,2]. The main minerals include dicalcium silicate (C5S),
brownmillerite (C2(A,F)), magnetite (Fe3O4), wuestite (RO solid solu-
tion of FeO, MgO, MnO, and CaO), and free lime, along with the pres-
ence of a small amount of tricalcium silicate (C3S) in some cases [1-5].

Steel production via the Basic Oxygen Furnace (BOF) method

10-15 wt% of BOF crude steel production [2,7,8]. The large-scale gen-
eration and accumulation of BOF slag pose environmental concerns,
including land occupation and the potential leaching of heavy metals
into the ecosystem [1,2,9-12]. BOF slag has yet to be efficiently recycled
and utilized despite its significant volume. For instance, in the con-
struction industry, its primary application is as aggregate in asphalt
mixtures, a practice constrained by its susceptibility to volume un-
soundness. Additionally, it is used as a supplementary cementitious
material in Portland cement systems, albeit at low replacement ratios
due to its limited hydraulic reactivity [2,8,12-18].

Despite its current underutilization in the construction industry, BOF
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slag exhibits significant potential as a high-substitution or even stand-
alone cementitious material due to its mineralogical composition, which
resembles that of Portland cement [3,5,19]. This potential utilization
could substantially enhance the efficiency of BOF slag recycling. More-
over, given the widespread demand for cement in the construction
sector and the heavy reliance of cement production on finite natural
mineral resources, integrating BOF slag as a partial or complete
replacement for cement presents multiple benefits. In addition to miti-
gating BOF slag accumulation, such utilization can reduce dependence
on depleting mineral reserves and lessen the environmental impact of
cement manufacturing, particularly carbon dioxide emissions. It not
only aligns with sustainable resource management but also holds
considerable promise for advancing environmentally friendly con-
struction practices.

A diverse suite of approaches has been investigated to render BOF
slag hydraulically reactive and suitable for use as a cementitious binder.
Traditional approaches include applying energy-intensive mechanical
comminution to increase the specific surface area and induce lattice
disorder in grains, as well as subjecting the material to elevated tem-
peratures or hydrothermal conditions to promote hydration [20-23].
Also, traditional alkali and salt activations were investigated to promote
hydration by increasing the pore solution pH or providing additional
calcium or aluminium [5,20,24-29]. Additionally, carbonation activa-
tion was investigated due to the high pH and alkaline earth metal con-
tent within the BOF slag system [30-36]. Although numerous strategies
have been proposed, most involve additional processing effort and en-
ergy input without achieving a proportionate improvement in me-
chanical performance. In addition to these methods, activation by small
organic ligands (chelators) has recently drawn attention [35-47].

Rather than functioning through increasing solution pH, ligands
(chelators) act by transferring lone electron pairs onto the surface metal
atoms of undissolved metal (oxide) mineral grains, thus disrupting the
(surface) crystal lattice and promoting the dissolution of these minerals
[48-53]. The dissolution of BOF slag hydraulically reactive phases is
enhanced, thereby facilitating the formation of hydration products.
However, the choices of effective ligands remain limited. Against this
background, this paper proposes trisodium nitrilotriacetic acid
(NagNTA), an amino polycarboxylate ligand with high chelating ca-
pacity, as an innovative activator [54-57].

As previously discussed, the potential hydration capacity of BOF slag
arises from its mineralogical similarity to Portland cement, particularly
due to the presence of hydraulically reactive phases such as dicalcium
silicate (CS) and brownmillerite (Cg(A,F)). However, the hydration
reactivity of C,S is inherently limited, contributing minimally to early-
stage strength development due to its sluggish reaction kinetics [5,
58-61]. This challenge is further exacerbated in BOF slag, where CyS
often contains impurities such as P°* and Fe3", further diminishing its
reactivity [2,62,63]. In contrast, brownmillerite undergoes rapid initial
dissolution, akin to calcium aluminate (C3A) in ordinary Portland
cement (OPC) [64,65]. However, its hydration rate declines sharply over
time, resulting in a substantially lower overall degree of hydration than
that of calcium aluminate [66-68]. This phenomenon is most likely
caused by the rapid formation of the iron-based amorphous phase with a
high specific surface area around the brownmillerite, which inhibits
further mass transport (ion release) [69,70]. The hydration reactivity of
brownmillerite in BOF slag is further reduced compared with that in
OPC. This reduction is primarily attributed to its elevated Fe content and
the additional presence of Ti, which hinders its dissolution and subse-
quent precipitation into stable hydration products [40,71,72].

The selection of NagNTA as a hydration activator is based on its
potential to enhance the dissolution and subsequent hydration of the
above two key hydraulically reactive phases in BOF slag: impurity-
incorporated belite (C2S) and Fe-rich brownmillerite (Co(A,F)). It is a
commercially synthesized tetradentate chelating agent with a strong
affinity for a wide range of transition metal ions, particularly divalent
and trivalent species, forming stable, soluble complexes [51,52,54,
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73-80]. NagNTA has been widely used in various industries, including
cosmetics, pharmaceuticals, water treatment, agriculture, and the food
industry as a preservative [54,74-76,81]. In this study, the influence of
its dosage on BOF slag hydration was comprehensively examined using
various characterization techniques. The early-stage hydration kinetics
(within the first seven days) were analyzed using isothermal calorim-
etry, while the evolution of phase assemblage after 1, 7, and 28 days of
hydration was characterized by quantitative X-ray diffraction (QXRD)
analysis, supplemented by thermogravimetric (TG/DTG) analysis.
Macroscopic mechanical properties were evaluated through compres-
sive strength testing, and microstructural pore characteristics were
investigated using mercury intrusion porosimetry (MIP). Additionally,
Fourier transform infrared (FTIR) spectroscopy was employed to assess
the retention and incorporation of NTA (complexes) within the hydra-
tion products. Finally, the heavy metal leaching potential of NagN-
TA-activated BOF slag was evaluated through a one-stage batch leaching
test, with elemental concentrations determined by inductively coupled
plasma atomic emission spectrometry (ICP-OES).

2. Materials and methods
2.1. Materials

2.1.1. Raw BOF slag

The BOF slag used in the research was sourced from Tata Steel (The
Netherlands). Following collection, the slag was pre-crushed into par-
ticles smaller than 5.6 mm and stored in a food-grade, airtight poly-
ethylene (PE) container to mitigate carbonation. Subsequently, it was
milled to a fine powder using a vibratory disk mill (RS 300 XL, Retsch) as
a binder. The particle size distribution (PSD) of the milled BOF slag
powder was analyzed using laser diffraction spectroscopy (Mastersizer
2000, Malvern), with the results depicted in Fig. 1. The D10, D50, and
D90 values are 1.7, 9.1, and 45.0 um, respectively. The specific surface
area is 310 m?/kg. The apparent density, measured using a helium
pycnometer (AccuPycTM II 1340), is 3.69 g/cm®. The typical chemical
and mineral compositions of the BOF slag, determined by X-ray fluo-
rescence (XRF) analysis (Axios, PANalytical) and XRD analysis (D4
Endeavor, Bruker) tests, respectively, are summarized in Table 1. Min-
eral quantification was conducted using TOPAS software (V. 5.0,
Bruker).

2.1.2. Activator

The activator, NagNTA (CgHgNOgNag, 257.08 g/mol), is the triso-
dium salt form of (2,2,2")-nitrilotriacetic acid [81,82]. Its chemical
structure is illustrated in Fig. 2a. NagNTA appears as a white to trans-
parent crystalline powder and exhibits exceptionally high solubility
(93 g/100 mL at 20 °C) and a high pH (10.5-11.5) in a 1% aqueous
solution [81,83]. These properties facilitate solution preparation and
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Fig. 1. Particle size distribution of disk-milled BOF slag powder.
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Table 1
Chemical and mineralogical composition of milled BOF slag.

Chemical compositions Content (at%) Minerals Content (wt%)
CaO 40.5 Wuestite 21.5
Fe,03 26.5 Magnetite 5.5
Si0, 14.5 Brownmillerite 14.0
MgO 7.6 CaS (o + ) 36.8
MnO 4.5 Lime 0.7
Al,03 1.8 Portlandite 0.6
TiO, 1.6 Calcite 0.1
V505 0.9 Amorphous 20.9
P,0s 1.6

Cry03 0.3

Na0 0.1

GOI* 1000 1.4

" Mass gain of ignition (GOI) observed after heating BOF slag to 1000 °C,
attributed to the oxidation of metallic oxides, particularly divalent iron.

enhance its effectiveness as an activator in OPC-analogous, alkaline-fa-
vored systems. The monohydrate form of NagNTA (technical grade,
purity 99 +%, Thermo Fisher Scientific) was purchased and used.

It should be noted that an additional ligand, tri-potassium citrate
(TPC), was also employed in the hydration kinetics investigation
(Section 2.3.1), as a reference activator. TPC is a tricarboxylate, tetra-
dentate ligand (Fig. 2b) that has previously demonstrated efficacy in
activating BOF slag hydration [40]. However, its action is predomi-
nantly directed toward brownmillerite, with comparatively limited
impact on CyS hydration [40]. Consequently, TPC served as a bench-
mark against which the performance of NagNTA was evaluated. The
monohydrate form of TPC (extra pure 99%, Thermo Fisher Scientific)
was purchased and used.

2.2. Sample preparation

Paste samples of BOF slag powder mixed with varying concentrations
of NagNTA solution were made and cured, as summarized in Table 2.
The specimen designated as NOO, which consisted of BOF slag mixed
solely with deionized water, served as the reference. Its water-to-binder
(w/b) ratio was determined through preliminary experiments to ensure
comparable workability to that of the NagNTA-activated samples. The
preparation of paste samples followed a systematic procedure. Initially,
NasNTA powder was dissolved in deionized water, stirred, and allowed
to cool. Within 30 s, the NasNTA solution or deionized water was added
to a steel mixing bowl containing BOF slag powder, followed by 30 s of
low-speed stirring. The steel mixing bowl and blade met the EN 196-1
standard [84]. Subsequently, the mixture was stirred at high speed for
two minutes to ensure thorough interaction between the BOF slag par-
ticles and the NagNTA solution or deionized water, resulting in a ho-
mogeneous paste. After mixing, the paste was cast into a plastic mold
with three prism compartments measuring 4 cm x 4 cm x 16 cm. The
mold was then subjected to 15 jolts on a jolting table in accordance with

a) Na;NTA
(0]
Na*
(0] O
N
0O
Na* Na*
(0] O
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EN 196-1 [84]. To minimize moisture loss, the mold was covered with a
transparent plastic film and stored in a standard curing room maintained
at 20 + 1 °C and 95% relative humidity (RH) until the specified curing
ages, as detailed in Table 2 [84]. Upon reaching the designated curing
age, the plastic film was removed, and the prisms were demolded for
subsequent testing and characterization.

2.3. Investigated properties and related methods

Various techniques were employed to characterize the properties of
hydrated BOF slag samples and to assess the effects of NagNTA
comprehensively.

2.3.1. Early-age hydration kinetics

The early-age hydration heat release of samples activated by varying
doses of NagNTA, as shown in Table 2, was monitored using an
isothermal calorimeter (TAM Air, Thermometric). Initially, the raw disk-
milled BOF slag powder was placed into pre-labeled glass ampules.
Subsequently, NagNTA solutions of different concentrations or deion-
ized water were introduced into the respective ampules using a pipette.
It is important to note that NagNTA solutions were prepared one hour
prior to mixing with BOF slag powder to eliminate potential distur-
bances caused by the initial dissolution of NagNTA. After adding the
liquid, each ampule was shaken for 60 s on a mini shaker (TopMix
FB15024, Fisher Scientific) (as an external stirring procedure) to ensure
thorough mixing and homogenization of the paste. The thermostat was
pre-set to 20 °C. The exothermic behavior of the samples, including heat
flow and cumulative heat release, was continuously recorded over the
first seven days of hydration.

An additional sample, C10, was prepared with 1.0 wt% TPC, corre-
sponding to a molar concentration equivalent to 0.9 wt% NagNTA. The
corresponding mix design is presented in Table 2.

Table 2
Mix design of BOF slag specimens.
Specimen  Water/ NasNTA (wt% to BOF slag, molar Age
BOF concentration (mM)) @
NOO 0.24 0.0, 0.0 1
7
28
NO09 0.20 0.9, 163.5 1
7
28
N18 0.20 1.8, 327 1
7
28
N36 0.20 3.6, 654 1
7
28
C10 0.20 1.0, 163.5 *

* For the calorimetry test throughout the first 7 days of hydration.

b) TPC

K+

K#

0 o

OH

K+

Fig. 2. Chemical structure of a) NagNTA and b) TPC.
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2.3.2. Structural properties

The compressive strength of the demolded prism samples was
measured using a testing bench (Automax 5, Controls) in accordance
with EN 196-1 at 7 and 28 d [84]. Each sample underwent six replicate
tests, with each prism bar used for two measurements. Due to the
insufficient early strength development of the control sample NOO at 1 d,
no compressive strength data were obtained for any sample at this age.
Following compressive strength testing at 7 and 28 d, and after 1 day of
hydration, the fractured sample fragments were further crushed to
particles smaller than 4 mm for subsequent analyses. To terminate hy-
dration while preserving the microstructural characteristics, the crushed
samples were immersed in isopropanol for 24 h, rinsed with diethyl
ether under vacuum filtration, and subsequently dried in a vacuum oven
at 40 °C for 8 h.

The microstructural pore properties of hydrated samples at 7 and 28
d were characterized by the MIP porosimeter (AutoPore IV 9500,
Micromeritics) with a maximum working pressure of 228 MPa. To
mitigate the influence of particle size and the ink-bottle effect [85,86],
the previously prepared crushed and dried hydrated samples were
further sieved to obtain particles of 1-4 mm. During the measurement,
the Hg-solid contact angle was set to 130°, with a mercury surface
tension of 485 mN/m.

2.3.3. Mineralogical compositions

The evolution of the phase composition during the hydration process
(at1, 7, and 28 d) was characterized using XRD, TG/DTG, and FTIR. The
crushed and dried (hydration-terminated) granular samples (below
4 mm) at each age were further milled into powder using a planetary
ball mill (Pulverisette 5, Fritsch) at 240 rpm for 15 min to prepare them
for these characterizations.

For the XRD test, the powder was subsequently co-milled with Si
(used as an internal standard) in an XRD mill (McCrone, RETSCH) at 3/4
speed for 5 min to facilitate accurate mineral identification and quan-
tification. The XRD analysis was conducted using an X-ray diffractom-
eter (D4 ENDEAVOR, Bruker) with a LynxEye detector. A Co X-ray
source, 5-100° 26 range, 0.014° 20 step size (1.5 s per step), and 30 rpm
stage rotation speed were applied during the process. Following the
acquisition of the XRD spectra, the mineral phase identification was
performed using DIFFRAC.EVA (Bruker) software. Furthermore, the
quantification was conducted using the DIFFRAC.TOPAS (Bruker) soft-
ware based on Rietveld refinement. Standard crystal structure infor-
mation files (CIFs) from the Inorganic Crystal Structure Database (ICSD)
were utilized as the base of Rietveld refinement, as presented in Table 3.

As hydration progresses, an increasing amount of water is chemically
incorporated into the solid phase, leading to an apparent increase in
total mineral content when measured after hydration is stopped. This
effect can obscure a direct comparison of phase evolution across
different hydration stages. To address this issue, the mineral phase
content in hydrated samples was normalized (rescaled) to a common
reference, the raw (anhydrous) BOF slag state, allowing for a more ac-
curate comparison of phase transformations [87]. It was conducted

Table 3

Crystal structures used in XRD quantification.
Minerals ICSD code #
Wouestite (Feg 9020) 27237
Magnetite (Fe304) 26410
Brownmillerite (Cax((Fe;.796Al0.204)0s)) 98824
Dicalcium Silicate - Alpha' (Cax(SiO4)) 81097

Dicalcium Silicate - Beta (Cax(Si04)) 963

Katoite (CazAly(04Hy)3) 94630
Hydroandradite (CagFe3Si;.1504.6(OH)7.4) 29247
Hydrotalcite ((Mg4Al2)(OH)12(CO3)(H20)3)0.5) 6296
Pyroaurite ((FeaMgs(OH)16(CO3)(H20)4.5)0.375) 6295
Lime (CaO) 75785
Portlandite (Ca(OH)5) 64950
Calcite (Ca(CO3)) 20179
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based on the equation:
Wi.normalized = Wi.Rietveld (1 - H20bound) (1)

The ‘i’ represents every single phase, and the ‘HaOpound’ refers to the
chemically bonded water determined through subsequent TG/DTG
analysis (Fig. 7)

For the TG/DTG analysis, the ball-milled powder was used directly.
The measurement was performed using a TG oven (TG 209 F3 Tarsus,
NETZSCH) under a nitrogen atmosphere (50 mL/min) to prevent
oxidation. The sample was heated from 40 °C to 1000 °C at a heating
rate of 10 °C/min. A corundum crucible was employed, and an auto-
mated sample carrier (macro-supported) was utilized during the
analysis.

The ball-milled powder was also used directly for the FTIR charac-
terization. The analysis was conducted using an MIR/FIR spectrometer
(Frontier, PerkinElmer) equipped with an attenuated total reflection
(ATR) accessory (GladiATR, Pike). The sample was scanned 20 times at a
fpectral resolution of 1 cm™ over the wavenumber range 4000-400 cm’

2.3.4. Potential environmental impact

To assess the potential environmental impact of the material,
particularly in terms of elemental leaching, a one-stage batch leaching
test was conducted on raw BOF slag and 28-day hydrated samples. The
procedure followed the EN 12457-2 standard [88]. The test materials
consisted of (i) crushed hydrated samples without hydration termina-
tion, prepared as described in Section 2.3.2, and (ii) sieved raw BOF slag;
in both cases, the particle size was below 4 mm. They were mixed with
deionized water at a liquid-to-solid ratio of 10 L/kg in the 500 mL PE
bottle. The bottles were then placed on an automatic shaker (ES SM-30,
Edmund Buhler) and agitated continuously for 24 h to ensure thorough
leaching. After shaking, the suspension was left to settle for 30 min, after
which the supernatant was collected. The extracted supernatant was
filtered by a 0.2 ym syringe filter (Puradisc™ 25). The filtrate was
acidified with 1 M concentrated nitric acid to prevent possible precipi-
tation and was then analyzed by ICP-OES (SPECTROBLUE) to quantify
the concentrations of leached elements.

3. Results and discussion
3.1. Early-age reactions

The heat flow during the initial 48 h and the cumulative heat release
over the first 7 days for samples with varying NagNTA dosages and an
additional ligand-containing sample (C10) are depicted in Fig. 3a and
Fig. 3b, respectively. The data have been normalized by the corre-
sponding BOF slag mass. The cumulative heat release was determined by
integrating the heat flow after 45 min of sample insertion, thereby
removing the interference of the initial (contact) dissolution.

As observed from Fig. 3a, NagNTA significantly improves the early
hydration rate of BOF slag, as evidenced by the pronounced exothermic
peaks in all NagNTA-activated samples. In contrast, the signal of the
reference specimen NOO converges quickly to the baseline after the
initial (contact) dissolution heat flow ends. Among the NagNTA-acti-
vated samples, NO9 demonstrates the highest exothermic peak (around
3.9 mW/ggag) at 1.4 h, followed by two additional peaks at 3.9 and
6.4 h. In the N18 sample, the primary exothermic peak is delayed (4.3 h)
and less pronounced (peaking at about 2.8 mW/gs1ag) compared to NO9.
A further delay is observed in the N36 sample, where the main
exothermic peak occurs at 6.3 h with a lower intensity of 2.3 mW/ggg.
The delay and attenuation of the main hydration peaks with increasing
NagNTA dose may be attributed to the formation of metal-NTA com-
plexes in solution, thus reducing the supersaturation of metal ions that
contribute to the matrix formation of hydration products, primarily
Ca?*, within the system [89-92]. Besides, the potential adsorption of
NTA complexes onto the surfaces of hydration products may delay their
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Fig. 3. Hydration heat records of BOF slag pastes

nucleation and growth [89-93]. Additional exothermic peaks appear in
the N18 and N36 curves after 11 h, which are absent in N09. Conse-
quently, as shown in Fig. 3b, the cumulative heat release at 24 h slightly
increases with NagNTA dosage, indicating a marginally higher early
hydration degree. Regardless of the dosage, all NagNTA-activated sam-
ples exhibit a high early hydration rate, as indicated by the steep slope of
the cumulative exotherm curves and the rapid appearance of the heat
flow peaks before 12 h. After this initial period, high NagNTA dosages
continue to markedly enhance BOF slag hydration, resulting in a more
pronounced reaction. By 7 days, all NagNTA-activated samples exhibit
significantly higher cumulative heat release (> 120 J/gslag) than the
NOO reference (42 J/gslag), with N36 demonstrating the most pro-
nounced effect.

Comparing the effects of NagNTA and TPC, both effectively enhance
the reactivity of BOF slag. However, their specific activation patterns, as
reflected by the exothermal curves, differ considerably. Sample N09
presents a vigorous hydration heat release peak (as shown in Fig. 3a)
shortly after the initial dissolution exotherm and exhibits no induction
period commonly observed in traditional Portland cement hydration. In
contrast, the TPC-activated sample C10 follows a pattern similar to
typical Portland cement hydration, characterized by a distinct induction
period following the initial dissolution [87,94]. The very rapid hydra-
tion response of NagNTA-activated BOF slag, characterized by an
essentially immediate onset of reaction without a discernible induction
stage, offers both practical potential and a technical imperative to tailor
the setting and hardening kinetics to meet the requirements of different
engineering applications. The difference of activation patterns between
NasNTA and TPC is further highlighted in Fig. 3b, where at the very
early stages of hydration (before 12 h), NO9 exhibits significantly higher
cumulative heat release than C10 (64.6 J/gslag at 12 h), despite both
being tripodal tetradentate ligands. This difference could be attributed
to their distinct chemical structures. The TPC structure contains a hy-
droxyl (-OH) group, which is absent in NagNTA [95]. The presence of
-OH in calcium glycolate structures has been shown to form strong
hydrogen-bonding networks that adsorb onto the surfaces of reactants
and hydration products, thereby exerting a retarding effect [96]. This
phenomenon likely accounts for the induction period observed in the
hydration of TPC-activated BOF slag. Moreover, the carboxyl group
attached to the central carbon atom in TPC is not structurally equivalent
to the other two carboxyl groups, unlike in NagNTA.

a) Heat flow and b) Cumulative heat release.

3.2. Evolution of mineral phase compositions

As described in Section 2.3.3, the XRD patterns and corresponding
quantitative mineral compositions of hydrated samples at 1, 7, and 28 d,
along with the raw BOF slag as a reference, are presented in Fig. 4 and
Table 4, respectively. The goodness of fit (GOF) and residual weighted
pattern (Rwp) values are also provided in Table 4. Generally, anhydrous
raw BOF slag is highly crystalline due to crystallization of the molten
slag during slow cooling [97-99]. However, as shown in Table 4, there is
an unignorable amount of amorphous phase in the raw BOF slag, which
could be attributed to the disruption of the long-range order of crys-
tallites after disc milling and subsequent XRD milling [100].

As shown in Table 4, the main crystalline hydration products of BOF
slag are hydrogarnet and hydrotalcite. However, a notable difference
exists between the NagNTA-activated samples and the reference sample
NOO at any age. In the activated samples, hydrogarnet is the principal
crystalline hydration product, whereas in NOO, hydrotalcite pre-
dominates. The hydrogarnet has the general chemical formula Cas(Aly.
Fe1 »)2(Si04)y(OH)4(3_y), with a variable ratio of SiOﬁ' to 40H" as well
as A>T to Fe®t [65,101]. The exact formula is difficult to determine, so
two end-members, katoite (CagAly(O4H4)3) and hydroandradite
(CasFesSiy 1504.6(0OH)7 4), were finally applied in Rietveld refinement.
Hydrotalcite shares the same characteristics. It is a brucite-like layered
double hydroxide (LDH) with the general formula MgeAlp xFex(-
CO3)y(OH)(15.2y)nH20. Thus, it also possesses variable AI** to Fe*" and
CO%’ to OH ratios. For this reason, hydrotalcite (Mgo.g67Alo.333)
(OH)2(CO3)0.167(H20)0.5) and Fe-bearing pyroaurite
(MggFe2(OH)16(CO3)(H20)4.5) were included in the Rietveld refinement
[102]. Finally, the sum of katoite and hydroandradite is reported as
hydrogarnet, and the contribution of hydrotalcite and Fe-bearing
pyroaurite is reported as hydrotalcite. As described in Section 2.3.3,
the Rietveld refinement QXRD results were corrected (normalized) and
are presented in Table 5. The anhydrous phase contents and the
resulting calculated hydration degrees are also attached. The magnetite
was excluded from the ‘anhydrous’ due to its negligible reactivity during
hydration.

As shown in Table 5, NagNTA significantly enhances the consump-
tion of brownmillerite. At an early age (1 d), brownmillerite hydration is
markedly promoted by NagNTA, decreasing from 14.4 wt% in raw BOF
slag to just 5.3 wt% in N36, indicating a significant improvement
compared to the control sample NOO, where 13.3 wt% of brownmillerite
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Fig. 4. XRD spectra of hydrated and raw BOF slags (Initial anhydrous phases: B-Brownmillerite, S-Si, M-Magnetite, C-[CoS(a' + )], W-Wuestite; Hydration products:

HT-hydrotalcite, HG-Hydrogarnet, P-Portlandite).

Table 4
Quantitative phase compositions of raw and hydrated BOF slags.
Phase raw BOF 1d 7d 28d
NOO NO09 N18 N36 NO0O NO09 N18 N36 NOO NO09 N18 N36
Wouestite 25.5 24.7 20.2 19.0 19.5 21.5 20.7 20.7 18.5 19.9 19.1 19.0 18.5
Magnetite 4.4 4.9 4.8 4.8 4.5 4.9 5.9 5.4 4.9 5.6 4.9 5.3 5.2
Brownmillerite 14.4 13.7 7.6 6.9 5.6 14.0 7.3 7.0 6.3 13.9 6.9 6.4 6.5
CaS (o’ + B) 40.3 42.0 36.3 34.0 30.2 40.0 34.0 31.8 25.0 35.5 27.2 27.7 22.0
Hydrogarnet 0.0 1.0 8.5 9.9 14.2 1.2 10.1 11.7 16.4 1.5 11.7 13.7 15.9
Hydrotalcite 0.0 2.9 0.8 1.0 0.9 35 1.1 1.8 1.7 45 2.0 2.9 2.2
lime 0.9 0.1 0.1 0.0 0.0 0.4 0.0 0.2 0.1 0.3 0.2 0.1 0.0
Portlandite 1.1 0.3 0.1 0.7 1.0 0.4 1.0 1.1 2.1 1.3 1.8 1.6 2.0
Calcite 0.1 0.3 0.8 1.0 1.1 0.0 0.5 0.6 0.9 0.0 0.9 1.0 1.5
Amorphous 13.3 10.2 20.8 22.8 23.0 14.0 19.3 19.8 24.1 17.6 25.2 22.2 26.1
GOF 1.7 1.9 1.7 1.6 1.6 2.0 1.6 1.6 1.6 1.8 1.6 1.6 1.6
Rwp (%) 3.2 3.8 3.1 3.0 2.9 3.8 2.9 2.9 2.9 3.6 2.9 3.0 2.9
Table 5
Phase compositions of raw and normalized hydrated BOF slag.
Phase Raw BOF 1d 7d 28d
NOO NO09 N18 N36 NOO NO9 N18 N36 NOO NO9 N18 N36
Wouestite 25.5 23.9 19.3 18.0 18.4 20.4 19.6 19.5 17.4 18.7 17.8 17.8 17.3
Magnetite 4.4 4.7 4.6 4.6 4.2 4.7 5.6 5.1 4.6 5.3 4.6 5.0 4.9
Brownmillerite 14.4 13.3 7.2 6.5 5.3 13.3 6.9 6.6 5.9 13.0 6.4 6.0 6.1
CaS (o’ + B) 40.3 40.7 34.6 32.3 28.4 37.9 32.2 29.9 23.5 33.4 25.3 26.0 20.6
Hydrogarnet 0.0 1.0 8.1 9.4 13.4 1.1 9.6 11.0 15.4 1.4 10.9 129 14.9
Hydrotalcite 0.0 2.8 0.8 0.9 0.9 3.3 1.0 1.7 1.6 4.2 1.9 2.7 2.0
Lime 0.9 0.1 0.1 0.0 0.0 0.4 0.0 0.2 0.1 0.2 0.2 0.1 0.0
Portlandite 1.1 0.3 0.1 0.6 0.9 0.4 1.0 1.0 1.9 1.2 1.7 1.5 1.9
Calcite 0.1 0.2 0.8 1.0 1.0 0.0 0.5 0.5 0.8 0.0 0.8 1.0 1.4
Amorphous 13.3 9.9 19.9 21.6 21.7 13.3 18.3 18.7 22.6 16.5 23.5 20.8 24.4
Anhydrous* 81.1 78.0 61.2 56.8 52.1 72.0 58.8 56.3 46.8 65.4 49.7 50.0 44.0
Hydration degree 0.0 3.9 24.5 29.9 35.8 11.3 27.6 30.6 42.2 19.4 38.8 38.4 45.8

" Sum of: Wuestite, Brownmillerite, C;S (o’ + p), and Lime.

is still left. After 1 d, brownmillerite exhibits minimal additional hy-
dration across all specimens. These results indicate that NagNTA,
particularly at relatively high dosages, facilitates the near-complete
hydration of brownmillerite within the first day. Wuestite follows a
similar consumption trend to brownmillerite with the use of NagNTA.
For example, at 1 d, in N36, it reduces by 7.1 wt% (corresponding to
27.8% of its original content in raw BOF slag) and remains nearly stable

at later ages. In contrast, in the control sample NOO, wuestite continues
to be consumed as age increases, reaching levels similar to those in the
activated samples at 28 d. This phenomenon suggests that, beyond the
initial rapid dissolution facilitated by NagNTA, wuestite itself has a
moderate hydration capacity, likely driven by a gradual increase in pore
solution pH over time [103]. The magnetite content remains essentially
stable throughout the entire period in all samples.
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As shown in Table 5, NagNTA also significantly promotes the (early)
hydration of CS. At 1 d, the CyS hydration degree substantially in-
creases with increasing NagNTA dosage, from 14.1% in N09 to 29.5% in
N36. However, brownmillerite is significantly more reactive in the
presence of NagNTA. Even in NO9, brownmillerite depletes by 7.2 wt%,
50.0% of its original content, substantially higher than the 29.5% con-
sumption of CyS in N36. This phenomenon suggests that NagNTA ex-
hibits distinct phase-specific hydration-promoting effects, with a
preference for the Fe-rich brownmillerite over the primarily Ca-bearing
C,S. Such differential promotion is likely governed by the varying che-
lation affinities of NTA> toward different metal ions [104,105], as
indicated by the distinct stability constants in Table 6. Notably, the
stability constant of Fe-NTA is several orders of magnitude higher than
that of Ca-NTA. Between 1 and 7d C,S continues to react and decreases
by 4.9 wt% in N36. In the other samples, C,S decreases only from 2.4 wt
% to 2.8 wt%. At 28 d, around 50% of the CsS has reacted in the N36
sample, while it is only around 35% in the other two NagNTA-activated
specimens. The hydration behavior of CyS between 7 and 28 d differs
notably from that observed from 1 to 7 d. During the early stage (1-7 d),
the greatest CoS consumption occurs in the N36 specimen, reaching
4.9 wt%. In contrast, from 7 to 28 d, the N09 sample shows the highest
C,S consumption (6.9 wt%), substantially exceeding that of N18 (3.9 wt
%) and N36 (2.9 wt%). This shift suggests that the strong promoting
effect of high-dose NasNTA on CyS hydration is primarily evident at
early ages but diminishes at relatively later stages. On the contrary, with
a relatively low NasNTA dosage (N09), CS appears to contribute
significantly more to hydration at relatively late ages [58,60,61,106].
The reaction degrees of brownmillerite and CpS with 0.9 wt% NagNTA
(this study, Tables 4) and 1.0 wt% TPC (Rietveld QXRD results in [40])
activation (equivalent molar doses, ~ 32.7 mmol kg! BOF slag), at 7
and 28 d are compared in Fig. 5. NagNTA produces a markedly stronger
early-age activation of brownmillerite than TPC after 7 days of hydra-
tion; between 7 and 28 d brownmillerite contents remain essentially
unchanged with both activators. For C,S, NagNTA also yields greater
reaction at 7 d relative to TPC, but between 7 and 28 d, the change in CS
hydration is larger for the TPC-activated specimen (although its absolute
C,S reaction remains slightly lower than that with NagNTA). These re-
sults indicate distinct activation regimes for NagNTA and TPC: NagNTA
produces a faster, stronger early activation (a larger reaction of
brownmillerite and C3S up to 7 d). These contrasting behaviours could
be ascribed to differences in chemical structure(discussed in Section 3.1)
and to the apparently stronger chelation capacity of NagNTA, as re-
flected by its higher stability constants listed in Table 6 [105,107-109].

At all investigated ages, the amorphous fraction generally increases
with the NagNTA dosage. The increase closely mirrors the progression of
C,S hydration. For instance, from 7 to 28 d, the N0O9 specimen exhibits
the largest increase in amorphous content (5.2 wt%), which aligns with
its largest CyS consumption (6.9 wt%).

Concerning crystalline hydration products, significantly greater
amounts of hydrogarnet form in NagNTA-activated samples than in the
reference at all ages, with its content increasing proportionally to the
NasNTA dosage. The majority of the hydrogarnet forms during the first
day of hydration, which correlates with the consumption of brownmil-
lerite, suggesting that hydrogarnet primarily forms from the hydration
of brownmillerite. Silica-free Fe-katoite (C-F-H) is a metastable end-
member of the hydrogarnet mineral group that is typically present
only in trace amounts under ambient conditions, plausibly because Fe
(OH)3 precipitates are thermodynamically favored [65,101,110].

Table 6
(Standard) stability constant (Log Ksp) of NTA® and citrate> with common
metals in BOF slag [105,107-109].

Ligand (ions) Cca®t Fedt Mgt APt

Citrate® 3.5 11.2 3.5 8.0
NTA®> 6.4 15.9 5.5 11.4
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Fig. 5. Reaction degrees of brownmillerite and C,S under 0.9 wt% of NagNTA
and 1.0 wt% of TPC (same molar concentration relative to BOF slag) activation.

Hence, the hydroandradite (C-F-S-H) should be the stable form of
Fe-bearing hydrogarnet, which means it contains some Si supplied by
the hydration of C,S. Hydrotalcite shows the opposite trend to hydro-
garnet. At all three investigated ages, it is more abundant in the refer-
ence sample (NOO) than in the NagNTA-activated samples. Wuestite is
the principal likely Mg source for hydrotalcite. However, more wuestite
reacts in the NagNTA-activated samples than in the reference at 1 d. This
apparent discrepancy may be attributed to the intercalation of NTA
(complexes) into the interlayer space of hydrotalcite. This intercalation
can reduce crystallinity, thereby reducing the detectable hydrotalcite
via XRD despite enhanced Mg-bearing precursor (wuestite) dissolution.

To further investigate the hydration products, the TG and derived
DTG curves at 1, 7, and 28 d were recorded and are shown in Fig. 6. The
results indicate that, at all ages, NagNTA-activated samples exhibit
greater total weight loss than the reference sample NOO, particularly at
early ages. Moreover, the extent of weight loss increases with increasing
NasNTA concentration.

Fig. 6a presents the TG and DTG curves at 1 d. The weight loss below
200 °C is commonly attributed to the dehydration of C-S-H [87]. How-
ever, the increase in this range with higher NagNTA dosage is modest
(from 1.9 wt% in NOO and NO9 to 2.3 wt% in N36) and does not fully
correspond to the normalized QXRD results in Table 5, which indicate
more pronounced amorphous phase formation in the activated samples.
Since hydrotalcite is also a major hydration product in this system, its
interlayer water and hydroxyl groups are likely to contribute signifi-
cantly to this weight loss [102,111]. Therefore, the weight loss below
200 °C is attributed to the combined dehydration of C-S-H and hydro-
talcite. The 200-400 °C region primarily corresponds to the dehydrox-
ylation of both hydrogarnet and hydrotalcite [65,102,111-113]. The
associated weight loss increases from 1.1 wt% in NOO to 3.1 wt% in N36,
which is consistent with the increasing sum of hydrogarnet and hydro-
talcite contents (Table 5). The weight loss observed between 400 and
500 °C primarily corresponds to the dehydroxylation of portlandite (CH)
[87,114]. It is low across all samples. The weight loss between 600 and
800 °C is typically attributed to the decarbonation of calcite [87,114].
This loss increases with the NagNTA dosages (from 0.2 wt% in NOO and
NO9 vs. 1.1 wt% in N36). The DTG peak around 700 °C in NOO shifts to
slightly lower temperatures in N09, while in N18 and N36, an additional
peak appears starting at approximately 500 °C. Weight loss between 500
and 600 °C can be attributed to the decarbonation of hydrotalcite
interlayer carbonates [95,102,115]. However, this weight loss increases
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Fig. 6. TG/DTG curves of BOF slag samples at 1, 7, and 28 d.
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with the NagNTA dosage (from 0 in NOO to 0.6 wt% in N36) in this study,
despite the lower hydrotalcite contents. This anomaly may suggest that
the decarboxylation of the (possibly) retained NTA compounds, which
increases with the NagNTA dosage, may also contribute to this weight
loss. Given these observations, the weight loss within 500-800 °C is
classified as the decarbonation or decarboxylation of both 'hydro-
talcite/NTA compounds' (500-600 °C) and 'carbonates' (600-800 °C).
Overall, the results indicate that NagNTA promotes the formation of the
hydrogarnet and NTA-related compounds during early hydration at 1 d.
The weight loss of hydrated samples within the < 200, 200-400,
400-500, and 500-800 °C temperature ranges is presented in Table 7,
based on the above discussion and the inferred phases corresponding to
the weight loss in each temperature range.

The TG/DTG analysis at 7 d is shown in Fig. 6b. The weight loss
below 200 °C shows a slight departure from the 1-day pattern, with the
largest mass loss observed in the reference sample NOO (2.8 wt%). The
weight loss between 200 and 400 °C follows a similar trend to thatat 1 d,
increasing from 2.0 wt% in NOO to 3.4 wt% in N36, consistent with the
greater hydrogarnet/hydrotalcite content in NagNTA-activated speci-
mens. The weight loss ascribed to portlandite (CH) dehydroxylation
(400-500 °C) is similar across all samples, ranging from 0.4 wt% to
0.5 wt%. The weight loss in the 500-800 °C range increases with
NagNTA dosage (0.3 wt% in NO9 to 1.6 wt% in N36). This trend is
consistent with the 1-day result and suggests that the retention of NTA-
related compounds may persist during ongoing hydration. The TG/DTG

Table 7

Mass loss within different temperature ranges of hydrated samples.
Temperature Age NOO loss NO9 loss N18 loss N36 loss
(9] (d (%) (%) (%) (%)
< 200 1 1.9 1.9 2.1 2.3
< 200 7 2.8 2.3 2.5 2.3
< 200 28 3.3 3.2 2.0 2.3
200-400 1 1.1 2.4 2.7 3.1
200-400 7 2.0 2.6 29 3.4
200-400 28 2.2 3.2 3.5 3.6
400-500 1 0.1 0.2 0.3 0.4
400-500 7 0.4 0.4 0.4 0.5
400-500 28 0.5 0.6 0.6 0.5
500-800 1 0.2 0.4 0.8 1.7
500-800 7 0.4 0.3 0.7 1.6
500-800 28 0.2 0.7 1.2 1.9
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profiles at 28 d (Fig. 6¢) exhibit thermal-decomposition features broadly
consistent with those observed at 7 d. Across all temperature intervals,
the mass-loss behaviour follows comparable patterns.

Collectively, these TG/DTG results corroborate the XRD-
characterized phase evolution, indicating enhanced formation of
hydrogarnet and NTA-related compounds under NagNTA activation.

As discussed in the TG analysis, the NTA-related compounds may
remain within the hydrated matrix, which was investigated and is dis-
cussed below based on the FTIR test. As presented in Fig. 8, the ab-
sorption peak at 1598 cm™ in NagNTA-activated samples corresponds to
the stretching vibration of the carboxylic group (R-COO), indicating the
presence of NTA compounds [116,117]. At 1 d, the R-COO" signal and a
pronounced intensity difference could be observed among the three
NasNTA-activated samples, with higher NagNTA doses correlating with
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Fig. 8. FTIR spectra of hydrated BOF slag pastes at 1, 7, and 28 d.
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stronger signals. This NagNTA dose-dependent R-COO~ signal intensity
difference suggests that increased carboxylate content is present in the
solid fraction with higher NagNTA doses. Given our rigorous
solvent-exchange procedure to halt hydration, it is believed that a
fraction of NTA (complexes) is strongly retained by early hydration
products during the first day of hydration. One potential host phase for
NTA (complexes) is hydrotalcite, given its interlayer space that can
accommodate anions. As discussed for the XRD analysis, the intercala-
tion of NTA complexes into interlayers also reduces the crystallinity of
hydrotalcite.

3.3. Mechanical strength and pore properties

The compressive strengths of all samples at 7 and 28 d are presented
in Fig. 9. As observed, NagNTA-activated specimens exhibit significantly
higher compressive strength than the reference (N0O) at both ages. At 7
d, the strengths of activated samples are nearly an order of magnitude
greater than that of NOO, and strength increases systematically with
NagNTA dosage. From 7 to 28 d, the compressive strength of NOO
approximately triples; nevertheless, its 28-day strength remains sub-
stantially lower than that of the NagNTA-activated specimens. At 28 d,
the N36 sample attains the highest strength (35.0 MPa), while the
strength differences among the three activated mixtures are smaller than
those observed at 7 d. These results indicate that NasNTA substantially
accelerates early-age strength development and that, in general, higher
dosages produce greater mechanical gains. Considering the evolution of
hydraulically reactive phases from 7 to 28 d, as shown in Table 5, the
strength gain between 7 and 28 d should be primarily attributable to
continued C,S hydration in both the reference and activated samples.

Pore properties of all hydrated samples, including porosity, mean
pore size, and pore size volume distribution, were characterized through
the MIP test and are presented in Fig. 10. As shown in Fig. 10a, at 7 d,
NagNTA-activated samples exhibit substantially lower porosity than the
reference (NOO); porosity declines progressively with increasing
NagNTA dosage (34.6% in NOO to 20.2% in N36). The mean pore size
follows the same downward trend. After 28 days of hydration, the pores
of all samples are further refined. The effects of NagNTA dosage gener-
ally remain consistent with that observed at 7 d: higher NagNTA con-
centrations lead to lower porosity and reduced mean pore sizes. In
addition to porosity and average pore radius, the influence of NagNTA
on the relative pore size (volume) distribution of each specimen is
illustrated in Fig. 10b. The pores are classified as macropore (>100 nm),
capillary pore (10-100 nm), and gel pore (<10 nm) here [118-121]. At
7 d, NagNTA dramatically reduces the macropore volume fraction from
77% in NOO to 22% in N36, with concomitant increases in capillary and
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Fig. 9. Compressive strength of NTA-activated BOF slag paste.
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gel pore fractions from 22% and 1% (NOO) to 73% and 5% (N36),
respectively. A similar trend is observed at 28 d, with NasNTA-activated
samples exhibiting lower macropore percentages and substantially
higher gel pore percentages compared to NOO. The pore size distribution
of NOO also becomes more refined over time: its macropore volume
fraction decreases, and the capillary pore fraction increases, consistent
with its compressive strength development, which, as discussed previ-
ously, should be primarily attributed to the hydration of CsS.

To comprehensively elucidate the effect of NagNTA on BOF slag
hydration degree and its related effects on porosity and compressive
strength, a Pearson correlation analysis was conducted based on the
QXRD-derived hydration degree (Table 5), porosity (Fig. 10), and
compressive strength (Fig. 9) of 7 and 28-day hydrated samples. The
results are presented in Table 8.

The results show a very strong negative correlation between hydra-
tion degree and porosity (r = —0.962, p < 0.001), a very strong negative
correlation between porosity and compressive strength (r = —0.948,
p < 0.001), and a very strong positive correlation between hydration
degree and compressive strength (r = 0.951, p < 0.001). The correla-
tion relationships indicate that: 1) the advancement of hydration
effectively reduces pore volume through the formation and accumula-
tion of hydrates, 2) porosity is the primary factor governing the

Table 8
Pearson correlation analysis of porosity, compressive strength, and hydration
degree of 7 and 28-day samples.

Porosity Compressive Hydration
strength degree
Porosity Correlation 1.00000 -0.94797* -0.96175*
coefficient
p-value 0.00034 0.00014
Compressive Correlation -0.94797 1.00000 0.95088*
strength coefficient
p-value 0.00034 0.00029
Hydration Correlation -0.96175 0.95088* 1.00000
degree coefficient
p-value 0.00014 0.00029

“ . Correlation is significant at the 0.05 (p-value) level.
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mechanical performance of the hydrated BOF slag system, and 3) the
enhancement in mechanical performance is closely associated with the
progression of hydration reactions and the formation of load-bearing
hydrates. These observations are consistent with the well-established
hydration degree-porosity-strength relationship in cementitious mate-
rials [122-125]. Overall, these findings indicate a clear mechanistic
pathway in NagNTA-activated BOF slag: the enhancement in hydration
degree promotes the formation of C-S-H gel and hydrogarnet, which
progressively fill and refine the pores. This densification improves
load-bearing capacity, thereby increasing compressive strength.

3.4. Leaching potential

As discussed in the introduction, leaching remains a critical concern
when using BOF slag as a building material due to its considerable
amount of potentially hazardous heavy metals, particularly vanadium
(V) and chromium (Cr) [2,4,40,126]. To evaluate the effect of NagNTA
on BOF slag leaching behavior, a one-stage batch leaching test was
conducted on all hydrated samples at 28 d and on the raw BOF slag. The
concentrations of leached Cr and V, the legal thresholds specified by the
Dutch Soil Quality Code (DSQC), and the pH of the leachates are pre-
sented in Table 9 [127].

In BOF slag, Cr primarily exists in the brownmillerite phase in its
trivalent form, substituting Fe in the octahedral coordination site (B-
site), and is partially incorporated into the spinel-type RO solid solution
phase [4,126,128,129]. Due to its stable trivalent state and octahedral
coordination, Cr generally exhibits low mobility and toxicity [126,128].
In contrast, V primarily resides in CyS, replacing Si in the tetrahedral
coordination site in its tetravalent or pentavalent states—both toxic
[129-132]. Additionally, V exists in brownmillerite in its trivalent form,
occupying an octahedral coordination site [126,128,133]. Trivalent
vanadium (V(III) is prone to oxidation, converting to its pentavalent
form (V(V)), the most toxic and mobile state, accompanied by a shift in
coordination symmetry from octahedral to tetrahedral [126,128,132].
Consequently, V generally exhibits a higher leaching tendency than Cr,
frequently appearing in its highly mobile and toxic pentavalent state
[126,128,129]. Furthermore, V is present in significantly higher



Z. Jiang et al.

Table 9
Legal thresholds of the DSQC and tested heavy metal leaching values (pH values
of leachates attached).

Element  DSQC Raw BOF NOO NO9 N18 N36
threshold slag (mg/ (mg/ (mg/ (mg/
(mg/kg) (mg/kg) kg) kg) kg) kg)
Cr 0.63 0.24 0.01 0.01 0.02 0.03
A 1.8 3.66 0.02 0.16 0.12 0.25
pH / 12.2 12.7 12.8 12.7 12.8

Below detection threshold (BDT): Ag, As, Be, Bi, Cd, Co, Cu, Ga, In, Ni, Hg, Pb,
Sb, Se, Sn

concentrations than Cr in the original BOF slag, as illustrated in Table 1.
This higher concentration, coupled with its greater mobility and
toxicity, underscores its environmental risk and necessitates vigilant
monitoring and management.

As shown in Table 9, Cr release from unhydrated BOF slag is
measurable but remains below regulatory limits, whereas V release from
the raw material markedly exceeds the DSQC threshold. In contrast,
leachate concentrations of both Cr and V from 28-day hydrated samples,
both NagNTA-activated and the reference (NOO), are substantially
reduced and lie well below legal thresholds, indicating effective
immobilization during hydration. This immobilization is likely facili-
tated by Fe or Al octahedral coordination sites within hydrogarnet, SiO%
tetrahedral coordination sites in C-S-H, and the interlayer regions of
hydrotalcite [45,134-138].

Considering the effects of NagNTA, the leaching of both Cr and V
generally increases with NagNTA dosage. This trend can be attributed to
the chelation of NTA® with Cr and V, leading to the formation of soluble
(and thus leachable) NTA-metal complexes [54,74,139,140]. Although
the hydration products in BOF slag contribute to immobilizing these
metals, resulting in significantly lower Cr and V leaching than raw BOF
slag, the presence of NagNTA enhances their release relative to the
reference sample NOO. Moreover, V leaching is more affected by NagNTA
than Cr, which may be partially explained by the higher chelation af-
finity of NTA® for V (111, IV, and V) compared to Cr(IIl), as indicated by
the greater stability constants of V-NTA complexes relative to Cr
(IID-NTA [107,108,141]. Additionally, under highly alkaline condi-
tions (pH > 12), V, particularly in its VIV) and V(V) oxidation states,
exhibits higher solubility than Cr(III) which tends to hydrolyze and
precipitate as insoluble hydroxides [142-144]. This greater solubility
makes V more susceptible to chelation by NTA® in alkaline environ-
ments. Another possible explanation for this disparity in leaching
behavior is the distinct phase distribution of Cr and V within BOF slag. A
substantial fraction of Cr is sequestered within the RO phase, limiting its
availability for chelation by NasgNTA. In contrast, V is predominantly
hosted within C,S, where it substitutes for Si in active tetrahedral co-
ordination sites, making it more accessible for complexation and sub-
sequent leaching.

4. Conclusion

This study presents the first investigation of NagNTA as a hydration
activator for BOF slag. Four doses of NagNTA, including a zero dose as
the reference, were applied during the research, and their effects on BOF
slag hydration were comprehensively investigated. The following key
conclusions can be drawn:

1) NasNTA significantly accelerates the early hydration of BOF slag, as
evidenced by pronounced exothermic peaks and substantially
increased cumulative heat release in isothermal calorimetry. Unlike
TPC-activated BOF slag, which exhibits a distinct induction period,
NagNTA-activated samples demonstrate an immediate and vigorous
hydration reaction without an induction phase, highlighting funda-
mental differences in their activation patterns.
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2) The inherent reactivity of the reference BOF slag is very limited; only
small amounts of C2S and wuestite are consumed over time, and the
main reaction products are hydrotalcite and C-S-H gel. Whereas
NagNTA significantly promotes the hydration of the primary poten-
tially reactive phases, brownmillerite and C,S, leading to the for-
mation of crystalline hydrogarnet and C-S-H gel. At high NagNTA
dosages, brownmillerite hydration is nearly complete within one
day, accompanied by significantly enhanced CyS hydration.
Furthermore, FTIR spectroscopy indicates that NTA (complexes) are
rapidly incorporated into the hydrated matrix soon after the onset of
hydration.

3) The activation of NagNTA leads to a denser microstructure of BOF

slag paste, as evidenced by reduced porosity and a finer pore size

distribution, as measured by MIP. These microstructural improve-
ments correlate with substantial enhancements in mechanical per-
formance, with NagNTA-activated samples exhibiting significantly
higher compressive strengths than the reference sample at both 7 and

28 d. Compressive strength and microstructure improvement

generally increase with the NagNTA dosage at each age.

Hydrated BOF slag immobilizes Cr and V well within the solid ma-

trix, resulting in significantly lower leaching than raw BOF slag, with

concentrations well below legal limits. Even so, NagNTA does facil-
itate the leaching of Cr and V, with V leaching being more substan-
tially affected than Cr.
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