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ABSTRACT

Basic oxygen furnace (BOF) slag from steelmaking could be applied as a binder in building materials, reducing
the CO; footprint and solid waste, which is relevant for industrial waste management and circular economy.
However, its use is mostly restricted because its hydraulic activity is poorly understood. The BOF slag was hy-
drated in this study, and its reaction products were systematically characterized using XRD, QXRD, and SEM/
EDX-based phase mapping. Internal consistency checks of the data were performed between the analytical
techniques. The results revealed that the composition of the amorphous hydration products could be identified
and quantified, and the main hydration products were hydrogarnets and C-S-H gel. An extended milling process
significantly improved the reactivity, and all the major slag phases, including wiistite, participated in the re-
action. Brownmillerite formed hydrogarnets during the first 7 days of hydration. The new hydration products
contributed to the immobilization of vanadium and chromium. Particle size played an important role in the
amount of CyS reacting, the composition of the hydrogarnets and C-S-H gel, their proportions, and the immo-
bilization capacity. Based on the findings, an overall hydration reaction was developed.

* Corresponding author.

E-mail address: w.franco.santos@tue.nl (W.F. Santos).

https://doi.org/10.1016/j.jhazmat.2023.131029

Received 18 October 2022; Received in revised form 9 February 2023; Accepted 15 February 2023

Available online 17 February 2023

0304-3894/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:w.franco.santos@tue.nl
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2023.131029
https://doi.org/10.1016/j.jhazmat.2023.131029
https://doi.org/10.1016/j.jhazmat.2023.131029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2023.131029&domain=pdf
http://creativecommons.org/licenses/by/4.0/

W.E. Santos et al.

1. Introduction

Basic oxygen furnace (BOF) slag, also referred to as converter steel
slag [1,2], is the main solid waste by-product of the steelmaking in-
dustry. It is generated during the refinement of pig iron to raw steel
[3-5]. The worldwide crude steel production was around 1864 million
tons in 2020 [6]. For each ton of crude steel produced, approximately
100-150 kg of BOF slag is generated [7]. In Europe, 72.4% of BOF slag is
recovered and used for low-end applications such as aggregates in
concrete and backfill materials [8-11]. However, in other parts of the
world, most BOF slag piles up in landfills [12], resulting in serious land
occupation problems, pollution, and resource waste.

The continued demand for cement-based materials by the construc-
tion industry leads to the intense exploitation of natural resources and to
high CO5 emissions [13]. As a strategy to mitigate this problem, BOF slag
has been researched as an alternative material [4,14-17]. Using this
by-product of the steel industry as an efficient alternative to ordinary
Portland cement (OPC) would be a significant contribution to the cir-
cular economy, thereby increasing the rational utilization rate of re-
sources. While the concrete sector may provide a promising application
for BOF slag, it has been reported that BOF slag has low reactivity and
can cause environmental problems as a consequence of the potential
leaching of chromium (Cr) [19-21] and vanadium (V). In particular, V
leaching can lead to concentrations up to and exceeding twice the limit
value specified in the European environmental legislation [20], which
restricts the use of BOF slag in sustainable developments.

The main phases of BOF slag are brownmillerite (Cay (Fe,Al)20s),
wiistite (Fe,Mg)O, and the o’- and - polymorphs of dicalcium silicate
CaySi04 (also known as CyS) [24,25]. Of the constituent, the CyS typi-
cally account for approximately 50% of the composition. These phases
should be considered to participate in the reaction of BOF slag with
water. Furthermore, it is known that C,S phases incorporate V, which
may be immobilized in the C-S-H gel after hydration [26]. Literature
also shows that heavy metals can be immobilized in hydrogarnets [22].
Therefore, V and Cr can potentially be immobilized if BOF slag can form
a sufficient amount of C-S-H gel and hydrogarnets during hydration.
Therefore, good knowledge of the hydration mechanisms of BOF slag is
necessary for the effective future use of this by-product [23].

The unravelling of hydration systems places great demands on ma-
terial characterization. Researchers have combined quantitative micro-
scopy and XRD to determine the reactions of cementitious binder
components [27,28]. However, complementary methods are also
needed for an in-depth study into the compositions of the hydration
products of BOF slag. Few studies have focused on a quantitative
assessment of the hydration reactions in a simple BOF slag system. To
date, knowledge of the reactive phases and their contribution to the
formation of new phases in the BOF slag hydration system is lacking.

Researchers have extensively reviewed the potential applications of
BOF slags [16,18,29,30]. Kriskova et al. [31] indicated that structural
changes could occur during the milling of steel slag, such as crystalline
phases becoming amorphous [32], although a detailed quantification of
the observed effects was not provided. The studies of Wang et al. and
Zhu et al. found new reaction products, C-S-H gel and Ca(OH),, while
improving the hydration of steel slag by increasing the temperature and
adding NaOH [8] as well as grinding aids [33]. Hou and Liu [34] later
improved the hydration by autoclaving and found the same hydration
products. However, in these investigations, the hydration products, the
overall reactivity, and the hydration reactions were not quantified.
Nevertheless, understanding the hydration of the BOF slag system is
fundamental.

Developing a new binder based on BOF slag places great demands on
the characterization of the material and its hydration products. There-
fore, there is a need for an in-depth investigation combining comple-
mentary methods to understand the actual composition of the hydration
products of BOF slag. The first stage of explaining the mechanisms of
hydration will contribute to optimizing the design of materials using
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BOF slag as a sustainable binder.

Following the above reasoning, in this study, we focused on a sys-
tematic investigation of the hydration of BOF slag. The hydration
product composition and its phase proportions were assessed for two
BOF slag particle sizes. In-depth physical and chemical characterization
of the hydration products was conducted using thermogravimetric
analysis (TGA), quantitative X-ray diffraction (QXRD), and SEM/EDX-
based phase mapping using PARC software to obtain chemical and
mineral compositions [35,36]. In parallel, an extensive comparison of
PARC with XRF and QXRD was performed, quantifying deviations using
the least squares (LSQ) method to verify internal data consistency. The
investigation consisted of a time series of hydration progress, providing
both the reaction kinetics and the evolution of the crystalline and
amorphous phases. The links between the mineralogy of BOF slag,
particle size, and hydration progress enable findings that are funda-
mental to understanding the BOF slag hydration system on its own
before adding chemicals or admixtures in order to open new possibilities
for the valorization of BOF slag.

2. Materials and methods
2.1. Materials

The BOF slag used in this study was provided by Tata Steel (IJmui-
den, The Netherlands). The BOF slag is produced in heats of approxi-
mately 30 tons, with the refinement of 300 tons of hot metal and scrap to
produce steel. After the refinement process, the BOF slag is poured into
open pits, followed by secondary water cooling. Five heats of slag are
cooled together in one pit for around 24 h and subsequently excavated
and gathered in intermediate storage until metal recovery processing.
During metal recovery on a batch of ~200 BOF slag heats, a represen-
tative sampling of 200 kg was performed on the processing stream of the
0-25 mm size fraction. Subsequently, the material was dried, sieved, and
crushed to obtain 100 kg of 2-3 mm representative average production
slag. The slag was stored in air-tight plastic drums to prevent carbon-
ation. The material below 2 mm was not used in this research to avoid
the influence of smaller, often carbonated particles in previous results.
This information was provided by Tata Steel.

The grinding procedure was performed in the university laboratory
using a Retsch RS 300 XL disc mill at a constant speed of 912 min~! and
a grinding jar volume of 2 1. To determine the effect of particle size on
hydration kinetics, two particle sizes were chosen; the larger (D(50) =
58 um) was designated as S-58 with a milling time duration of 5 min for
an input of 1.5 kg and the smaller (D (50) = 16 um) S-16, with a milling
time duration of 15 min for an input of 1 kg.

The particle size distribution (PSD) was obtained by laser light
scattering (LLS) technique using a Malvern Mastersizer 2000® PSD
analyzer (Fig. 1). The specific surface area (SSA) of the BOF slag was
measured by nitrogen adsorption (Tristar II 3020 V1.03 Series micro-
metre and Brunauer-Emmett-Teller -BET) methods, applying nitrogen at
77 K [37]. The SSA of the milled material increases significantly after
longer milling, from a value of 0.5 m?/g to 1.5 m?/g.

The elemental composition of the BOF slag was determined by X-ray
fluorescence (XRF) and was reported as oxide percentages. The analysis
was performed on a fused bead with an XRF spectrometer from PAN-
alytical (Epsilon 3 range, standardless OMNIAN method). The loss of
ignition was evaluated beforehand by heating the sample to 1000 °C for
1 h. The chemical composition of the BOF slag is listed in Table 1. As
expected, it is mainly composed of CaO, Fe;O3, SiOy, and MgO, while
Al»,03, TiO,, V205, and CroO are present as minor constituents. The
contents of FepO3 and MgO are significantly higher than those in Port-
land cement, whereas the CaO content is lower. When BOF slag was
heated in air to 1000 °C for loss of ignition, a mass gain of 1.7 wt% was
induced as a consequence of the oxidation of metallic or divalent iron
and manganese. When the non-hydrated sample was tested for TGA in a
continuous Ny flow environment, the total weight loss of 0.92 wt% was
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Fig. 1. Cumulative finer distributions and particle size distributions of S-16 and
S-58. Color should be used in print.

recorded instead. The specific density measured by the Helium pyc-
nometer (AccuPyc II 1340) for the BOF slag was 4.0 g/cm?>.

2.2. Methods

All hydrated BOF slag samples of S-16 and S-58 were prepared by
mixing with water (w/s=0.4) and sealed in plastic cups for
7-14-21-28-56 and 90 days of curing. After curing, the samples were
crushed to powder, and hydration was stopped. Next, the samples were
placed in alcohol (isopropanol) for 24 h to stop hydration and dried in
an oven at 60 °C for 24 h [38].

For Quantitative X-ray diffractograms (QXRD), 10 wt% of crystalline
Si was added to the pre-milled samples as an internal standard, 7 ml
cyclohexane was added as a grinding aid in a McCrone micronizer,
milling for 20 min down to a grain size of < 10 um. Subsequently,
cyclohexane evaporated in a drying oven for 5 min at 70 °C, and the
powder was back-loaded onto a metal sample holder. A Bruker D8
Endeavor X-ray diffractometer was used, with Cu radiation, a step size of
0.02, a LynxeyeXE-T detector, and fixed divergence slits of 0.5°. The
phases were identified with the Bruker software DIFFRAC. EVA 4.3
using the ICDD PDF-2 database (Appendix C-Table C1) and quantified
with the Bruker software Topas 5.0 [39] using the Rietveld method [40].
The crystal structures for the quantification were obtained from either
the ICSD database (FIZ Karlsruhe) or the PDF-4 database.

The evolving heat of BOF slag hydration was investigated using a
Tam Air isothermal calorimeter (TA Instruments) at 20 °C for 90 h. A
water-to-slag ratio (w/b) of 0.4 was used for the milled material in the
calorimeter tests, which was sufficient to cover the BOF slag fully.

For thermogravimetric analysis (TGA/DTG), a Jupiter STA 449 F1
from Netzsch, was used with a heating rate of 10 °C/min under a
continuous Ny flow up to 1000 °C. A stepwise method was used for
phase quantification.

The mineralogy of the non-hydrated BOF slag samples and those
hydrated after 21d was also analyzed using the PARC Software (Phase
recognition and characterization) [24,41]. The samples were prepared
by mounting them in epoxy (Struers EpoFix) and polishing them to a flat
surface without the use of water. It was then coated with approximately
10 nm of carbon. The analysis is based on Scanning Electron Microscopy
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(SEM) combined with EDX Spectral imaging (SI) using a JEOL
JSM-7001 F SEM, equipped with two 30 mm? SDD detectors (Thermo
Fisher Scientific) and NORAN-System7 hardware with NSS.3.3 soft-
ware. The SEM accelerating voltage was 15 kV, and the beam current
was 6.2 nA. The step size used for Spectral Imaging was 1 pm per pixel.
Each field contained 512 x 382 data points. PARC enables the grouping
of EDX spectra obtained from all measured pixels according to their
elemental peaks above a predefined threshold and returns the amount of
each phase (number of phase pixels) in area% and the average chemical
composition of each phase. For the non-hydrated samples, 9 SI fields
were stitched together (1.8 mmz), and for the hydrated samples, 49
fields (9.6 mm?) were used to obtain the lowest reasonable standard
error. The degree of hydration (DOH) was calculated for the samples
after 21d using EDX mappings from SEM, according to Kocaba et al.
[42].

The LSQ method used as an internal consistency verification to
compare PARC with XRF and QXRD is described in Appendix A.

Leaching tests of unreacted BOF slag, and S-58 and S-16 hydrated for
21 days, were conducted following EN 12457-2 (one-stage batch
leaching test) [43]. The samples were crushed and sieved below 4 mm.
This material was mixed with deionized water (0.055 Us/cm) using a
liquid-to-solid ratio of 10 1/kg, and this mixture was placed in a dynamic
shaker (ES-SM-30 by Edmund Buhler GmbH) for 24 h and vibrated at
250 rpm. After 24 h, the leachate was filtered using a filter paper with a
pore diameter of 5 um. The pH of the filtered leachate was measured
with a Voltkraft PH-100ATC pH electrode. A small quantity of the
leachate is then taken and filtered by use of a syringe filter with a pore
diameter of 0.22 ym (Whatman) and acidified with ultra-pure Nitric
acid (HNO3). It was then analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES; Spectroblue) according to NEN 6966
(NEN-EN 6966, 2005). The obtained element concentrations were
compared with the legal limits specified in the Dutch Soil Quality Decree
(DSQD) [44].

3. Results and discussion
3.1. Mineralogy of BOF slag

3.1.1. Quantitative X-ray diffraction (QXRD) analysis

The Rietveld quantification results of the powder X-ray diffraction
(XRD) analyzes are presented in Table 2. The major crystalline phases of
the starting slag (0d values) are brownmillerite (C4AF), o’-C5S, larnite
(B-C2S), wiistite and magnetite, with similar contents in S-16 as in S-58.
Before hydration, both analyzes presented an amorphous phase, with
16.4 wt% in S-16 and 14.8 wt% in S-58. Because of the presence of
wiistite with different Mg and Fe contents, two different wiistite com-
positions (Mg-rich and Fe-rich) were used for fitting. For brownmillerite,
the crystal structure composed of CagFej gAlp205 was adopted for
Rietveld refinement. Statistical criteria Rwp (R-weighted-profile) and
GOF (goodness-of-fit) [45,46] of the measurements are listed in
Table C2 (Appendix C). The amorphous content before hydration is
unusual because BOF slag is known to be completely crystalline after
solidification [47]. The appearance of amorphous content after milling
suggests that the crystalline mineral phases partially become X-ray
amorphous from grinding [48], an observation supported by the higher
amorphous content in S-16 than in S-58. Additionally, the quantification
could also be influenced by micro absorption effects caused by the ex-
istence of multiple phases of varying absorption contrast [49], affecting
the accuracy of the determination of both the crystalline and amorphous
components.

Table 1

Chemical composition of BOF slag measured by X-ray Fluorescence.
Oxide MgO Aly03 SiOy P,0s CaO TiOy V205 Crp03 MnO Fey03 GOI
Wt% 8.0 2.3 13.4 1.6 38.0 1.4 1.0 0.3 4.2 28.0 1.7
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Table 2
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Phase amounts for the BOF slag starting material non-hydrated and S-58 and S-16 in wt% and after hydration of 7,14,21,28,56, and 90 days determined by XRD.

Corresponding 1o error values on the pattern fit are given in Table C3(Appendix C).

Mineral Composition S-58 S-16 Crystal density
3

od 7d 14d 21d 28d 56d 90d od 7d 14d 21d 28d 56d  90d g/cm
Fe- Wiistite Fe(Mg)O 66 73 68 73 60 45 43 82 63 63 69 61 44 42 5.9
Mg- Wiistite Mg(Fe)O 11.9 125 114 117 109 88 84 121 108 113 95 90 82 7.6 47
Magnetite Fes0,4 93 102 100 99 92 69 74 125 136 143 147 134 133 141 5.1
Brownmillerite Cay(Al, Fe),0s5 16.3 15.0 14.5 14.3 13.5 12.1 11.4 17.2 13.3 13.5 14 12.4 11.9 11.1 4.0
p-CsS Ca,Si04 241 255 247 244 231 213 205 189 194 214 203 192 159 135 3.3
«-CsS Ca,Si04 163 160 149 152 146 124 108 140 125 130 112 100 69 5.0 3.3
Lime CaO 0.3 0.2 0.3 0.2 0.2 0.2 0.1 0.3 0.2 0.1 0.0 0.1 0.0 0.1 3.4
Portlandite Ca(OH), 03 04 06 06 07 10 10 03 06 09 09 10 10 12 2.2
Calcite CaCOs 00 00 00 00 00 12 17 00 00 00 00 00 00 00 2.7
Fe-Katoite Casz(Al,Fe)>(OH), 2 0.0 1.9 2.0 2.4 2.2 2.8 2.8 0.0 4.4 5.5 5.4 5.3 5.9 6.5 2.6
Pyroaurite MgeFes(CO5)OH);s 00 12 12 10 10 07 04 00 02 04 06 04 01 01 21

* 4(H,0)

Amorphous Amorphous 148 98 136 13 187 281 31.0 164 189 132 163 232 324 367 .

3.1.2. Scanning electron microscopy (SEM) and PARC

Figs. 2a and b present the morphological features of S-58 and S-16 in
an SEM back-scatter image of the embedded and polished particles. S-58
consists mostly of particles with sharp and irregular edges, whereas in S-
16, particles appear more rounded, and agglomeration of fines [50] was
observed. The PARC phase maps are shown in Fig. 2¢ for S-58 and
Fig. 2d for S-16, with four different phases identified.

The results of the phase compositions (in wt% oxides) and amounts
(in area%), as determined with PARC, based on the full spectral image of
9 SEM fields, are given in Table 3. The black (pixels) area referred to as
‘embedding’ is not included with the phase amounts. Different from XRD

)

Brownmillerite

analysis, the two CyS polymorphs a -CS and B-C2S can not be differ-
entiated in PARC, as they have the same chemical composition. PARC
analysis (Table 3) shows that the CyS phase contains minor amounts of
Fey03, P20s, V205, and TiO». This composition is different from the C,S
present in cement clinker [51,52]. The second most common phase is
MgFeOy, followed by brownmillerite. MgFeOy refers to the phases
formed by MgO and FeO, like wiistite and magnetite, which cannot be
differentiated based on chemical composition. Brownmillerite is equiv-
alent to the C4AF phase of the clinker. However, dominated by ferrite
over alumina with Fe:Al = 2:1, containing substantial titania, minor
silica and vanadate. The phase CaO/CaCO3/Ca(OH) is named this way

Bl Embedding

Fig. 2. SEM Back Scatter Electron (BSE) Image and PARC phase map of starting materials S-58(a and c) and S-16 (b and d). Color should be used in print.
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Table 3
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The average chemical composition and amount (area %) of phases identified in S-16 and S-58 with PARC.

Compound concentration % MgFeOx Brownmillerite CoS CaO /Ca (OH)y/ CaCO3
{Mg, Fe} {Ca,Fe} {Ca, Si} {Ca}
Wiistite +Magnetite Brownmillerite B-C2S + a’-CoS f-lime + Portlandite-+Calcite
S-16 S-58 S-16 S-58 S-16 S-58 S-16 S-58
NaO 0.00 0.00 0 0 0.18 0.1 - 0
MgO 25.04 23.94 0.9 0.75 0.54 0.7 - 0.5
Al,03 0.14 0.17 10.43 11.45 0.82 0.75 - 0
SiO4 0.59 0.54 2.14 2.81 28.01 27.56 - 0.23
P,0s 0.02 0.02 0.15 0.23 3.27 3.38 - 0.17
SO3 0.00 0.00 0 0.14 0.13 0.16 - 0.06
Cl 0.00 0.00 0.03 0.02 0.03 0.02 - 0.06
K20 0.00 0.00 0.05 0.04 0.04 0.04 - 0.17
CaO 2.22 2.02 42.32 42.78 60.61 59.29 - 85.78
TiO, 0.04 0.04 5.58 4.68 1.1 0.95 - 0.25
V205 0.11 0.11 1.55 1.76 1.15 0.96 - 0.01
CrZOE 0.46 0.54 0.38 0.2 0.05 0.05 - 0
MnO 12.11 10.06 1.28 1.6 0.26 0.79 - 6.5
Fe,03* 59.28 62.56 35.18 33.53 3.14 4.59 - 6.26
Amount Area% 22.6 22.5 19.51 26.09 57.93 51.37 0.0 0.05
o Area%* 4.1 4.1 1.6 6.9 9.9 7.9 0.0 1.4
Density(g/cm®) 5.2¢ 5.1¢ 3.8 3.8 3.3 3.3 2.7 2.7

1The Cr-content of C,S is based on EPMA due to a sum-peak Si+Ca interference in EDX.

*Total Fe is expressed as Fe;03.
*16 standard deviation on the area% for the 9 individual fields measured.

®Densities calculated using crystal density and wt% of Fe-Wiistite, Mg- Wiistite and Magnetite from Rietveld analysis.

because EDX analysis is not suitable for detecting COy vs-H30 groups in
phases. Therefore, it is unclear if the phase is f-lime, calcite, or por-
tlandite. According to the Rietveld quantification, only small amounts of
CaO were present in the starting materials of S-58 and S-16.

S-58 and S-16 are derived from the same BOF slag lot, although their
amounts of brownmillerite and CaS (8-C2S + o -C5S) differ by 6.6 area%,
while the MgFeOx (Wiistite + Magnetite) area% of both samples are
similar. Nevertheless, the phase amounts for the non-hydrated samples
S-16 and S-58 agree with the variance (¢ Area% in Table 3) observed for
the 9 measured fields. Furthermore, as expected, the equivalent phases
in S-58 and S-16 demonstrated good correspondence in chemical
composition, because the PARC compositions are derived from the sum

spectrum of all pixels in the spectral image identified as belonging to the
same phase.

Because the BOF slag samples are obtained from many BOF process
batches, each grain can come from a different batch. Consequently,
some variance in the composition of the phases in the measurement area
is expected. PARC can also detect trace elements in the phases, so it is
possible to identify the phases that contain chromium (Cr) and vana-
dium (V). The results in Table 4 reveal that chromium is found mainly in
wiistite and brownmillerite, whereas vanadium is primarily found in C,S
and brownmillerite.

Table 4
Phase proportions from different methods and their correspondence to the measured bulk composition for S-16 and S-58. LSQ =least square method.
Sample S-16 S-58
Phase (wt%) PARC* LSQ phase QXRD PARC* LSQ phase QXRD
Wiistite + Magnetite 30.5 31.5 32.9 30.0 32.4 27.8
Brownmillerite 19.4 22.4 17.2 25.8 17.9 16.3
B-CaS + a’-CoS 50.1 46.0 33.0 44.2 46.4 40.4
f-lime -+ Portlandite +Calcite 0.0 0.1 0.6 0.0 3.4 0.6
Amorphous 16.4 14.8
Oxide (wWt%) XRF PARC LSQ bulk PARC LSQ bulk
(Table 1)
Na,O 0.0 0.1 0.1 0.0 0.0
MgO 8.0 8.1 8.3 7.7 8.2
Al,O3 2.3 2.5 2.8 3.3 2.4
SiOy 13.4 14.6 13.5 13.1 13.5
P,05 1.6 1.7 1.5 1.6 1.6
SOz 0.0 0.1 0.1 0.1 0.1
Cl 0.0 0.0 0.0 0.0 0.0
K>0 0.0 0.0 0.0 0.0 0.0
CaO 38.0 39.3 38.1 37.9 38.7
TiOy 1.4 1.6 1.8 1.6 1.3
V205 1.0 0.9 0.9 0.9 0.8
Cry03 0.3 0.2 0.3 0.2 0.2
MnO 4.2 4.1 4.2 3.8 4.1
Fe,03 28.0 26.5 28.0 29.4 28.6
Total 98.2 99.7 99.7 99.7 99.7
Sum of squares of deviation 5.6 0.5 3.7 1.0

" PARC phase amounts were converted from area% (Table 3) to weight% using the corresponding Rietveld crystal phase densities (Table 2).
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3.1.3. Internal consistency of analytical methods using XRD, XRF, and
PARC

The PARC chemical compositions of MgFeOx, CoS, Brownmillerite,
and CaO /Ca(OH)y/ CaCOs3 (Table 3) were used to fit the XRF bulk
composition with a least square method (LSQ) mass balance to access
the amount of each phase in wt%. According to the established boundary
conditions, each phase had to contribute, and the sum of all phases had
to be 100%. The fitted bulk composition based on LSQ is given in Table 4
and compared to the bulk composition as determined by XRF and with
PARC. The PARC bulk composition was calculated using the PARC
chemical composition of each phase (Table 3), and the PARC phase
amounts in wt% (Table 4), calculated using crystal density from each
phase given in Topas. The consistency of LSQ vs. PARC with the XRF
measurement can be seen in the sum of squares of deviation.

Furthermore, the phase amounts acquired from the LSQ fit were
compared to those measured using XRD and PARC. For the comparison,
magnetite and wiistite detected by XRD were summed up and compared
with the PARC phase MgFeOy. C5S is the sum of o -CyS and p-CS from
XRD. The values from PARC and XRD agree for MgFeOx and brown-
millerite. However, the amount of CyS detected by PARC was much
higher than that detected by XRD for both S-16 and S-58. This difference
is attributed to the capacity of PARC to detect amorphous content as
well. These results imply that part of the CyS is amorphous [22] and
becomes amorphous during milling. Sample S-16 contained a more
amorphous phase and less C,S in the QXRD results because it was milled
longer. The amorphous phase increased during milling, and CyS presents
a higher degree of amorphization than the other phases. This effect is
linked to the specific fracture energy, cooling process, and stress gen-
eration [16,31,53].

The bulk composition determined using LSQ was in close agreement
with the composition measured by XRF. However, the bulk composition
derived with PARC slightly deviates, as is apparent from the higher sum
of squares of deviation (Table 4), which suggests that phase proportions
from PARC are less reliable for the sample scan from an area of
1.5 x 1.2 mm? (3 x3 fields), as expected, based on the standard devi-
ation shown in Table 3. Therefore, to continue the investigation and gain
more reliable values, 7 x 7 fields were analyzed for the hydrated
samples.

3.2. Hydration of BOF slag

3.2.1. Isothermal calorimetry

Samples S-58 and S-16 were mixed with water (w/s = 0.4) to assess
the heat release of BOF slag during 90 h of hydration (Fig. 3). S-16
presented the highest cumulative heat release after the first 48 h with
74.8 J/g and 31 J/g for S-58. Samples with smaller particle sizes present
a larger specific surface area (SSA=0.5m?/g). As expected, S-16
released more heat than S-58 (SSA=1.5 m?/. g). The specific surface area
was not the only factor that influenced the reactivity. Intensive milling
can cause mechanical activation of phases, making them more reactive
[31]. Although the mineralogy of the two samples was essentially the
same because they came from the same lot, their difference in reactivity
can be found in the hydration products. The mineralogy of hydrated BOF
slag was studied to investigate the reactive phases contributing to the
higher heat release in S-16 than in S-58.

3.2.2. Mineralogy of hydrated BOF slag

3.2.2.1. Quantitative X-Ray diffraction (QXRD) analysis. The reaction
products of BOF slag (w/s = 0.4) were measured with XRD and quan-
tified (Table 2) after 7, 14, 21, 28, 56, and 90 days of hydration and
compared to the starting material (0d). The Rietveld analysis showed
that the following crystalline reaction products were present in small
amounts after hydration in both S-58 and S-16: portlandite, pyroaurite
[MgeFe3(CO3)(OH)16-4(H20)] and Fe-katoite [(C33F63+(0H)12]. The
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latter two phases represent the Fe-member of the hydrotalcite series [54,
55] and the Fe-containing hydrogarnets, respectively [56]. Both Al and
Fe occupy trivalent cation positions in the crystalline phases pyroaurite
and Fe-katoite, resulting in an uncertain exact Fe/Al ratio. For
Fe-katoite, an arbitrary Al:Fe ratio of 3:1 in the crystal structure was
adopted for Rietveld refinement. Hydrogarnets also have variable Si
contents. The solid solution end-members were katoite (C3(A,F)Hg) and
hibschite (C3(A,F)SaHy). Although it was not possible to determine the Si
site occupancy ascribable to the low crystallinity of the hydration
product, so the Fe-Katoite composition was used for all refinements.

With the mineralogical composition from Table 2, the graphs in
Fig. 4a and b present the change in the phase proportion over time. The
hydrated samples contained two types of amorphous phases: the
amorphous material achieved by milling, as seen in the non-hydrated
samples, and the amorphous reaction products in the hydrated sam-
ples. The amorphous content in unreacted BOF slag is expected to be
more reactive than the crystalline phases. Therefore, the amorphous
content was consumed first, decreasing its content by forming Fe-katoite
and Pyroaurite. Further hydration increased the amorphous content on
account of the formation of amorphous reaction products. S-58 was
subjected to less milling amorphization, and its crystalline reactants
were consumed earlier, as seen in the CyS-polymorphs from 7 days
(versus at 14-21 days in S-16). In S-16, the drop in the C,S content was
steeper (higher rate of change). However, based on the XRD results
alone, it is not possible to identify the nature of the hydrated amorphous
component nor distinguish it from the possibly remaining anhydrous
amorphous component.

The heat evolution measured by calorimetry (Fig. 3) is largely
attributed to the reaction of brownmillerite, which was consumed at an
early age. Its rate of change was the same in S-16 and S-58 for up to 90
days (Fig. 4), but a higher amount of hydrogarnets was formed after 7
days in S-16 than in S-58, which could explain the differences observed
in calorimetry [57]. However, after 7 days, the hydrogarnet formation
rates were very similar.

After 14 days, the hydration activity forming crystalline hydrogarnet
reached a plateau in both samples (Table 2). Meanwhile, the amorphous
content kept rising continuously and was still increasing at 90 days, the
end of the observed time series. Alongside, portlandite increased while
pyroaurite decreased in both samples. S-16 developed more amorphous
and crystalline hydration products than the S-58, indicating that the
longer-milled smaller particle size promotes hydration over time.

The crystalline Fe-bearing phase wiistite partakes in the reaction of
S-58 after 21 days, whereas in S-16, it is consumed continuously. The
wiistite content in S-58 and S-16 decreased by approximately 33% and
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42%, respectively, in relation to the starting proportions until the 90-day
observation period. The reactivity of wiistite with water in BOF slag is a
novel observation that has not been previously described in the litera-
ture. Instead, publications have suggested that wiistite is an inert phase
[33,58-61] that only partially reacts under autoclaving conditions [62].
Additionally, magnetite appeared to be an inert phase; it did not react in
either sample. Regarding other minor crystalline hydration products,
S-58 formed more pyroaurite, while S-16 formed more portlandite.

The crystalline C,S phases did not appear to react in the first 14 days
of hydration. In contrast, their amorphous counterparts were consumed,
as corroborated by the early decrease in the amorphous content. Sub-
sequently, the CyS phases started partaking in the hydration reaction
and were reduced by 20-25% after 90 days, even more so in S-16, with
33% of o’-CyS being consumed compared to the starting amount. As in
OPC, the polymorph o’-C5S also appears to be more reactive than p-CS
for BOF slag. [63]. However, it is important to mention that low levels of
amorphous content (0-15 wt%) are difficult to determine with the
Rietveld method using the internal standard approach [27].

3.2.2.2. Scanning electron microscopy (SEM) and PARC. Fig. 5(a and b)
presents S-58 and S-16 after 21 days of hydration in an SEM back-scatter
image, while Figs. 6 and 7(c and d) show the PARC phase maps of the
same samples. The black (pixels) area is referred to as the resin

embedding and is not included in the phase fraction calculations. After
hydration, a new phase was detected by PARC with a distinct chemical
composition called “Hydration products”. The phase proportions and
compositions are presented in Table 5. As expected, the unreacted pri-
mary minerals had nearly identical compositions in the two hydrated
samples compared to the non-hydrated samples. The hydration product
in S-58 21d represents 15.2% of the area, accounting for 28.8% in S-16
21d. The amount of the f-lime + Portlandite + Calcite phase has also
increased. Although PARC cannot directly confirm that this occurred
because of the formation of portlandite. The composition of portlandite
was remarkably similar in S-58 and S-16, and very different from that of
the original free-lime phase, which was much Mn- and Fe-richer, as
identified with PARC in non-hydrated S-58. XRD and DTG also confirm
the presence of portlandite in these samples.

The deviation of around 15-20% relative to each phase amount
determined with PARC (0 Area% in Tables 4 and 6) is the same for 9 or
49 fields analyzed, supporting the earlier inference that phase pro-
portions measured with PARC demonstrate a large variation per SEM
image field (0.5 x04). This deviation is unavoidable when using this
imaging method, although it does not influence the reliability of the
chemical composition determined by PARC.

Overall, S-16 shows more reaction than S-58 with 35 area% vs. 20
area% of products when including portlandite {Ca} with the “Hydration
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Ca+Si rich, and Mg+Fe-+Mg rich; b) SEM BSE image with the “Hydration products” phase in S-16 21d marked in colors corresponding to the area selected in the

density plot (the units are EDX channel counts). Color should be used in print.

products”. The higher amount of hydration products in S-16 at 21d
confirms the calorimetry and XRD results. The hydration product
composition differs between S-16 and S-58, with the latter being much
richer in the Ca-silicate component and poorer in FeO. The minor ele-
ments in the “Hydration products” phase are MgO, Al,O3, MnO, P50s,

V205 and TiOy. The presence of Al;O3 and TiO; indicates that the
brownmillerite contributed to the hydration product. The MgO and MnO
imply the reaction of wiistite, while the SiO3 and P2Os are contributed
by the reaction of o’-C3S and p-CaS.

The “Hydration products” phase is not homogeneous; rather, it has a
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Table 5

The average chemical composition (sum spectrum) and amount (area%) of phases after 21 days of hydration, as identified in S-16 21d and S-58 21d with PARC.

Compound concentration wt% {Mg, Fe} {Ca, Fe} {Ca, Si} {Ca} {Ca, Si, Fe}
Wiistite +Magnetite Brownmillerite B-CaS + a’-CoS f-lime + Portlandite+Calcite Hydration product
S-16 21d S-58 21d S-16 21d S-58 21d S-16 21d S-58 21d S-16 21d S-58 21d S-16 21d S-58 21d
Na,O 0.0 0.0 0.2 0.2 0.1 0.1 0.0 0.1 0.0 0.4
MgO 26.0 24.5 0.8 0.6 0.2 0.2 0.3 0.3 5.4 3.5
Al,03 0.2 0.2 10.4 10.7 0.6 0.6 0.3 0.3 2.8 2.0
Si0, 0.5 0.5 2.1 2.1 29.0 28.7 0.9 1.0 17.0 22.2
P,0s 0.0 0.0 0.2 0.2 3.3 3.3 0.3 0.3 1.9 2.5
SO3 0.0 0.0 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.3
Cl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
K0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0
CaO 1.9 2.2 42.4 42.1 61.8 61.9 94.9 93.7 42.4 47.3
TiO, 0.0 0.0 5.4 4.4 1.0 1.0 0.6 0.6 1.7 1.5
V205 0.1 0.1 1.5 1.4 1.1 1.1 0.1 0.1 1.2 1.3
Cry03 1 0.6 0.5 0.3 0.2 0.1 0.1 0.0 0.0 0.4 0.4
MnO 11.9 11.1 1.3 1.4 0.0 0.1 0.5 0.9 3.5 2.9
Fey03* 58.7 60.9 35.3 36.7 1.7 1.9 1.9 2.4 23.4 15.5
Amount Area% 18.4 23.0 12.8 17.9 33.4 39.4 6.6 4.4 28.8 15.2
o Area%* 2.3 3.3 1.1 2.8 6.2 5.8 1.1 1.4 3.0 1.4
Density(g/cm®) 5.2¢ 5.1¢ 3.8 3.8 3.3 3.3 2.8 2.7 2.4" 21°

The Cr-content of C,S is based on EPMA due to a sum of the peaks Si+Ca interference that occurs in EDX.
*Total Fe is expressed as Fe,O3.
*10 standard deviation on the area% for the 49 individual fields measured.
@ densities calculated using crystal density and wt% of Fe-Wiistite, Mg- Wiistite and Magnetite from Rietveld analysis.
"calculated using sample density, the phases crystal density and PARC area%.
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Table 6

Composition of the plot of the three subareas (Dominant, Fe+Mg+Mn rich, and Ca-+Si rich) obtained from the “Hydration products” phase in S16-21d.
Areas Na,O MgO Al,03 SiO, P50s SO3 K>,O CaOo TiO4 V505 Cry03 MnO Fe,03
Hydration product 0.1 5.4 2.8 17.0 1.9 0.2 0.0 42.4 1.7 1.2 0.4 3.5 23.4
Dominant 0.0 4.9 3.6 15.8 1.7 0.3 0.0 42.0 2.1 1.4 0.4 3.2 24.7
Fe+Mg+Mn rich 0.1 14.7 2.6 6.9 0.6 0.2 0.0 17.3 0.7 0.7 0.4 8.1 47.8
Ca+Si rich 0.1 2.3 1.6 24.2 2.9 0.3 0.0 54.4 1.3 1.3 0.5 1.4 9.6

relatively wide, continuous composition range. To indicate its compo-
sitional variation, the combined Ca-+Si EDX spectra peak intensities
were plotted against that of the Al+Fe peaks for every pixel belonging to
the “Hydration products” (Fig. 6a). The compositional range was sepa-
rated into three subregions to determine the presence of calcium sili-
cates and Al/Fe oxides. The pixels belonging to each subregion are
shown in the SEM image (Fig. 6b). There is a Dominant area similar to
the original “Hydration products” composition, a small area that is more
Ca+Si rich and a second minor area rich in Mg+Fe+Mn, which is more
likely to be hydrated areas of wiistite.

The “Hydration products” phase represents a mixture of the amor-
phous and crystalline phases (the latter visible in XRD), which cannot be
distinguished further, as individual phases, regarding the limit of the
EDX resolution of around 1 um for the conditions of the spectral
acquisition. The dominant composition (Table 6) of the hydration
products was similar to the bulk hydration product. The deviant com-
positions were influenced by either a higher CsS or a higher wiistite
contribution.

The phase proportions (in wt%) of the “Hydration product”, {Ca}
Portlandite, and the unreacted phases based on the PARC measurements
are presented in Table 7. The phase amounts were calculated from the
area to wt% using the densities in Table 5. The densities of the crystal-
line phases were taken from the Rietveld refinement results. The true
density of the newly formed “Hydration product” is unknown. Its density
was derived from the difference between the overall sample density
measured using a He-pycnometer and the known crystal densities
(Table 2). The derived densities for the “Hydration product” are 2.4 g/
cm® for S-16 21d and 2.1 g/cm3 for the S-58 21d sample (Table 5) based

Table 7

on sample densities of 3.4 and 3.6 g/cm>. This density difference is also
reflected in the compositional variance of the “Hydration product” be-
tween the samples, S-58 21d being relatively Ca-Si rich and S-16 21d, Fe-
rich.

The content of the product phases, Portlandite + “Hydration prod-
uct”, was 25.4 wt% and 12.1 wt% for S-16 21d and S-58 21d, respec-
tively. It should be emphasized that the “Hydration products” area, as
observed with SEM, includes all porosity that is beyond the Spectral
Imaging spatial resolution (< ~1-micron porosity). The spatial resolu-
tion of EDX is also too low to detect hydrogarnet and hydrotalcite
separately, as observed with XRD.

3.2.2.3. Internal consistency of analytical methods using XRD, XRF, and
PARC. Similarly, as the phase proportions were calculated for the
unreacted BOF slag samples (Table 4), LSQ fit mass balance calculations
were also conducted for the hydrated samples, as shown in Table 7. As
the bulk composition of the hydrated samples was the same as that of the
unreacted samples, except for the addition of water, it was possible to fit
the original slag phases in Table 3 to the bulk composition. This yielded
the initial phase amounts for the unreacted slag again, as shown in the
LSQ phase. The derived phase proportions are similar to those from
PARC and LSQ-phase for the unreacted slag.

The composition of the “Hydration product” was also fitted using the
least square method (LSQ). It was assumed that each of the original slag
phases hydrates and contributes to the composition of the “Hydration
product”. Therefore, its composition was fitted using the PARC phase
composition of each unreacted phase from Table 5. The results, given
under the entry LSQ rx in Table 7, demonstrate how much of each

PARC and QXRD measured phase amounts and LSQ mass balances observations for S-16 21d and S-58 21d. The LSQ phase with reference to XRF (Table 1) and LSQ rx
phase amounts reacting to form the PARC composition of the hydration product. All data are in wt%.

Sample S-16 21d S-58 21d
Phases (wt%) QXRD LSQ phase PARC LSQ rx QXRD LSQ phase PARC LSQ rx
Wiistite + magnetite 31.1 31.8 27.8 4.8 28.9 33.1 32.8 1.6
Brownmillerite 14.0 24.0 14.3 4.5 14.3 20.2 18.9 0.6
B-CaS + o’-CaS 31.6 44.2 32.5 10.6 39.6 46.1 36.2 6.3
f-lime + Portlandite + Calcite 1.1 - 5.4 0.0 0.8 0.7 3.3 0.0
Hydration product 5.9 }20.0 }20.0 3.4 - }8.8 8.8
Amorphous 16.3 13.0
Hydration product phase composition PARC LSQ bulk PARC LSQ bulk
Oxide (Wt%)
Na,O 0.0 0.1 0.4 0.1
MgO 5.4 5.9 3.5 3.9
Al,03 2.8 3.2 2.0 2.0
SiO, 17.0 16.8 22.2 22.3
P,0s 1.9 1.9 2.5 2.6
SO3 0.2 0.1 0.3 0.1
Cl 0.1 0.0 0.1 0.0
K0 0.0 0.0 0.0 0.0
CaO 42.4 42.2 47.3 47.3
TiO2 1.7 2.0 1.5 1.4
V205 1.2 1.0 1.3 1.0
Cry03 0.4 0.2 0.4 0.1
MnO 3.5 2.9 2.9 1.8
Fe,03 23.4 23.1 15.5 15.6
Total 100.0 99.6 100.0 98.2
Sum of squares of deviation with reference to the bulk composition 0.7 7.1 0.7 1.9

with reference to PARC hydration product 1.1 1.5

Degree of hydration (DOH)

29% 15%

10
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original slag phase has reacted and contributed to the composition of the
hydration product. The degree of hydration (DOH) was also calculated
for the hydrated samples after 21d using EDX mappings from SEM, ac-
cording to Kocaba et al. [42]. Sample S-58 21d presented a DOH of 15%,
and S-16 21d reached a DOH of 29%.

The reactant proportions in wt% in S-16 after 21d are roughly Wu:
CoF: C3S = 1:1:2, and in S-58 after 21d are Wu: CF: CoS= 1:1:5. Overall,
the CyS-polymorphs are the predominantly reacting phases, contrib-
uting approximately 50% and 70% to the hydration product in S-16-21d
and S-58-21d, respectively. Details of the calculations are provided in
Appendix B.

As was done for the non-hydrated samples, the phase amounts for the
21d samples can be compared between PARC and the XRD-Rietveld
analysis. The comparison shows that most phases are reasonably close,
with a maximum deviation of 4.6 wt% absolute on any phase groupings.
What stands out is the much lower portlandite content in QXRD than
that in PARC.

The much higher amounts of C2S-polymorphs detected with PARC in
the non-hydrated slag, compared to QXRD, seem to have disappeared
during hydration, indicating that amorphous CyS preferentially
contributed to the formation of the hydration products, which was
further supported by the high amount of C5S consumed to form the re-
action product, as calculated by the LSQrx fit (Table 7). The LSQrx fit
yielded low portlandite contents similar to the QXRD, contrary to the
higher content observed with PARC.

The crystalline hydration products from XRD, hydrogarnets, and
pyroaurite, unlike portlandite and calcite, do not have an equivalent
PARC phase, as mentioned previously. Therefore, the crystalline hy-
dration products hydrogarnet and pyroaurite must be located in the
PARC hydration product, together with amorphous product phases.

3.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and its differential thermogravi-
metric analysis (DTG) were used to determine the content of portlandite
and calcite, as well as the water content of the other hydration phases
[38]. The TGA/DTG curves for S-58 and S-16 after 7, 21 (Fig. 7a-b), and
90 days (Fig. 7c-d) demonstrate characteristic peaks that rise with hy-
dration time and with SSA increase. For the non-hydrated sample, the
total weight loss value was 0.92 wt%. The weight loss for S-58 after 7
and 21 days of hydration was 2.33 wt% and 4.33 wt%, respectively,
reaching 7.39% at 90d. For S-16, after 7 and 21 days of hydration, the
weight loss was 4.13 wt% and 6.31 wt%, respectively. After 90 days,
sample S-16 reached 11.36% of weight loss.

The volatiles present in the samples were quantified by TGA and,

amount of phase (mol)

1
0 0.5 1 15

hydrogarnet s.s.

C;FS;H,

Fig. 8. Change of silica in the solid solution series of katoite-hibschite pa-
rameters in the hydrogarnet formation. C/S refers to the C-S-H phase (Eq. (3)).
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based on the mass release over temperature, assigned to water and CO»
in the corresponding phases.

In terms of weight loss attributed to specific phases, the TGA can be
separated into the following temperature ranges: (i) 40-400 °C, weight
loss is associated with decomposition of amorphous hydration products
[38], including dehydration of hydrogarnets [56] and pyroaurite [64];
(ii) between 400 °C and 500 °C, associated with the dehydration of Ca
(OH)5, and (iii) between 530 °C and 750 °C attributed to volatilization of
CO,, after the decomposition of carbonates. The peak around 850 °C is
related to the effect of the organic solvent (isopropanol) used to stop the
hydration reaction of the sample [65]. Hydrotalcite, generally, presents
characteristic mass-loss in three regions, 25-65 °C adsorbed water, up to
200 °C intercalated water, from 300 °C to 400 °C interlayer-hydroxyl
water, and COz [64] with the dihydroxylation shifting to lower tem-
peratures with increasing iron content for pyroaurite [54], observed in
the 90 days samples with the broadening of the peaks associated with
C-S-H and hydrogarnet.

The DTG does not present peaks of portlandite for the samples at 7
days, although there is a mass loss in the corresponding range associated
with the phase, and small amounts of portlandite were observed with
XRD at the same age. Broad peaks of C-S-H can be observed with
overlapping mass losses up to 300 °C associated with hydrogarnet and
pyroaurite for both samples [56]. After 90 days of BOF slag hydration,
the DTG peaks can confirm the evidence of the phases formed, not only
being more intense for S-16 than S-58, but also presenting differences in
phase proportions.

Table 8 shows the equivalent amounts of portlandite (Ca(OH)y) and
calcite (CaCOg3) calculated for the weight loss values, as well as the
observed amount of portlandite quantified with XRD and the {Ca}-phase
from PARC. TGA is more sensitive than XRD in detecting low amounts of
portlandite and carbonates [38]. It is important to mention that no
crystalline carbonate-bearing phases other than pyroaurite were detec-
ted in the XRD quantification of the TGA data samples.

Table 9 lists the Hy0- and CO5-loss associated with the crystalline
phases’ decomposition. It is based on the amounts of each phase
detected with QXRD, subtracted from the total volatiles measured with
TGA and used to determine the volatile content of the amorphous re-
action products. It is well known that before and during the curing, some
of the portlandite reacts to carbonate with the inevitable exposure to
COs in the air [66-68]. Therefore, TGA indicates the decomposition of
small amounts of carbonates that are not visible in XRD [69], though, in
the longer cured samples of S-58 (56 and 90 days), calcite was indeed
found with XRD. It should be emphasized that the high-temperature
mass loss attributable to decarbonation partially results from the
decomposition of pyroaurite, which contains CO,. However, as shown in
Table 9, the released amount of COj is very small.

Table 8 and Table 9 show that the crystalline phases only account for
a small fraction of the volatiles found in TGA, and approximately two-
thirds of the HyO and over 90% of the CO, appear to be incorporated
into the amorphous reaction products, or possibly only adsorbed to the
surface. In addition, the PARC measurements already provide evidence
for the presence of more {Ca} phase (lime/hydrate/carbonate) than that
found in QXRD, thus indicating that the Ca-hydrate/carbonate phases
are in amorphous form.

Each of the techniques mentioned above yields specific information
with its limitations. PARC analysis provided spatial distributions of
compositions without volatiles, as they were not measurable with EDX.
XRD could identify the crystalline hydration phases, but not the amor-
phous constituents. TGA is limited because it provides the mass of total
volatiles, which can only be cautiously attributed to decomposing pha-
ses and their known H,0 or CO5 content.

3.4. Assessment of PARC “Hydration product”

After hydration, a new PARC group with an identified compositional
range was observed in the BOF slag, as shown in Fig. 5. The identified
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Table 8
Weight loss for each sample, related to the type of volatile and decomposing phase based on TGA, in comparison to XRD and PARC, in wt%.
Sample Phases
Weight loss (TGA) Calculated (TGA) Measured
XRD PARC
40 °C — 400 °C 400 °C — 500 °C 500 °C— 750 °C - - - -
Amorphous C-S-H, Hydrogarnet, Pyroaurite Ca(OH), Amorphous carbonates, CaCO3, Pyroaurite CaCO3 Ca(OH) Ca(OH), {Ca}
Non-hydrated - - - - 0.27 0.04
S-58 7d 1.99 0.16 0.18 0.48 0.80 0.44 -
S-16 7d 2.87 0.58 0.68 0.97 2.03 0.63 -
S-58 21d 2.77 0.90 0.66 1.50 3.00 0.59 3.30
S-16 21d 4.61 0.73 0.97 2.21 3.69 0.91 5.43
S-58 90d 4.99 0.92 1.48 3.36 3.78 0.98 -
S-16 90d 8.53 0.98 1.85 4.20 4.03 1.19
Table 9

Volatile content in crystalline phases (XRD) and amorphous phases based on TGA in the hydration products of S-58 and S-16 after 7, 21, and 90 days, in wt%.

Sample Bound H,0 CO;, content
Total Portlandite Pyroaurite Hydrogarnet Amorphous Total Calcite Pyroaurite Amorphous

S-58 7d 2.15 0.11 0.37 0.49 1.18 0.18 0 0.07 0.11
S-16 7d 3.45 0.15 0.05 1.11 2.13 0.68 0 0.01 0.67
S-58 21d 3.67 0.14 0.29 0.61 2.63 0.66 0 0.06 0.60
S-16 21d 5.34 0.22 0.15 1.37 3.6 0.97 0 0.03 0.94
S-58 90d 5.91 0.24 0.13 0.72 4.82 1.48 0.74 0.01 0.72
S-16 90d 9.51 0.29 0.03 1.64 7.55 1.85 0 0.03 1.84

PARC reaction product represents a mixture of crystalline and amor-
phous phases, which is too small to be resolved by EDX. The portlandite
phase appears to form spatially separated from a C-S-H, as in hydrated
Portland cement.

Kaja et al. [22] suggested that the PARC reaction product of BOF slag
hydration is a combination of hydrotalcite, hydrogarnet, and C-S-H gel
phases, either in the crystalline or amorphous state. Their postulated
phase assemblage for the hydration product in the presence of por-
tlandite is supported by the QXRD data of the present work, in which the
hypothesis is further analyzed by performing an LSQ fit to match the
chemical composition of the PARC reaction product to a sum of
hydrotalcite, hydrogarnet, and C-S-H gel. The following arguments can
be made to support the choice of these three phases. The hydrotalcite in
the hydration product is expected to host the di-valent cations [70].
Hydrotalcite-pyroaurite solid solution phases Mg(A,F)cH;5 are poorly
crystalline when formed at room temperature [71]. The M/(A,F) ratio is
reported to vary between 3.8 and 8.7 [72]. In the LSQ fit, the compo-
sition of the hydrotalcite was assumed to accommodate all divalent
cations, and a ratio of M/(A,F)= 6 was adopted for the calculation. The
presence of hydrogarnet is supported by Dilnesa et al. [55] and Vespa
et al. [73] studies on hydrogarnet stability in Fe-containing cement
systems. Because hydrogarnets have a variable composition, two
end-member compositions, katoite C3(A,F)Hg and hibschite Cg(A,F)
SoHj, were used for the calculation. Literature [74,75] has indicated that
when portlandite is present in the system, the C-S-H gel has a variable
C/Sratio above ~1.4-1.5, in which values close to 1.67-2.0 were found.
The C/S ratio was fixed at 1.7 to make LSQ calculations. Some trivalent
cation presences (Fe3+, AI’Y) in the C-S-H phase can occur but have not
been allowed in our calculation. This seems justifiable based on the low
alumina content of BOF-slag (Al,O3 < 2w.t.%) and the presence of
hydrogarnet and hydrotalcite accommodating the trivalent cations.
Mancini et al. [76] indicated that the equilibrium uptake in C-S-H is very
low because of the low solubility of Fe>* in the slag pore solution.
Furthermore, for the calculations, it was assumed that substitution rules
(Goldschmidt rules) [77] apply to cations with comparable valency and
ionic radii. Consequently, the cations Si*", P°*, V#*(or V°*), and Ti**
(EM*+5) are considered interchangeable and can occupy the same
atomic position in a crystal lattice. The same holds for A>T, Fe3*, cr®*
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(M%) and Mg?*, Fe?*, Mn?* (5M?™), and lastly Ca®*, Na* and K*
(ZMH’”). We will refer to these as valency groups (XM). Based on its
composition, hydrotalcite contains the valency groups M+ and $M?*.
For Fe-katoite it is EM>" and SM?"*, for hibschite SM*+>*, sM3* and
$M?51* and for C-S-H it is IM*°* and M2, Some ions have a
preference for specific hydration phases, however, there is insufficient
information available to quantify this behavior. Therefore, ions were
evenly distributed in each valence group to perform the calculations. In
the calculated molar mass balance of the hydration phases in the “hy-
dration product” PARC phase (Appendix B - “norm calc” sheets), any
redistribution of exchangeable cations is in theory possible and does not
affect the outcome of phase proportions, i.e., the molar fractions of
hydrations phases are independent of the (unknown) effective cation
distribution.

The extent to which the oxidation of the Fe?* in wiistite occurs in the
hydration reactions was unknown. However, it was considered that all
divalent iron provided by the reacting {Mg, Fe} phase oxidized to a
trivalent state during hydration. The outcomes are presented in Table 10
for sample S-16 21d. Further details about the calculation itself and the
results for sample S-58 21d can be found in Appendix B (“norm calc S-16
3%” and “norm calc S-58 3™).

Table 10 shows the phase stoichiometry of the reaction products
used in the calculations to fit the reaction products to the overall PARC
hydration products.

From this sample S16-21d calculation, only a small amount of water
was over-allocated (calculated 4.7 wt% vs. TGA 4.6 wt% water). How-
ever, a relatively large share of CO (0.7 wt%) seems unaccounted for in
the PARC reaction product. For S-58 21d, 0.8 wt% water remains un-
allocated (calculated 2 wt%, vs. TGA 2.8 wt% water), although an
overestimation was found in COy (0.5 wt%). Table 11 presents the
outcomes of the mass balance calculations for the hydration products
= 100%.

The mass balance does not consider the volatiles because the SEM-
EDX-based PARC data are inherently volatile-free. However, their
values can be used to support the consistency of the calculated phase
proportions in Table 11. The TGA-measured volatiles must reside in the
PARC “Hydration product” or in the {Ca}-phase of PARC because all the
starting material phases are volatile-free. Therefore, by knowing the
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Table 10
Calculated phase composition of the PARC reaction product, by the mass balance (all Fe>* was oxidized to Fe>*) for sample $-16 21 d.
Phase Reaction Hydrotalcite Hydrogarnet C-S-H Calc. total
product ) ) - ) - reaction product
Pyroaurite Fe-katoite Hibschite Cay 7Si03.7-2 Hy0
MgeFe2(CO3)(OH)16 -4 Cas(ALFe)2(OH),2 Ca3(ALFe)(SiO4)2(OH),
(H20)
Molar proportions 8.3 19 22 51 100
(%)
Mass proportions (w.t 13.4 21.7 35.4 29.5 100
%)
Measured PARC XRD XRD XRD
Amount (wt%) 19.8 0.5 5.4 -
LSQ (wt%) 2.7 4.3 7.1 5.9 20
Composition Oxide (wt Molar Oxide Molar Oxide Molar Oxide Molar Oxide
%) fractions (wt%) fractions (wt%) fractions (Wt%) fractions (wt%)
$i0, / Si*t 17.1 1.64 22.11 0.82 31.1
P,0s5 / P5 1.9 0.16 2.5 0.08 3.5
V505 / V3T 1.3 0.08 1.6 0.04 2.3
TiO, / Ti** 1.7 0.12 2.2 0.06 3.1
ZM4+,5+ 2 1
Al,03 / AT 2.9 0.31 3.6 0.31 5.0 0.31 3.6
Fey03 / Fe3+ 16.7 1.66 30 1.66 41.5 1.66 29.7
Cry03 / Cr3t 0.4 0.03 0.5 0.03 0.8 0.03 0.5
M3t 2 2 2
MgO / Mg>+ 5.4 4.39 40
FeO / Fe** 6.3
MnO / Mn?" 35 1.61 25.9
Mt 6
Ca0 / Ca** 42.8 3.00 52.7 3.00 37.7 1.7 60
Na,O / Na® 0.0
K20 / K 0.0
m2+,1 + 3 3 1.7
Total (wt%) 100 100 100 100
Total c.fu. t 8 5 7 2.7
H,0 allocated 23.3 12.0 48.9 6.0 33.9 2.0 8.1 2.0 22.7 4.68
CO,, allocated 4.9 1.0 10 0.0 0.0 0.0 0.0 0.0 0.0 0.27
Molar mass volatile 442 319 445 158
free (g/mol)
t Cations per formula unit
Table 11
The outcome of the mass balance calculations for the Hydration products = 100%.
Sample ID Hydration product = Hydrotalcite + Hydrogarnet + C-S-H
Pyroaurite Fe-katoite Hibschite
S-16 21d 100% 13.40% 21.70% 35.40% 29.50%
S-58 21d 100% 9% 14.10% 24.40% 52%

volatile stoichiometric contents of the postulated hydration phases and
using their calculated presence in the PARC reaction product, the vol-
atile content of the PARC reaction product can be calculated.

Some unallocated water and CO2 may have resided in the PARC
{Ca}-phase. Considering uncertainties, such as 1) ongoing carbonation
by ambient CO, of the hydrated slag powders, 2) the shown issue with
representative area size and uncertainty in phase proportions in PARC,
3) the difficulty of quantitative Rietveld-XRD analysis of low amounts of
poorly crystalline phases, and 4) the ambiguity of TGA interpretation,
for example, which is the same range of the DTG peaks and which vol-
atile/phase they correspond to, it is concluded that the volatiles are in
reasonable agreement with the phase proportions from mass balance.

3.4.1. BOF slag hydration reaction equations

As shown in this work, the composition of the hydration reaction
product of steel slag after 21 days of hydration is composed of contri-
butions of the individual reactant phases, and it can be unraveled into its

constituent product phases using mass balance calculations:
x wiistite + y CoF 4 z CoS = PARC rx product + CH (€8}

PARC rx product = p Hydrotalcite + g Hydrogarnet + r C-S-H 2)

where X, y, 2, p, ¢, and r are the unknown quantities of each phase.

Balance calculations of the equations were based on the mass con-
tributions of phases not considering CO5 and H,0, given that the vola-
tiles were not included in the SEM-EDX analysis. However, these mass
balances are not the same as chemical reaction equations or reaction
mechanisms, because there may be several reaction steps between the
dissolution of the slag phases and the formation of the hydration prod-
ucts observed with SEM-EDX. Nevertheless, it is easier to understand the
calculations if these mass proportions are translated from the mass
balances into chemical reaction equations on a molar basis.

An equation with simplified phase notation formulas for each
chemical reaction can be written scaled to one hydrogarnet and one
hydrotalcite. In Egs. (3), (4), (5), and (6), respectively, G, J, K, and N are
the unknown reaction stoichiometry coefficients that express the rela-
tive proportion in which individual reactions contribute to the overall
reaction.

Hydrogarnet formation:

G[Co)F +2C,S + H(9'6_2.3x) = C3FSXH(3,X)2 + (1.7x-0.4) CH + (2-x)

C17SH2] 3

Hydrogarnet is expressed as C3FSiH(3_x)2 representing the solid
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solution between end-members C3FHg and C3FS;H,, where the amount
of silica- incorporated into the hydrogarnet directly influences the
amount of portlandite (CH) and C-S-H-gel formed. Fig. 8 demonstrates
how the silica content “x” in the hydrogarnet formation is related to the
amounts of C-S-H and portlandite formed. Per mol of hydrogarnet, with
Sk given on the horizontal axis, the phase amounts formed of C-S-H and
portlandite can be read on the vertical axis. The results for three
different assumed C/S ratios (1.4, 1.7, and 2) in the C-S-H are presented.
If x = 0, that is, a silica-free hydrogarnet (Fe-katoite, C3FHg) forms, and
C/S= 2, then portlandite is consumed, which appears as a negative
value in Fig. 8. If a value of C/S= 1.7 is assumed for the C-S-H phase, the
value becomes less negative. For C/S= 1.4, portlandite forms in the
reaction.
Hydrotalcite formation:

J[CoF+6 M + 14 H + ¢ = MgFcH), + 2CH] 4)
with ¢=CO,.
Wiistite oxidation:

K [2f+ 2CH = C,F +2 H] 5)

with f=FeO.

It should be clear that oxidation is included as 2 f=F in the reaction.
The wiistite oxidation reaction appears to have the effect of CyF resto-
ration. However, the reaction mechanism does not form CyF during
hydration. Preferably, the wiistite oxidation directly contributes to the
hydrotalcite and hydrogarnet formation. In the overall set of reactions, it
serves as a supplement to CoF consumption.

C-S-H gel formation:

N [C,S + 2.3 H = C;;7SH; + 0.3CH] (6)

The overall reaction (as the sum of all the reactions above, assuming
x = 1 and each reaction stoichiometry coefficient — G, J, K, and N — is
set as 1) is read as:

CoF + 3 C,S +10Mf + 21.6 H = C3FSH, + MgFcH;, +1.6CH +

2 Cy17SHy @)

including the oxidation of 2 f=F.

The phase notation is simplified as in all reaction equations M is used
for both MgO and MnO, S represents all cations interchangeable with
si*t (P°F, Ti**, and V*Tor V1), and F represents all trivalent cations
(AI3*, Fe3*, Cr3*). In addition to the product forming equations above,
the oxidation of Fe>™/FeO from the dissolving wiistite (Fe, Mg)O to
Fe3*/Fe,03 during hydration is considered, whereby it is understood
that the oxidation state of the MgO and MnO remains unaltered. When
FeO oxidizes to Fe;O3 there is a mass gain of half an oxygen atom in the
sample for each mole of FeO, which causes minor discrepancies between
the mass and molar-based values. Furthermore, only the FeO component
of the wiistite can oxidize, and Rietveld and PARC were used to deter-
mine the amount of Fe** (magnetite and wiistite amounts from QXRD,
combined phase composition from PARC).

It should be clear that the mass balance-based equations (Eqs.1 and
2) cannot consider the oxidation state of iron because this value is un-
known from the SEM-EDX analysis. As a first step, an approximation for
the molar chemical reaction equation of the entire hydration process of
BOF slag can be derived from the involved mass of phases, using their
molar masses, as listed in Table 10. In a second step, the best-fit com-
bination values of G, J, K, and N (Appendix B “Summary table rx™) for
this approximated molar chemical reaction can be calculated for each
sample to derive stoichiometric values of reactants and hydration
products in moles. Finally, the mass of reactants and products, as
recalculated to moles (step 1), involved in the hydration reaction was
compared to the stoichiometry of the reaction from the LSQ approxi-
mation (step 2) in Table 12. Note that values are derived for x (0 <
x < 2), which is in the Sy of hydrogarnet (C3FSxH(s_x)2), and all reaction
contribution rates are scaled relative to 1 unit of CoF.
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The stoichiometry of the hydrogarnet demonstrates reasonable
agreement between mass-based and balanced molar-based reactions.

Table 13 also shows that a significant amount of C,S was involved in
the mass balance of the coarse slag. Consequently, C2S became dominant
in the chemical reaction equation because relatively minor amounts of
CoF were involved, and the reaction was scaled to CoF = 1, increasing
the other phases.

The chemical reaction equations indicate a trade-off between CyS
contributing to increasing the silica content in the hydrogarnet and
increasing the amount of C-S-H gel in the reaction product, influenced
by the amount of iron oxidation. For S-58, the amount of hydrotalcite
(pyroaurite) appears higher in the stoichiometric reaction equation
compared to the mass-based calculation.

For ease of comparison to the extent of hydration reaction in the two
21-day samples and coming full circle round, the calculated phase
amounts (mass) from the balanced stoichiometric reaction equations
(Table 12 row B) are compared to the derived values from PARC in
Table 13. The details of the calculations can be found in Appendix B
(“S58 overall rx” and “S16 overall rx”).

The discrepancy between the observed portlandite (PARC) and the
amount involved in the balanced reaction equation is most noticeable in
Table 13. The following explanations come to mind for the deviation
between reaction stoichiometry and observed for portlandite phase
amounts: (1) the invoked wiistite oxidation reaction with consumption
of CH leading to hydrogarnet formation acts to a lesser extent than the
LSQ optimized reaction balance calculation. For example, small
amounts of amorphous goethite may have been formed [76]. (2) The
hydrogarnet contains more silica than that calculated with the
LSQ-optimized reaction balance, meaning there should be less C-S-H
formation and more CH (Fig. 8). (3) The C-S-H has a lower C/S ratio. In
the calculations, C/S = 1.7 was imposed [78], but it could be lower, for
example, C/S= 1.4, yielding more portlandite (Fig. 8). However, the low
C/S values were incompatible with the observed portlandite phase
presence. (4) There is additional C,S hydration, locally around the C3S
crystals, for which the products were not incorporated into the newly
formed hydration reaction products. (5) Some of the PARC {Ca} phase is
calcite rather than portlandite.

The first four explanations would raise the portlandite content of the
samples, and the last one would explain the additional CO (from TGA)
and act to decrease the discrepancy.

3.5. Potential immobilization of heavy metals

The BOF slag used in this study contains chromium and vanadium
(see Table 1), implying a potential risk of leaching when applying the
material. Cr is mostly incorporated in the wiistite and brownmillerite
phases, while V is incorporated into brownmillerite and C,S [22,26], as
shown in Table 3. The one-batch leaching test was performed to evaluate
the environmental impact and capacity of the hydration products to
immobilize the heavy metals. The results are presented in Table 14. For
the non-hydrated BOF slag, V and Cr, leaching was well within legal
limits, with S-16 leaching slightly less than S-58, which was unexpected
considering its higher surface area.

After hydrating S-16 and S-58 for 21 days, the leaching of Cr was
reduced in both samples, while V leaching slightly increased in S-58,
although it was below the detection limit in S-16. The limited leaching,
together with the high content of V in the hydration products (Table 6)
in the dominant subregion, clearly shows that Cr and V are well
immobilized not only in the hydrogarnet [79], as observed previously,
but also in the C-S-H phase structure, which explains the differences in V
leaching. S-16 had a higher reaction degree after 21d and, therefore,
could immobilize more V while simultaneously increasing the leachate
pH to 12.6 as an effect of its portlandite. S-58, on the contrary, has
formed insufficient portlandite during the 21d hydration to maintain a
high pH in the leachate. Therefore, the pH decreased, and V-leaching
slightly increased. The effect of pH on V-leaching from BOF-slag has
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Calculated mass balance-based molar reaction stoichiometry and best fit to the 4 reaction equations for the hydrated samples S-16 21d and S-58 21d. A= Mass balance-

based molar reaction, and B = Best fit molar reaction stoichiometry.

Sample/ Mineral phases Stoichiometry coefficient Reactant Product
G J K N CF  CS M+f f H CsFSoHg  C3FS;H,  xvalue  MgFcH;,  Cp,SH, CH
A S16 - - 1 3.42 4.38 14.4 0.77 0.9 1.08 0.34 2.11
S-58 - - - 1 15.48 11.11 48.06 1.68 2.07 1.11 0.75 12.44
B S-16 1.46 0.25 0.71 0.57 1 3.49 4.38 1.43 14.12 0.73 0.72 0.99 0.25 2.04 1.13
S-58 3.12 0.27 2.39 9.35 1 15.6 11.16 4.78 42.91 1.48 1.64 1.05 0.27 12.32 2.89
Table 13

Product phase based on stoichiometric reaction equations (Reaction), compared to PARC reaction mass balance based (PARC) in wt%.

Sample/Mineral phase Hydrogarnet Hydrotalcite Portlandite C-S-H Total Product

S-16 21d Reaction 11.2 2.3 1.3 6.5 21.3
PARC 11.4 2.7 5.4 5.9 25.4

$-58 21d Reaction 3.2 0.3 0.4 5.2 9.2
PARC 3.4 0.8 3.3 4.6 12.1

Note: Mass scaled to wt% PARC. The reaction product excludes portlandite.

Table 14
Leaching of contaminants measured by one-stage batch leaching test and the
SQD limit values (mg/kg).

Sample pH Chromium (Cr) Vanadium (V)
S-58 11.56 0.042 0.678

S-16 11.58 0.034 0.190

S-58 21d 11.48 0.037 0.829

S-16 21d 12.62 0.025 < 0005

SQD legislation limits 0.630 1.800

been well documented [80].

The BOF slag has low reactivity and will require intense milling,
expectedly to particle sizes below 15 um, or (SSA> 1.5 m?/g), to achieve
practical degrees of hydration. A low water demand should be consid-
ered if it is used as a binder. When more water is used than is chemically
necessary to hydrate the BOF slag, the remaining free water will intro-
duce porosity to the sample, potentially lowering the strength and
causing drying shrinkage and cracking [81].

Based on the above experimental findings, it is reasonable to believe
that the new hydration products can reduce the leaching of chromate
and vanadate by immobilizing them in hydration products that are
stable at low temperatures. The immobilization effects of Cr and V in
BOF slag will continue to be explored in the near future.

4. Conclusions

For two BOF slag samples with different particle sizes — D(50) of
16 um (S-16) and 58 ym (S-58) — a link was established between
mineralogy, particle size, the extent of hydration, and the immobiliza-
tion of heavy metals using in-depth characterization:

Both samples contained amorphous matter before hydration, which
compositionally corresponded largely to C2S and was increased in
relative amount by milling. Hydrating the two BOF slag samples in water
initially led to the formation of crystalline hydration products hydro-
garnet, hydrotalcite, and portlandite at the expense of amorphous
matter. All major slag phases, including wiistite, participated in the re-
action. After 14 days, the amorphous content continuously increased up
to 90 days. The total bound water after 21d of hydration was 4.05% and
6.28% in the samples S-58 and S-16, reaching degrees of hydration of
15% and 29%, respectively, showing that the hydraulic properties were
significantly improved by milling.

Combining PARC with QXRD, it was found that less than one-third of
the hydration product was detected as crystalline, whereas the rest was
amorphous. Based on our observations, it is postulated that the
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hydration product consists of three distinct phases that are poorly
crystalline to X-ray amorphous and inter-grown on a submicron scale,
which cannot be resolved with SEM-EDX Spectral Imaging. These phases
are a ferric-hydrogarnet, a ferric-hydrotalcite, and a C-S-H gel phase
with assumed C; 7SH; stoichiometry. In terms of these three phases, the
make-up of the hydration products was determined using mass balance
calculations. In addition, the silica content in the hydrogarnet C3(AF)
SxH(3_x)+2 solid solution and the contribution of the original slag phases
to the formation of the hydration product were calculated for each
sample.

A reaction equation is proposed showing that hydrogarnet forms
from CoF and CS during the first 7 days of hydration and that there is a
trade-off between the silica content of the hydrogarnet and the amount
of C-S-H formed. Divalent Mg, Mn, and Fe from wiistite control the
hydrotalcite formation. However, interestingly, the oxidation of Fe**
from wiistite to Fe>", in a reaction consuming portlandite, also con-
tributes to hydrogarnet formation. For S-58, the best set of balanced
reaction equations demonstrated a much higher consumption of C,S and
more C-S-H phase formation.

The limited leaching of heavy metals from the hydrated sample S-16
21d and the high content of vanadium in the hydration product evinces
that the heavy metals Cr and V are well retained by the hydration
products. In addition, the smaller particle size of S-16 and its higher
reactivity played an important role in the immobilization capacity.

Environmental implication

Chromium (Cr) and vanadium (V) are present in BOF slag. The po-
tential leaching of Cr and V out to the environment being extremely
toxic to animals and humans, causing cancer, skin and breathing prob-
lems. The C;S phase in the BOF slag can incorporate V ions, while the
phases wiistite and brownmillerite can incorporate Cr. The C5S and the
other major phases in BOF slag will react forming hydration products
like C-S-H gel, portlandite and hydrogarnets. The solubility, and reac-
tivity capacity of the initial phases and the percentage of hydration
products formed, as well as their composition will contribute to the
potential immobilization of the heavy metals.
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