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Basic oxygen furnace (BOF) slag contains two potentially hydraulically reactive phases, belite (C2S) and
brownmillerite (C2(A,F)), yet exhibits low reactivity. This study proposes ethylenediaminetetraacetic acid tet-
rasodium salt (Na4EDTA) as a hydration activator and investigates its effects on BOF slag phase evolution, early
hydration kinetics, microstructural development, mechanical properties, and leaching behaviors. The EDTA*~
chelation mechanism in the BOF slag system is also discussed. Results show that Na4EDTA significantly enhances

BOF slag hydration, producing a stand-alone binder with high compressive strength (38.8 MPa at 28 d, v.s. 8.6
MPa of the reference) and reduced porosity. At 4.8 wt% Na4EDTA, brownmillerite reacts almost completely
within one day. Belite hydration is also enhanced, particularly at early ages. The main hydration products are
hydrogarnet and C-S-H gel. EDTA itself is likely partially incorporated into the layered double hydroxides (LDHs)
structure of hydrotalcite. Heavy metal leaching is below the Dutch legal limits.

1. Introduction

BOF slag is a solid waste (by-product) generated during the basic
oxygen furnace (Linz-Donawitz) steelmaking process formed by the
reaction of the fluxes with the impurities in the hot metal and the scrap
[1]. In this process, molten pig iron and steel scraps are transformed into
steel by blowing oxygen and adding fluxes [2]. Lime and dolomite are
added to the furnace as fluxes to remove impurities such as phosphorus
and sulfur and protect the lining [3]. The global production of BOF slag
is estimated to be about 200 million tons annually, accounting for about
60 % of the total steel slag output [4]. Typical main minerals present in
BOF slag are dicalcium silicate (CgS), brownmillerite (Cy(A,F)),
magnetite (Fe304), FeO-MgO-MnO solid solution (RO phase) in the
wuestite structure, and free lime (CaO), as well as possible small
amounts of tricalcium silicate (C3S) [2,5-7]. The general chemical
constituents of BOF slag are CaO (40-60 %), FexO3 (20-40 %), SiO5
(10-20 %), MgO (2-10 %), Aly03 (1-7 %), and MnO (0-4 %), with minor
amounts of P,Os, V50s, Cry03, and TiO- [2,8,9].

The colossal generation and accumulation of BOF slag can cause
numerous environmental problems, such as land waste and potential soil
or water pollution due to the leaching of potentially toxic heavy metals,
especially V and Cr [10-13]. From another point of view, the cement
industry consumes too much energy and mineral resources while
releasing greenhouse gases (CO3 mainly) and other pollutants [14,15].
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Using BOF slag as a stand-alone alternative cementitious material can
efficiently consume and utilize BOF slag and alleviate problems caused
by cement manufacturing. The similar mineral composition to cement,
more specifically, the high content of potentially hydraulically active
phases, brownmillerite and C,S, within BOF slag, provides the possi-
bility for this application [1,2,16,17]. However, the C5S (mainly present
as o and B polymorphs) within BOF slag has limited reactivity, especially
in early ages [2,8,10,16]. The brownmillerite in BOF slag also tends to
be much less reactive than in OPC [8,10,18]. Thus, BOF slag needs to be
adequately activated prior to being used as a stand-alone cementitious
material. The hydration and activation of BOF slag have aroused great
interest in academia, and many activation methods have been investi-
gated, such as thermal and mechanical activation, using chemical acti-
vators (common alkalis, salts, and emerging ligands) [5,8,11,14,17-25].

In order to significantly improve the reactivity of BOF slag for
widespread use as a stand-alone cement-free binder, it is necessary to
start from the root cause of its poor hydration performance. As
mentioned above, despite the abundant presence of CoS (o' + p), its
intrinsic reactivity is relatively low, especially compared with the C3S
that is the main component of OPC. Hydration is further hindered by
impurities (primarily P°*, V°*, and Fe®") [26,27]. In addition to C5S,
abundant brownmillerite (C3(A,F)) (up to 18 wt%, as characterized in
previous research [8,10]) is another potentially hydraulically active
phase within BOF slag. Unlike CyS, which mainly contributes to late
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strength development (after 28 days in Portland cement), brownmil-
lerite (ferrite) quickly dissolves and hydrates when initially in contact
with water in OPC [28,29]. However, the reactivity of brownmillerite
(ferrite) containing large amounts of Fe is very low [8,10]. Additionally,
the non-neglectable incorporation of Ti (around 5 wt% of brownmil-
lerite) also hinders the hydration capacity of brownmillerite [8,10,30].
As discussed previously, several ligands have been explored to overcome
the inherently low reactivity of BOF slag by virtue of their complexation
abilities. Notable examples include tripotassium citrate, sodium oxalate,
ethyl diisopropylamine (EDIPA), triethanolamine (TEA), triisopropa-
nolamine (TIPA), diethanol isopropanolamine (DEIPA) and methyl
diethanolamine (MDEA) [8,11,14,31-34]. They all significantly
enhance BOF (steel) slag hydration (dissolution). In this research, we
introduce Na4EDTA as a novel activator, motivated by its hexadentate
coordination geometry and superior chelation capacity compared to the
aforementioned ligands, as characterized by the high stability constants
of metal.EDTA  complexes [35-41]. Furthermore, ethyl-
enediaminetetraacetic acid (EDTA) and corresponding salts are some of
the most important industrial chelators (ligands) that are produced at a
massive scale and widely used in water treatment, cleaning agents,
cosmetics and personal care products, the food industry, and the phar-
maceutical industry [41-45]. Within the building materials field, the
effects of EDTA or disodium EDTA on OPC, magnesium oxysulfate
cement, and calcium sulphoaluminate-belite cement have been inves-
tigated [46-48]. Na4EDTA is the fully deprotonated tetrasodium salt
form of EDTA, which has the highest chelation power of the EDTA series
and is expected to improve the hydration performance of BOF slag by
promoting the dissolution of potentially hydraulically reactive phases,
brownmillerite and C,S (o + B), through fast adsorption, lone electron
pairs transferring, and resulting crystal lattice disrupting process
[47-51]. Thus, a stand-alone BOF slag binder based on Na4EDTA acti-
vation is first proposed in the research. Varying doses of Na4EDTA are
utilized, and their effects on BOF slag hydration kinetics, phase
composition evolution, mechanical strength, and pore properties are
investigated thoroughly. Multiple techniques, including isothermal
calorimetry, quantitative X-ray diffraction (XRD) and thermogravi-
metric (TG) analysis, compressive strength tests, mercury intrusion
porosimetry (MIP) tests, fourier transform infrared spectroscopy (FTIR)
spectroscopy are applied in the process. To evaluate the leaching pos-
sibility of BOF slag binder with the activation of Na4EDTA, the one-stage
leaching test is performed, and the leached ionic concentrations are
obtained based on the inductively coupled plasma atomic emission
spectrometer (ICP-AES, SPECTROBLUE). Finally, the complexation
mechanism of metal-EDTA is discussed, and the possible EDTA* ([M-
EDTA]"" complexes) incorporation model (into the hydration product
matrix), EDTA-embedded hydrotalcite LDHs, is proposed.

2. Materials, specimens, and methods
2.1. Raw materials and the activator

The BOF slag used in this research was collected from the standard
production line of Tata Steel (The Netherlands) and obtained as 0-5.6
mm size grains after the pretreatments of crushing and sieving. Before
the experiment, it was milled externally. Fig. 1 shows the particle size
distribution of BOF slag powder after milling, measured by laser
diffraction spectroscopy (Mastersizer 2000, Malvern). The dso is 10.4
pm, and the specific surface area is 333 m?/kg. The density of the BOF
slag is 3.67 g/cm®, tested by a Helium pycnometer (AccuPyc™ II 1340).
The quantitative chemical and mineralogical compositions are pre-
sented in Table 1, characterized by the XRF (Epsilon 3, Malvern PAN-
alytical) and the XRD (D4 Endeavor, Bruker), respectively.

The activator, Na4EDTA (C;oH12N20gNay), is a highly soluble white
solid. Its solubility is 500 g/L water (at 20 °C), much higher than
NazEDTA (C10H14N203Na2) and EDTA (C10H16N203) (105 g/L and 0.1
g/L at 20 °C, respectively) [52], which is beneficial for the application of
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Fig. 1. Particle size distribution of BOF slag.
Table 1

Chemical and mineralogical compositions of raw BOF slag.

Chemical compositions Content (at.%) Minerals Content (wt%)
CaO 40.54 Wouestite 21.9
Fe,03 26.52 Magnetite 4.5
SiO, 14.50 Brownmillerite 13.0
MgO 7.56 CoS (o + P) 35.4
MnO 4.52 Lime 0.7
Al,03 1.77 Portlandite 0.6
TiO, 1.64 Calcite 0.3
V505 0.93 Amorphous 23.6
P,0s 1.61

Cry03 0.30

Na,O 0.11

GOI" 1000 1.4

# Mass gain of ignition (GOI) after BOF slag is heated up to 1000 °C, most
likely due to the oxidation of divalent metal ions such as divalent iron.

activator. Additionally, the pH of a 1 wt% solution of Na4EDTA (11.3) is
much higher than that of NagEDTA (5.0-5.5), which is more favorable
for forming and stabilizing hydration products in a Portland cement-
similar system [52]. Na4EDTA has the highest chelation power within
the EDTA compound series because its four carboxyl groups are depro-
tonated [49]. It is also an intermediate in the commercial synthesis of
EDTA, making it highly available [52]. Thus, it was selected from the
EDTA compound series to act as the activator in the research. Its
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Fig. 2. Chemical structure of NayEDTA.



Z. Jiang et al.

chemical structure is presented in Fig. 2. The technical grade (purity
>98 %) monohydrate form of Na4EDTA (CjoH;2N2NasOg-H20) was
purchased from Thermo Scientific and used in the research.

2.2. Sample preparation

BOF slag pastes activated by different concentrations of Na4EDTA
were made and cured until the designed dates, as presented in Table 2.
The 1.2 wt% Na4EDTA is equivalent to 1.0 wt% Ks-Citrate (a ligand
activator proposed in [8]) in molar terms, which was determined for
related discussions in Section 3.5. The sample without Na4EDTA addi-
tion (EOO, containing only water) was set as the reference group. Its
higher w/b ratio, 0.24, was chosen based on the preliminary test results
to achieve adequate and similar workability as NasEDTA-activated
specimens. First, the Na4EDTA was added to deionized water, stirred,
and then cooled to ambient temperature. After that, the Na4EDTA so-
lution was mixed with the BOF slag powder in a stainless steel mixer in
accordance with EN 196-1 [53]. The paste was stirred for 1 min at low
speed and then 2 min at high speed to ensure uniformity. Subsequently,
the mixture was cast into a 40 mm x 40 mm x 160 mm prism mold and
vibrated 30 times in the jolting apparatus, conforming to EN 196-1 [53].
Then, it was covered with plastic film and stored in a curing box where
open bottles containing 1 M NaOH solutions were located to minimize
carbonation. The box was placed in a standard curing room (20 °C +
1 °C and 95 % RH) [53]. After 1 d of casting, all samples were
demoulded from the prism mold, and the samples for 7 d and 28
d analysis were sealed with plastic film again and put back into the
curing box and room until the designed dates. The demoulded 1 d sam-
ple was crushed into small pieces (<1 mm) and immersed in isopropanol
for 2 days first and then flushed by diethyl ether in a vacuum filtering
pump and then put in the vacuum drying oven at 40 °C for 12 h for
hydration stoppage and further characterization analysis. When 7 d and
28 d were reached, the plastic film was removed, and the compressive
strength of the samples was tested according to EN 196-1 [53]. The same
hydration stoppage procedure was conducted on the crushed fractions
after the mechanical test for further characterization.

2.3. Investigation methods

2.3.1. Isothermal calorimetry

The hydration heat of all samples was tracked and recorded by an
isothermal conduction microcalorimeter (TAM Air, Thermometric) at a
constant 20 °C to investigate the effects of Na4EDTA on early-age hy-
dration kinetics of BOF slag. The Na4EDTA concentrations and water/
binder (BOF slag) mass ratio are given in Table 2. The BOF slag powder
was put into the ampoule first, and then the pre-mixed Na4EDTA solu-
tion was injected inside by the syringe. The mixture was homogenized
into a paste by an automatic shaker (TopMix FB15024, Fisher Scientific)
and put into the calorimeter immediately. The heat flow baseline was
collected in advance to ensure stable conditions. The heat evolution was
recorded for 7 days. It needs to be noted that the heat flow data was only

Table 2
Mix design of BOF slag pastes with different Na,EDTA concentrations.

Samples Water/binder ratio Na4EDTA (wt% of BOF slag) Curing time (d)

E00 0.24 0.0 1
7
28
E12 0.18 1.2 1
7
28
E24 0.18 2.4 1
7
28
E48 0.18 4.8 1
7
28

Cement and Concrete Research 198 (2025) 107983

integrated after 45 min of inserting the sample to calculate the accu-
mulative heat release accurately. Both heat flow and accumulative heat
release were normalized according to the mass of BOF slag powder.

2.3.2. XRD

The XRD measurement and the quantitative Rietveld refinement
were executed to understand the evolution of mineral composition
during BOF slag binder hydration with the addition of Na4EDTA. After
the hydration stoppage described in Section 2.2, the BOF slag paste was
milled (240 r/m, 10 min) by a planetary ball mill (Pulverisette 5,
Fritsch) into powders. The powder was further co-ground with Si pow-
der (325 mesh, Merck Life Science NV, as the internal standard) by an
XRD mill (McCrone, RETSCH) for the quantitative analysis [54]. The
amount of the Si powder was 10 % of the unspiked sample. The raw BOF
slag powder also underwent the same co-grinding procedure with Si for
characterization. The XRD pattern was obtained by an X-ray Diffrac-
tometer (D4 ENDEAVOR, Bruker) equipped with a LynxEye detector and
Co X-ray tube. The experiment was conducted at a stage rotation speed
of 30 rpm with a 20 step size of 0.014° per 1.5 s within the 20 range of
5-100°. XRD phase identification and quantitative composition deter-
mination were conducted by DIFFRAC.EVA software (Bruker) and
TOPAS software (Bruker), respectively.

The total mass of solids (after hydration stoppage) changes at
different ages of BOF slag hydration since the water is (chemically)
bound into hydration products [55]. For a common basis of comparison,
the Rietveld refinement results of hydrated samples were corrected
(rescaled) into the anhydrous state based on the equation below:

Wrescaled = WRietveld (1 - H2 Obound) (1)

The amount of HyOpoung Was calculated from the mass loss (%) below
500 °C in TG analysis (Fig. 7).

The overall hydration degree at each age was calculated by
comparing the sum of residual anhydrous phases (wuestite, brownmil-
lerite, C5S (o + B), and lime) with the sum of initial anhydrous phases
[55], as shown in equation:

W,
Hydration degree = (1 - M) x 100% (2
Z Wraw,anhydrous

Phase contents are based on the (rescaled) QXRD results.

2.3.3. TG

The TG/DTG analysis was conducted on the powdered specimen, the
same as the XRD analysis (without co-grinding with Si). It was put into
the corundum crucible and heated in the TG machine (STA 449 F1
Jupiter, NETZSCH) from 50 °C to 1000 °C at 10 °C/min with the Nj as
the protective atmosphere.

2.3.4. FTIR

The FTIR spectra of hydrated samples at 1 and 28 d were obtained by
the Mid-IR scanning (MIR/FIR Spectrometer, PerkinElmer Frontier)
based on the attenuated total reflection method (GladiATR). The
hydration-stopped and powdered specimens were scanned 20 times

between the range of 4000 to 400 cm ™" at the resolution of 1 cm ™.

2.3.5. Compressive strength test

The compressive strength of all BOF slag pastes was tested at 7 and
28 d by the strength-testing bench (Controls Automax 5, model 65-
L1152/LC) complying with EN 196-1 [56]. Six duplicates were tested
for each mix. The average compressive strength and the standard devi-
ation for each mix were recorded.

2.3.6. MIP

Similar to the compressive strength test, Mercury Intrusion Poros-
imetry (MIP) tests were conducted on samples hydrated for 7d and 28d.
Only 1-4 mm grains were sieved out for measurement after the



Z. Jiang et al.

hydration-stoppage and drying process to minimize the size or ink-bottle
effect [57,58]. The porosimeter is AutoPore IV 9500 (Micromeritics)
with a maximum working pressure of 228 MPa. The Hg-solid contact
angle is 130°, and the Hg surface tension is 485 mN/m.

2.3.7. Leaching analysis

The one-stage batch leaching test was implemented on samples after
28 days of hydration according to EN 12457-2 [59]. Firstly, the hy-
drated paste was crushed and sieved below 4 mm. The sieved fraction
was mixed with deionized water (0.055 pS/cm) at a liquid-to-solid ratio
of 10 L/kg. The mixture was agitated by a shaker (ES SM-30, Edmund
Buhler) at 300 r/m for 24 h. After shaking and 15 min of settling the
suspension, the supernatant was filtered by a 0.2 pm syringe filter
(Puradisc™ 25) and acidified by concentrated HNOs. Finally, the fil-
trates were analyzed by an inductively coupled plasma atomic emission
spectrometer (ICP-AES, SPECTROBLUE) to determine element
concentrations.

3. Results and discussion
3.1. Phase assemblage evolution

The XRD patterns of raw BOF slag and hydrated specimens at
different ages are shown in Fig. 3, where the main peaks of the major
mineral phases were labeled. The quantitative mineral compositions of
all samples (excluding Si) determined by Rietveld refinement, as well as
the two numerical criteria of fitting, Rwp (residual weighted profile) and
GOF (goodness of fit), are shown in Appendix A. Generally, the Rietveld
refinement provides a satisfying fitting for XRD patterns of all samples,
with GOF range between 1 and 2 and Rwp far below 10 % [55,60]. The
rescaled (normalized by raw anhydrous BOF slag, as described in Section
2.3.2) mineral compositions are illustrated in Table 3. Typically, the raw
BOF slag is highly crystalline after cooling and solidification [10,61].
However, as seen in Appendix A, there is a significant amount of
amorphous phase within raw BOF slag, which could be due to the
(partial) amorphization of crystalline phases after disk milling and
further XRD milling [62]. It is most likely that the primary source of
these amorphized crystalline phases is C,S, as indicated by a comparison
between the large-area phase mapping analysis based on the PhAse
Recognition and Characterization (PARC) software and XRD Rietveld
refinement [8,10]. The PARC software was previously described in

T
=

=y

HG

HG
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detail [63].

As can be seen from Fig. 3 and Table 3, the main crystalline hydra-
tion products of BOF slag (with or without Na4EDTA activation) are the
hydrogarnet, accompanied by a small amount of hydrotalcite. The
introduction of Na4EDTA does not alter the species of hydration prod-
ucts. Hydrogarnets are a series of minerals with the common general
chemical formula Caz(AlFe; _4)2(Si04)y(OH)4(3_y) that consist of linked
polyhedral [8] [66]. It is observed in hydrated OPC systems or calcium
aluminate blended cement incorporating iron-rich slag [28,64]. Due to
the (partial or complete) inter-substitution of AI** and Fe™, Sioﬁ’ and
40H7, it is hard to determine the definite chemical formula of hydro-
garnet, and the peaks of hydrogarnet in the XRD pattern tend to be broad
[8,10]. Besides, within silica-free hydrogarnets, the C3FHg (Fe-katoite)
is an unstable phase [29]. Thus, to quantify hydrogarnet accurately
within hydrated BOF slag, two crystal structures (end-members), katoite
(Ca3Aly(OH) 2, ICSD# 202315) and hydroandradite (CasFey(-
Si04)1.15(OH)7 4, ICSD# 29247) were applied in the Rietveld refinement
process without inclusion of the C3FHg (Fe-katoite). Likewise, the situ-
ation also applies to another crystalline hydration product, the hydro-
talcite (series), which is a kind of (distorted) brucite-like layered double
hydroxides (LDHs) with the general formula MggAl, <Fey,(CO3)y(OH)(18.
2y)NH20 that consists of [(MZEM3T)(OH),]1*" main layers and interca-
lated anions. Due to the possible substitution of Mgt by trivalent cat-
ions (AI** and Fe®*) within double-hydroxide main layers, Cco%~, OH™
(also other possible anions) and water molecules are incorporated in the
interlayer region to compensate for the net positive charge in this case
[65]. It is also hard to determine the actual substitution ratio of Mg2+ by
AIP* and Fe3*, as well as the anion species and ratios. Hence, two end
members hydrotalcite (Mg0‘667A10'333)(OH)z(CO3)0.157(H20)0,5, ICSD#
81963) and pyroaurite (MggFea(OH)16(CO3)(H20)45, ICSD# 80876)
were used in the Rietveld refinement [65]. Hereinafter, hydrogarnet and
hydrotalcite refer to the hydrogarnet and hydrotalcite mineral series for
discussion. Also, C,S stands for CaS (o + PB).

According to Table 3, C5S decreases significantly from 35.4 wt% in
raw BOF slag to 24.6 wt% in sample E48 after 1 day of hydration. In
contrast, in samples with low doses or without Na4EDTA application,
less or almost no CsS has reacted. As described in the introduction, this
should be mainly attributed to its intrinsic low early hydration reactivity
and the embedded impurities. Introducing Na4EDTA (especially high
dose) significantly promotes the early depletion of CyS. The corre-
sponding hydration product should be mainly the amorphous C-S-H
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Fig. 3. XRD patterns (global and locally zoomed-in views) of raw BOF slag and hydrated samples (Legends mean: B-Brownmillerite, C-C,S (belite), M-Magnetite, W-
Wuestite, HT-hydrotalcite (series), HG-Hydrogarnet (series), P-Portlandite, S-Si).



Z. Jiang et al. Cement and Concrete Research 198 (2025) 107983

Table 3
Quantitative mineralogical compositions of raw and corrected (rescaled) hydrated BOF slag (g/100 g of raw anhydrous BOF slag). [Anhydrous] represents the sum of
four (rescaled) (residual) anhydrous phases: wuestite, brownmillerite, C,S (o + B), and lime.

Phase Raw BOF 1d 7d 28d

E00 E12 E24 E48 EO00 E12 E24 E48 E0O0 E12 E24 E48
Wuestite 21.9 20.8 18.4 15.3 14.3 19.8 14.1 13.9 13.1 18.2 15.6 14.0 14.4
Magnetite 4.9 4.9 4.1 4.3 3.7 4.8 4.1 3.6 3.7 4.7 3.9 3.6 3.6
Brownmillerite 13.0 11.6 6.6 5.4 3.6 10.5 5.4 5.3 4.0 10.5 4.9 3.7 3.5
CoS (o + B) 35.4 33.9 30.5 27.8 24.6 30.4 27.3 249 24.4 27.9 24.7 23.8 21.0
Hydrogarnet 0.0 1.6 5.0 8.9 8.6 2.3 7.9 9.2 11.2 2.8 8.6 11.4 11.6
Hydrotalcite 0.0 1.9 2.8 4.1 3.7 3.1 2.9 2.2 2.7 3.3 2.5 3.1 3.4
Lime 0.7 0.1 0.3 0.2 0.4 0.1 0.1 0.6 0.3 0.2 0.3 0.3 0.1
Portlandite 0.2 0.1 0.1 0.2 0.4 0.7 0.1 0.3 0.6 1.1 0.4 0.9 0.7
Calcite 0.3 0.3 0.5 0.9 0.6 0.5 0.6 0.8 0.8 0.8 0.9 0.8 1.0
Amorphous 23.6 21.9 27.6 26.2 33.9 22.6 31.9 33.3 31.6 24.3 31.8 32.0 32.5
[Anhydrous] 71.0 66.3 55.9 48.7 42.9 60.9 46.9 44.6 41.8 56.8 45.5 41.8 39.0

phase and a minor portlandite [5,10,16,67]. This inference could be
verified by the higher amorphous content within E48 while also con-
taining a similar amount of crystalline hydration products (hydrogarnet
and hydrotalcite) as E24. From 1 to 7 d, C;S within E12 and E24 is
consumed further, while the amount in E48 remains stable. The CsS in
the control specimen EOO also decreases from 33.9 to 30.4 wt%. At 28 d,
the situation is similar to 1 d: the C»S content is lower in samples with a
higher Na4EDTA dosage. It also needs to be noted that, as discussed
above, part of the CpS may exist as amorphous content in the unreacted
slag. It is, therefore, difficult to tell how much of the amorphous content
in the hydrated samples is due to newly generated hydration products
and how much of the original amorphous C5S is still present. Even so,
according to Fig. 3 and Table 3, Na4EDTA has distinct effects on the
formation of hydrogarnet and hydrotalcite. Na4EDTA promotes the
formation of hydrogarnet at each age, while at later ages (7 and 28 d),
Na4EDTA inhibits the formation of hydrotalcite instead. Considering the
different compositions of hydrogarnet (Caz(AliFe;_x)2(SiO4)y(OH)4
(3-y)) (Si-bearing) and hydrotalcite (MggAlzxFex(CO3)y(OH)(1s.
2y)NH0) (Si-free), this indirectly suggests that Na4yEDTA significantly
promotes the dissolution of CyS in BOF slag, thereby promoting the
formation of C-S-H and hydrogarnet.

Brownmillerite presents a different trend from C,S. Within all
Na4EDTA-activated samples, its hydration is almost entirely completed
after 1 d. For example, the brownmillerite decreases from 13.0 wt% to
3.6 wt% in E48. This effect is enhanced as the Na4EDTA content in-
creases. At later ages, the brownmillerite depletes further slightly in E12
and E24 and stays almost constant within E48. In comparison, in E0O,
the brownmillerite shows little reduction during the whole hydration
period due to its low reactivity. Obviously, Na4EDTA has a significant
promoting effect on brownmillerite hydration (depletion), and most of
the reaction occurs within one day. This effect is enhanced as the
Na4EDTA content increases, although brownmillerite hydration is
already prominently enhanced at just 1.2 wt% Na4EDTA. In contrast,
C,S dissolves significantly only at the highest dose of Na4EDTA. Since
the hydration capacity of brownmillerite itself is deficient, it can be
inferred that, in the BOF slag system, EDTA*~ tends to preferentially
promote the dissolution of brownmillerite before C,S. This phenomenon
can be attributed to the decreasing chelation (complexation) affinity of
EDTA*™ for metals from iron to calcium [48,68,69], which is discussed
in more detail in Section 3.5.

Another iron-based mineral, wuestite, presented a similar trend as
brownmillerite, though with a much lower hydration degree. In E24 and
E48, most of the wuestite dissolution finishes within the first day, and
after that, little further reaction is observed. In contrast, the content of
wuestite does not decrease noticeably within E12 until 7 d. It seems that
a high dose of Na4EDTA also improves the dissolution and total hydra-
tion extent of wustite. The wuestite content in E00 also shows a minor
decrease with the increase of hydration age, which could be attributed to
the reaction of Mg [70,71]. As the hydration continues, pH increases,

which favors the dissolution of the wuestite that hosts Mg [72,73]. After
just 1 day of hydration, within E24 and E48, the majority of the crys-
talline hydration products have formed. Between 1 and 28 d, their
content remains relatively stable or only slightly increases. Their for-
mation trend is generally consistent with the hydration (consumption)
of brownmillerite and wuestite which are the source of the Fe and, to a
much lesser extent, Al in the hydration products.

In all hydrated samples, little portlandite is generated. However, at 7
and 28 d, in the reference sample E00, portlandite shows a slightly
stronger peak than in NajEDTA-activated samples. As discussed above,
the hydration of CyS is significantly enhanced within high-dose-
Na4EDTA-activated samples, and the corresponding amorphous product
(C-S-H gel) increases accordingly. The lower portlandite formation
within NasEDTA-activated specimens could be attributed to the (partial)
capture of calcium ions by EDTA*~ and related possible inhibition of
portlandite nucleation and growth [74].

Fig. 4 gives the overall hydration degree of all samples at three ages
based on Eq. (2) and the sum of four residual anhydrous phases
expressed as [anhydrous] in Table 3. It is clear that Na4EDTA signifi-
cantly promotes the hydration of the whole BOF slag, especially at early
ages, and the enhancement effect increases with the increase of
Na4EDTA dosage. For example, after only 1 d, 39.6 % of the E48 sample
hydrates, while the hydration degree of the control sample E0O is only
6.6 %. With age increase, E48 does not show a significant increase in
hydration degree, while the samples with lower Na4EDTA doses show a
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Fig. 4. Hydration degree calculated based on the sum of four residual anhy-
drous phases.
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more obvious increase.

TG/DTG analysis was conducted to supplement the QXRD analysis.
Fig. 5 shows TG/DTG curves of NasEDTA-activated BOF slag pastes
compared with the control sample E0O at 1, 7, and 28 d. All Na4EDTA-
activated specimens present higher total mass loss than the control
sample EOO at any age, and the mass loss increases with the doses of
Na4EDTA. For example, after 1 day of hydration, it increases from 3.1 wt
% in E12 to 9.1 wt% in E48.

The mass loss below 200 °C could be most likely attributed to the
dehydration of the C-S-H phase [55,75]. After 1 day of hydration,
Na4EDTA evidently enhances the formation of the C-S-H phase, though
this promotion effect does not demonstrate a strict linear correlation
with increasing Na4EDTA dosage. As hydration progresses, this pro-
moting effect becomes less pronounced while still discernible, which is
consistent with the QXRD analysis.

The mass loss between 200 °C to 400 °C can be attributed to the
water loss of hydrogarnet and hydrotalcite [29,76], including the
gradual loss of interlayer water (for hydrotalcite) and hydroxyl groups
dehydroxylation (for both phases). Across all hydration ages, the
introduction of Na4EDTA promotes the formation of these two main
crystalline hydration products, and the amount increases with the in-
crease of Na4EDTA dosage. For instance, the mass loss ranges from 1.1
wt% in the reference sample E0O to 2.6 wt% in E48 at 1 d. The enhanced
formation of hydrogarnet and hydrotalcite in Na4EDTA-activated sam-
ples primarily takes place within the first day. Beyond this initial period,
minimal changes are observed, while the hydration continues at later
ages. The overall trend is generally in agreement with the XRD analysis.
The peak at around 465 °C could be easily attributed to the decompo-
sition of portlandite [30,77]. It is more apparent at later hydration ages
(7 and 28 d) in the reference sample E00, which also correlates well with
the XRD analysis.

The mass loss between 600 and 800 °C is typically for the decar-
bonation of calcium carbonate, as clearly shown by the 1d EO0 DTG
curve in Fig. 5a [78,79]. However, in addition to the decarbonation of
calcium carbonate, within 500 to 800 °C, a more significant mass loss
can be observed for the NasEDTA-activated samples, and this mass loss
generally increases with the Na4EDTA dosage at each age. According to
the QXRD analysis, introducing Na4EDTA does not cause a significant
difference in the calcium carbonate content between corresponding
Na4EDTA-activated samples and the reference specimen. It can be
inferred that the enhanced mass loss here is possibly caused by the
decarbonation of carbonate anions from the interlayer of hydrotalcite
[65,80]. However, at later ages, the reference sample E0O has a slightly
higher amount of hydrotalcite than most Na4EDTA-activated specimens,
as shown in Table 3. Hence, it is reasonable to infer that the EDTA
complexes themselves contribute to the mass loss within this tempera-
ture range due to their decomposition [81]. The difference in mass loss
within 500 to 800 °C between the reference sample and Na4EDTA-
activated specimens is getting larger with age. For example, the differ-
ence between E00 and E48 increases from 2.2 wt% at 1 d to 2.9 wt% at
28 d. It indicates that, as the hydration proceeds, the EDTA complexes
are more incorporated into the hydration products. Otherwise, unbound
EDTA complexes are removed when the hydration of the sample is
stopped.

The FTIR-ATR test was performed to verify this conjecture, and the
spectra are presented in Fig. 6. The infrared peaks at 1587 cm™! in
Na4EDTA-activated pastes can be attributed to the asymmetric stretch-
ing vibration of the COO™ group, which indicates the presence of EDTA
(complexes) within the hydration products [82-84]. As shown in Fig. 6a,
at 1 d, the V,5(COO™) peak could be easily observed, but it does not show
a pronounced difference among the samples activated by different
Na4EDTA concentrations. This situation indicates a weak retention of
EDTA (complexes), which is as expected and could be attributed to the
high solubility of [M-EDTA]™" complexes [50]. At 28 d, samples from
E12, E24, and E48 show increasingly stronger V,s(COO ) absorption
peaks, which reveals prominently enhanced incorporation degree of

Cement and Concrete Research 198 (2025) 107983

14 ——E00-TG ——E12-TG ——E24-TG ——E48-TG
a) — —E00-DTG— —E12-DTG— —E24-DTG— —E48-DTG
100 ' b ! '
95 1 Lo
| | =
< ] L £
< b 2
8 T s
o 1 | |
- o £
\ \ \I/f, | |
80 - \ ; ! ! Carbonates!
I | Hydrogarnet ' Hydrotalcite _!
‘l /‘Hydrotalcne‘ /EDTA compounds L.1.0
75 | | | | |
i N i .
0 200 400 600 800 1000
Furnace Temperature (°C)
b)7d ——E00-TG ——E12-TG ——E24-TG ——E48-TG
) — —E00-DTG— —E12-DTG— —E24-DTG— —E48-DTG
100 ' b ! '
9 — :
=
< %7 E
< 2
S 85 ‘ =
o 7 | i |
- W AT e N : =
\\\\ z # Portlandite | | 05 o
80 4 N 1 ff—= | | Carbonates; Y.
"hl ! ! ' Hydrotalcite !
I | /EDTAcompounds
fl, Hydrogarnet! | | | +-1.0
754 \ [Hydrotalcite, | | |
: S S
0 200 400 600 800 1000
Furnace Temperature (°C)
28 d ——E00-TG ——E12-TG ——E24-TG ——E48-TG
C) — —E00-DTG— —E12-DTG— —E24-DTG— —E48-DTG
100 |
95 |
=
< 97 £
> 2
s 85 =
= 2
Portlandit e
80 \\ ! - ! ! Carbonates!
1 | Hydrotalcite |
i EDT/-\ compounds
[I Hydrogarnet‘ ! ! ! --1.0
75+ ] /Hydrotalcnte‘ ! ! !
o : :
200 400 600 800 1000

Furnace Temperature (°C)

Fig. 5. TG/DTG curves of hydrated BOF slag paste at 1, 7, and 28 d.



Z. Jiang et al. Cement and Concrete Research 198 (2025) 107983
a)1d 1587 b) 28 d
— ————\_
S RS e S
.ﬂ.. -
———
)
o [ ———
5 - —
= 1dE48
£ —— 1dE24 28dE48
S —— 1dE12 —— 28dE24
[= —— 1dE00 ——28dE12
Raw —— 28dEO0
T T T T T T
4000 1500 1000 500 4000 1500 1000 500

Wavenumbers (cm™")

Wavenumbers (cm™)

Fig. 6. FTIR spectra of hydrated BOF slag pastes and raw BOF slag.

EDTA (complexes) into the hydration product. The interlayer region of
the hydrotalcite is possibly the leading retention location of EDTA
(complexes) [85], as analyzed in Section 3.5 and shown in Appendix C.
Based on the above analysis, the mass loss between 500 and 800 °C is
categorized as hydrotalcite/EDTA compounds.

Typically, in cementitious systems, mass loss below 600 °C is cate-
gorized as the loss of water [55]. Here, as discussed above, the mass loss
of 500-600 °C is possibly related to the decarbonates or decarboxylates
of hydrotalcite and EDTA compounds in this specific system. The mass
loss below 500 °C (H2Opound as described in Section 2.3.2) of all hy-
drated specimens at different ages was calculated and presented in
Fig. 7. This generally indicates enhanced hydration in NayEDTA-acti-
vated samples at all stages, and it is particularly strong at early ages
(particularly at 1 d).

3.2. Early hydration kinetics

Fig. 8 demonstrates the heat flow and cumulative heat release curves
(normalized by mass of BOF slag) of all specimens during the first 72 h
and 7 d, respectively. As shown in Fig. 8a, the control sample EOO shows
no noticeable exothermic peak at early ages. In the first 5 h, the heat
flow curves of NasEDTA-activated samples basically overlap and are
much higher than that of the reference sample E00, which indicates a
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Fig. 7. Mass loss below 500 °C (H2Opound) Of hydrated samples after TG/
DTG analysis.

much more prominent dissolution of reactive phases within Na4EDTA-
activated specimens. The introduction of NasEDTA also induces pro-
nounced hydration peaks after initial dissolution heat release. There are
no apparent induction periods before the main hydration heat peaks, as
discussed in detail later. It can be inferred that EDTA*" acts as an acti-
vator and accelerator in the BOF slag system, even in early hydration.
The trend is distinct from the findings in other cementitious systems,
such as OPC, calcium sulphoaluminate belite cement (CSBC), and
magnesium oxysulfate (MOS) cement, where EDTA (or its salt de-
rivatives) retards the early age hydration [46-48], which should be
attributed to the enormous difference in chemical composition between
them and BOF slag, with BOF slag containing much more iron and
elevated levels of unfavorable elements such as Mn, Ti, and V. For
example, OPC typically contains only ~2-3 wt% FeO3 (e.g., 2.9 or 2.75
wt% in CEM I 42.5 Portland cement) [86,87], whereas BOF slag contains
20-40 wt% Fe203. In OPC, the major matrix-constituting elements, Ca,
Si, and Al, have good solubilities themselves. Hence, the chelation with
EDTA*™ actually increases the amount of time needed to achieve su-
persaturation of the aqueous environment, thus hindering the nucle-
ation and growth of relevant hydration products [88,89]. By contrast,
BOF slag is much less reactive, and EDTA*" tends to preferentially
chelate with Fe and other unfavorable elements (e.g., Mn, Ti, and V)
rather than Ca due to EDTA*" higher chelation affinities toward Fe and
these elements [50,68,90], as discussed in Section 3.5. This preferential
chelation (sequestration) enhances the dissolution of silicate and ferrite
phases, accelerates the release of SiO4~, and promotes the rapid for-
mation of hydrogarnet and C-S-H.

For E12, the two prominent heat release peaks appear at 6.5 h and
11 h, which could be mainly attributed to the hydration of brownmil-
lerite and relevant product formation based on the intrinsic hydration
rate discussion in the introduction and the 1 d QXRD analysis. The in-
crease of Na4EDTA dosage retards these two peaks in E24 and E48 and
reduces the peak height, indicating a relatively similar retardation effect
as observed in other cementitious systems, which may be due to the
partial chemical blocking of frame-forming metal ions by excessive
EDTA*", as analyzed in Section 3.5. Another relatively pronounced
exothermic peak appears in E48 at around 24 h (slightly later and
apparently lower in E24), which, combined with the 1 d QXRD analysis,
can be primarily attributed to the hydration of C,S. Na4EDTA-activated
samples also present a much higher cumulative heat release than the
reference EOO after 7 days of hydration, as shown in Fig. 8b. These
indicate the apparent promotion effects of Na4EDTA on BOF slag early
hydration and are consistent with the QXRD and TG/DTG analysis. As
mentioned before, there is almost no induction stage for the exothermic
curves of NayEDTA-activated samples. In other words, with NaysEDTA,
the concentration of hydration product-constituting ions (primarily
Ca%* and SiO4~ in this specific system) in the aqueous environment
reaches saturation and starts to precipitate quickly. This phenomenon
should be attributed to the fast adsorption and extraordinary chelation
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Fig. 8. Heat flow and cumulative heat of BOF slag paste early hydration (with/without Na4EDTA).

capacity of EDTA*™ and its higher affinity to Fe and other unfavorable
elements (such as Mn, Ti, V) compared to Ca [50,68,90]. As discussed
above, while Na4EDTA chelates Fe and other unfavorable elements, it
promotes the dissolution of hydraulically reactive phases (brownmil-
lerite and silicates) and increases the Ca and Si concentration in the
solution, which leads to quicker saturation and promotes hydrogarnet
and C-S-H precipitation. The distinct affinities of EDTA*~ to different
metals will be discussed in Section 3.5.

3.3. Microstructural and mechanical properties

For cementitious materials, porosimetry is a vital property affecting
both mechanical performance and durability. Based on the MIP test, the
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total porosity and pore size distribution of all BOF slag pastes at 7 and 28
d are shown in Fig. 9. As shown in Fig. 9a, Na4EDTA-activated specimens
illustrate lower total porosities than the reference sample E0O at each
age. Besides, at 28 d, E48 shows a much lower total porosity, 14.9 %,
compared with the reference or specimens activated by lower concen-
trations of Na4EDTA. Based on the pore size, pores are categorized as gel
pore (<10 nm), middle capillary pore (10-50 nm), capillary pore
(50-100 nm), and macro pore (>100 nm) here [91,92]. Fig. 9b presents
the pore size distribution according to this classification criteria. In
general, it can be seen that using Na4EDTA reduces the total porosity
and refines the pore size distribution of the samples. At 7 d, in Na4EDTA-
activated specimens, compared with the control sample E00, the pro-
portion of macro pores is significantly reduced, and that of the middle
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Fig. 9. Total porosity and pore size distribution of all BOF slag paste at 7 and 28 d.
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capillary pore increases prominently. There is also a slight increase in
the proportion of gel pores. After 28 days of hydration, the pore distri-
bution of the reference sample is also refined, but the ratio of macro
pores and capillary pores is still high. In contrast, compared with the EOO
sample, the capillary pores proportion of NasEDTA-activated samples
decreases, with the proportion of middle capillary and gel pores
increasing significantly. Overall, according to the MIP test results, it can
be concluded that the activation of Na4EDTA reduces the total porosity
and refines the pore size distribution, which agrees well with the phase
assemblage characterizations.

The compressive strength of all hydrated samples at 7 and 28 d is
presented in Fig. 10 to illustrate the effects of Na4,EDTA on the macro-
scopic mechanical performance of the stand-alone BOF slag binder. It is
clear that without Na4EDTA activation, the control sample EOO only
gains insufficient strength, 2.9 MPa, at 7 d. After 28 days, the value for
E0O increases compared with that of 7 d, yet it is still unsatisfactory. In
contrast, all NasEDTA-activated specimens present an order of magni-
tude higher compressive strength than the reference sample E00 at 7 d.
As discussed in Section 3.1, this phenomenon should be primarily
attributed to the markedly enhanced dissolution of silicate and signifi-
cantly promoted formation of C-S-H and hydrogarnet. Nay,EDTA-acti-
vated samples also show an evident compressive strength increase from
7 to 28 d. However, the increase rate is not as significant as that of the
reference sample E00, which is to be expected and should be attributed
to the prominently enhanced early hydration degree with the usage of
Na4EDTA, which correlates well with the previous analysis. In general,
at each age, Na4EDTA-activated samples show higher compressive
strength, with the strength increasing as the Na4,EDTA dosage increases.

3.4. Leaching evaluation

As outlined in the introduction, previous studies have indicated that
BOF slag may pose environmental risks due to the presence of poten-
tially toxic elements, primarily V and Cr [2,12,72,93,94]. To assess the
effects of Na4EDTA on leaching possibilities and heavy metal immobi-
lization capacity of BOF slag binder, the one-stage batch leaching test
was conducted on all BOF slag pastes after 28 days of hydration. The
concentrations of leached contaminant metal ions and the legal limits
specified by the Dutch Soil Quality Code (DSQC) are presented in
Table 4 [95]. The DSQC defines the environmental requirements that
building materials must meet to be used in the Netherlands.
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Fig. 10. Compressive strength of BOF slag pastes after 7 and 28 days
of hydration.
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Table 4
Leaching of potentially toxic metal ions from hydrated BOF slag pastes at 28
d and the legal limits (mg/kg).

Elements Unshaped Raw BOF E00 E12 E24 E48
material DSQC slag
Ba 22 uDT* 6.310 4730 5.180 4.930
Cr 0.63 0.24 0.010 0.060 0.080 0.140
Mo 1.0 0.02 0.040 0.060 0.080 0.110
\ 1.8 3.66 0.020 0.530  0.490  0.790
Zn 4.5 UDT 0.020  0.020  0.020  0.030
pH / 12.2 12.7 12.7 12.7 12.8

# Under detection threshold: Ag, As, Be, Bi, Cd, Co, Cu, Ga, In, Ni, Hg, Pb, Sb,
Se, Sn.

Existing research shows that, within BOF slag, Cr partially exists in a
trivalent form, occupying octahedral coordination sites within the
brownmillerite (Co(A,F)) phase, while the remaining Cr is mainly
incorporated into the RO solid solution (in the wuestite structure)
[10,72,93,94]. Typically, minimal Cr is released and remains in its less
toxic trivalent state during natural aging or even after leaching
[93,94,96]. Vanadium (V) is found in the tetravalent state (mean of
trivalent state at octahedral coordination and pentavalent state at
tetrahedral coordination), in brownmillerite (C2(A,F)) and belite (CyS
(of + B)) [13,72,97-99]. V(III) readily oxidizes to the pentavalent form
(its most toxic and mobile state) as coordination symmetry decreases
from octahedral to tetrahedral during natural aging or oxidation pro-
cesses [93,94,99]. Compared to Cr, V generally exhibits more severe
leaching. Additionally, V is present in higher concentrations within the
original BOF slag than Cr, as shown in Table 1. Thus, V presents a greater
potential for environmental harm and warrants careful attention.

As seen from Table 4, as expected, the V leaching of the raw BOF slag
exceeds twice the legal limit for unshaped (granular) material. Cr
leaching can also be observed but is below the legal limit. Leaching
values for all hydrated BOF slag pastes (including the reference sample
E00) are below the legal limits, which indicates a satisfying immobili-
zation of these elements in the hydration products. It could be attributed
to the uptake in hydrogarnet or hydrotalcite at Al(III) or Fe(III) octa-
hedral coordination (for Cr(IIl) and V(III)) [100,101] or (partially)
replacing the Si04~ or H404™ tetrahedral (VO3™) in C-S-H or hydro-
garnet [102,103], or embedding in the interlayer region of hydrotalcite
(VO37) [101,104-1071].

Compared with the reference specimen E00, Na4EDTA-activated
samples demonstrate noticeably higher leaching of Cr and V, particu-
larly V, with this effect intensifying as the Na4EDTA dosage increases.
This phenomenon can be attributed to the extraordinary chelating
power of EDTA*~ toward almost all transition metals, forming highly
soluble (and therefore leachable) [M-EDTA] complex ions, such as Cr-
EDTA and V-EDTA here [46-48,50,68,108]. Consequently, although a
portion of Cr and V is incorporated into the hydration products, as
previously analyzed, a non-negligible fraction likely remains dissolved
in the aqueous environment. The introduction of Na4EDTA exacerbates
V leaching more severely than Cr leaching. One potential reason for this
disparity is that a considerable portion of Cr is confined within the RO
phase, rendering it less susceptible to Na4EDTA effects throughout the
process.

3.5. Metal-EDTA chelation mechanism

The Metal-EDTA chelation mechanism was discussed to provide in-
sights into the enhanced hydration of BOF slag activated by NasEDTA.
Except for the potentially toxic metal ions presented in Table 4, the
amount of dissolved Fe, Mg, and Mn elements in the leachate was also
detected, as presented in Fig. 11. They are abundant elements within
BOF slag and are generally insoluble. Considering the essentially iden-
tical pH, and the huge difference in leached metals between the refer-
ence sample EOO and the EDTA-activated samples, it can be inferred that
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soluble [M-EDTA]™" complexes are the primary leaching forms of these
three metals in EDTA-activated samples. Using Na4EDTA promotes the
leaching of these three elements, and the effect increases with the dose.

When metal oxides (minerals) are dissolved in water, the corre-
sponding metal ions, such as Fe, exist as free-moving complexes ([Fe
(H20)6]%") coordinated by six polar molecules (Hzo) [41], as shown in
Fig. 12a. However, iron oxides are generally highly insoluble in a neutral
or alkaline environment. In contrast to this situation, the adsorption of
EDTA (*) onto the mineral surface and the strong chelation
(complexation) reaction between Fe and EDTA *) (transferring of lone
electron pairs from electron donors “O” and “N” to “Fe”) with the for-
mation of stable [Fe-EDTA]™ complexes (Fig. 12b) can disrupt the
crystal lattice of iron oxides, thus promoting iron dissolution [41,50,68].

The chelation (complexation) reaction proceeds as a dynamic equi-
librium, as shown by the equation below:

EDTA* +M™ = [M— EDTA|™ " 3)

Thus, the affinity of EDTA*" to chelate with different metal ions
generally depends on the equilibrium constant, namely, the (standard)
stability constant of the complex ions [50,81]. It is expressed in the
equation:

a) [Fe(H0)e]*"
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(M — EDTA])“*™™~

Ks =
(M™)(EDTA)*"

@

It thus can be used to predict the chelation preference of EDTA*" for
varying metal ions. In a system containing multiple metal ions, EDTA*"
will chelate with ions in order of decreasing stability constant (Kg). The
standard Log Kg (with 0.1 M KCl as background electrolyte in T = 20 °C)
for Fe>" and Ca?t are 25.1 and 10.7, respectively [109,110], which
indicates that [Fe-EDTA]  is much more stable than [Ca-EDTA]Z’,
meaning that calcium ions will only be complexed when EDTA*" is in
excess, beyond the amount required for iron chelation. This principle
aligns with findings in this study: the activating effect of Na4EDTA on
brownmillerite is considerably more pronounced than on CsS, with
significant consumption of CyS occurring only at higher Na4,EDTA con-
centrations. Furthermore, as shown in Table 4, V leaching increases
more than Cr leaching with rising Na4EDTA doses. Beyond the partial
retention of Cr in the (relatively stable) RO phase, the higher (standard)
stability constant (Log Ks) of V(III)-EDTA (25.9) compared to Cr(III)-
EDTA (23.4) is also a significant factor [111,112].

In addition to a ligand’s affinity for specific metal ions (minerals), the
varying stability constants of different ligands complexing with the same
metal ions can reveal their differing capacities to promote dissolution
and hydration. Fig. 13 compares the 7 d hydration degree (based on
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Fig. 13. Early hydration degree (7 d) of BOF slag activated by 1 wt% of Ks-
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QXRD results) of the two most hydraulically reactive phases, brown-
millerite and C»S (o + B), between BOF slag activated by Na4EDTA (this
study) and by Ks-citrate [113]. The Ks-citrate study used a sieved BOF
slag with a smaller grain size and a lower w/b ratio (0.16), but the molar
quantities of both activators are equivalent (3.1 x 10~ mol/100 g BOF
slag), as described in Section 2.2. It is evident that, compared to Ks-
citrate, Na4EDTA has a markedly stronger effect on early hydration,
particularly for C,S, which shows almost double the 7 d hydration de-
gree under NayEDTA activation. This substantial difference in early
hydration activation can be explained by the considerably higher sta-
bility constants (orders of magnitude) of M-EDTA complexes compared
to M-Citrate complexes, as shown in Table 5 [36,38,39,109,110,114].

However, the complexation (chelation) reaction is complicated,
especially within the BOF slag system, where multiple metal oxides
(minerals) coexist. In addition to the varying Kg of different metal ions,
other factors affect the complexation reaction between EDTA*" and
metal ions, such as the solubility of metal oxides (minerals) themselves,
solution pH, and the relative concentration of EDTA*" to various metal
ions [41,45,81,112]. Among these, the solubility of metal oxides (min-
erals) is a primary determining factor. For example, EDTA*" induces
limited dissolution of wuestite and significant depletion of brownmil-
lerite, while magnetite is even less affected than wuestite according to
the QXRD results. Since EDTA*~ generally forms a 1:1 complex with
metal ions [41,81,115], 4.8 wt% of Na4EDTA can theoretically chelate
up to 0.7 wt% of Fe (assuming no complexation with other ions), which
is considerably less than the Fe content in dissolved wuestite and
brownmillerite. This suggests that the chelation power of EDTA*~ plays
a crucial role in promoting dissolution and hydration without requiring
full complexation of all metal atoms.

The pH of the aqueous environment also affects the complexation
reaction due to the competition of H" for metal cations and OH™ for
EDTA*". This competition varies significantly between metals. For
instance, for Ca2+, dissociation of [Ca-EDTA]z’ occurs as pH decreases,
as shown in Eq. (5), with near-total dissociation below pH 5.5 [112].

(5)

In the alkaline environment of a hydrated cementitious system, [Ca-
EDTA]?>~ dissociation is minimal. However, for Fe®', increased pH
prompts Fe(OH)s; precipitation (Eq. (6)), and [Fe-EDTA]  almost
entirely transfers into free EDTA*" and ferric hydroxide at pH above 12
[112].

CaEDTA?™ + 2H"= H,EDTA? + Ca%*

FeEDTA™ +30H = Fe(OH), + EDTA* (6)

However, despite the tendency for hydrolysis, the relatively high
concentration of the EDTA*" (approximately 0.7 M in the E48 sample)
may inhibit the complete precipitation of Fe(OH)3 [41,116]. This
inference is corroborated by Fe leaching results, which show a consid-
erable amount of leachable (soluble) Fe ([Fe-EDTA] ™ complexes) in the
hydrated system. Nonetheless, some Fe(OH)3 may precipitate during the
pH increase, leading to the EDTA*" releasing and re-entering the
aqueous environment, because according to the above analysis, the
amount of EDTA*™ addition is far less from reaching a 1:1 ratio with the
iron in the dissolved minerals, not to mention that C,S is also signifi-
cantly activated simultaneously. That is to say, in this system, (part of)
the activator EDTA*~ is likely to be recyclable and can continue to play a
certain role as the hydration proceeds.

Notably, for the chelated metals ([M-EDTA]""), the six coordination
bonds effectively sequester them, preventing their incorporation into

Table 5
(Standard) stability constant of EDTA*" and citrate®~ with common metal ions
in BOF slag (Log Ks, Eq. (4)).

Ligand (ions) Cca®t Fedt Mgt APt
EDTA* 10.7 25.1 8.7 16.1
Citrate®~ 3.5 11.4 3.5 8.0
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the frameworks of hydration products, such as the hydrogarnet series
and C-S-H gel, in the form of M-O polyhedra or interlayer cations.
However, according to the FTIR study, some EDTA*" ([M-EDTA]™"
complexes) stay in the matrix of hydration products, particularly at later
ages (28 d). These suggest that this fraction of EDTA*~ ([M-EDTA]™"
complexes) most likely gets incorporated as interlayer anions within the
hydrotalcite, as depicted in Appendix C. The hydrotalcite-EDTA*~ ([M-
EDTA]"") LDHs structure comprises brucite-like metal (consisting of
Mg, Al, and Fe) hydroxides octahedral layers, interlayer anions (car-
bonates and EDTA* ([M-EDTA]™ complexes)), and water molecules.
The incorporation of EDTA*" ([M-EDTA]"™ complexes) into the
hydrotalcite interlayer causes the further broadening or even disap-
pearance of the XRD peak of hydrotalcite in the NasEDTA-activated
samples, as illustrated in the zoomed view of the hydrotalcite diffraction
peak in Fig. 3. This may explain why the (rescaled) hydrotalcite content
is lower in the Na4EDTA-activated samples at 7 and 28 d compared to
the reference sample as this part of hydrotalcite has become X-ray
amorphous.

Based on the above analyses, the general BOF slag hydration equa-
tion with the activation of Na4EDTA can be expressed as Eq. (7)
[10,117]. It needs to be noted that magnetite hydration (depletion) is
not included here.

4—
Co(A,F)+ CoS + RO+ H4 c ™A,
CSH + C(A, F)SH + M(A, F)c(EDTA)H

)

where, H=OH™; ¢ = COy; C(A,F)SH = hydrogarnet, Cas(AlxFe;_x)a(-
SiO4)y(OH)4(3-y); M(A,F)c(EDTA)H = hydrotalcite, MgeAlz.iFei(CO3)-
jEDTA" ) (OH)(18-2j-nk)-

4. Conclusion

Na4EDTA is first proposed as an activator of BOF slag hydration in
this research. The effects of its doses on BOF slag phase composition
evolution, early hydration kinetics, and microstructural and mechanical
properties were studied systematically. The leaching characteristics of
Na4EDTA-activated BOF slag were also examined via a one-stage batch
leaching test and ICP-AES analysis. Additionally, the chelation mecha-
nism of EDTA*", underlying its hydration-activation effects, was
explored. Based on the investigations and discussion, the following
conclusions can be drawn:

Na4EDTA significantly enhances BOF slag dissolution and hydration,

with no apparent induction period in the Na4EDTA-activated sam-

ples. At higher Na4EDTA doses, brownmillerite hydration proceeds
quickly, completing in a day. The hydration of C5S is also enhanced
when applying Na4EDTA, particularly at an early age, at high

Na4EDTA doses, though with a lower reactivity than brownmillerite,

likely due to the lower affinity of EDTA*" for Ca than Fe.

e The primary crystalline hydration products of BOF slag are hydro-

garnet and hydrotalcite. Na4JEDTA significantly promotes the for-

mation of hydrogarnet at all ages while depressing the hydrotalcite

generation at 7 and 28 d.

Na4EDTA significantly reduces total porosity (from 33.1 % in EOO to

14.9 % in E48 at 28 d), refines pore size distribution, and enhances

compressive strength (from 8.6 MPa in EOO to 38.8 MPa in E48 at 28

d) of the stand-alone BOF slag binder. These effects generally in-

crease with Na4EDTA dosage.

e Despite increased Cr and V leaching in Na4,EDTA-activated samples,
all hydrated BOF slag samples exhibit leaching below the Dutch
legislative limit. This outcome is attributed to the immobilization
capacity of the hydration products.

e With ongoing hydration, EDTA*" ([M-EDTA]™ complexes)

increasingly integrate into the hydration products, with the hydro-

talcite (LDHs) most likely serving as the host.
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Overall, Na4EDTA transforms BOF slag from a poorly hydraulically
reactive material to a high-performance stand-alone cementitious
binder. However, details warrant further exploration. Identifying the
optimal Na4EDTA dosage to balance performance and cost is critical for
practical applications. Additionally, regulation of the setting and hard-
ening time of the Na4EDTA-activated BOF slag binder by incorporating
additives such as gypsum is necessary for future applications. Currently,
there is no unified understanding of the specific adsorption/desorption
processes of EDTA*™ and corresponding dissolution-promoting effects,
particularly in systems with several different mineral phases. A sys-
tematic comparative study of Na4EDTA and other chelators could also
help understand the reactions better.
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Appendix A. Quantitative mineralogical compositions of raw and hydrated BOF slag retrieved by Rietveld refinement (wt%)

Phase Raw BOF 1d 7d 28d

E00 E12 E24 E48 E00 E12 E24 E48 E00 E12 E24 E48
Wuestite 21.9 21.4 19.2 16.4 15.3 20.9 15.0 14.8 14.2 19.4 16.7 14.9 15.7
Magnetite 4.9 5.0 4.3 4.6 3.9 5.1 4.3 3.8 4.0 5.0 4.2 3.8 3.9
Brownmillerite 13.0 12.0 6.9 5.8 3.8 11.1 5.7 5.6 4.3 11.2 5.2 4.0 3.8
CaoS (o + B) 35.4 349 31.8 29.8 26.3 32.1 28.9 26.5 26.4 29.7 26.4 25.4 229
Hydrogarnet 0.0 1.6 5.2 9.5 9.2 2.4 8.4 9.8 12.1 3.0 9.2 12.2 12.6
Hydrotalcite 0.0 2.0 2.9 4.4 3.9 3.3 3.1 2.3 2.9 3.5 2.7 3.3 3.7
Lime 0.7 0.1 0.3 0.2 0.4 0.1 0.1 0.6 0.3 0.2 0.3 0.3 0.1
Portlandite 0.2 0.1 0.1 0.2 0.4 0.7 0.1 0.3 0.7 1.2 0.4 1.0 0.8
Calcite 0.3 0.3 0.5 1.0 0.6 0.5 0.6 0.8 0.9 0.9 1.0 0.9 1.1
Amorphous 23.6 22.6 28.8 28.1 36.2 23.8 33.8 35.5 34.2 25.9 33.9 34.2 35.4
GOF 1.8 1.7 1.8 1.6 1.8 1.7 1.8 1.8 1.7 1.6 1.5 1.8 1.7
Rwp (%) 3.6 3.2 2.6 3.1 3.0 3.5 3.7 2.6 3.6 3.5 2.8 3.4 3.5

Appendix B. Calculated XRD patterns (obtained through Rietveld refinement fitting) v.s. Observed XRD patterns. (Blue: tested; red:

calculated; gray: difference)
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Appendix B.10. 28d E00.
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Appendix C. A schematic diagram of EDTA-incorporated hydrotalcite LDHs structure
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