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Basic oxygen furnace (BOF) slag is a waste from the steel-making process characterised by its low hydraulic
behaviour and heavy metals content. This study investigates activation of BOF slag with disodium oxalate to
enhance the early hydration kinetics, microstructure development and heavy metals retention to develop it as a
100% replacement alternative for ordinary Portland cement. The results reveal that the activator boosts the
reactivity not only of brownmillerite and calcium silicate but also Mg-wuestite. The main products formed are

hydrogarnets and calcium-silicate-hydrate (C-S-H) gel. The maximum dosage added of 3 wt.% reached sufficient
strength of 32.8 MPa at 28 days, being the most promising mixture. Leaching results of heavy metals are below
the Dutch Soil Quality Decree limits. In summary, the BOF slag-oxalate cement offers an attractive approach for
the future of steel-making and the building materials industry.

1. Introduction

Basic oxygen furnace (BOF) slag is a solid waste from the steel-
making process route, also referred to as converter steel slag, annually
produced in high quantities. The world crude steel production reached
1951 million tons in 2021, from which, around 246 million tons of BOF
slag were generated, during the refinement of pig iron to raw steel
(World Steel Association, 2022). Different from blast furnace slag, which
is already used in blended cements for construction materials (Scrivener
etal., 2018), BOF slags are not yet inserted in the market as a high-value
product, since there are usually barriers such as low hydraulic proper-
ties. In the US and European countries, 60-70% of BOF slag can be
recovered and used in low-end applications as aggregate in concrete or
backfill materials, whereas in other countries this range varies between
20 and 25% (Jiang et al., 2018; Song et al., 2021). The majority of the
BOF slag is landfilled or stockpiled, occupying land resources and
leading to potential environmental pollution due to leachates from the
slag.

Increasingly strict legislations and COy emissions targets to reduce
the environmental impact, stated by the Intergovernmental Panel on
Climate Change (IPCC 2019), drive industrial parks around the world to
develop technological innovation towards implementing green
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upgrading and circular economy (Habert et al., 2020). After water,
concrete is the most used material across the globe, usually composed of
ordinary Portland cement (OPC) as a binder. The increased demand for
OPC production could lead to 10% of total anthropogenic CO3 emissions
in the near future (Monteiro et al., 2017; Miller et al., 2018). For that
reason, alternative binders are needed to meet the global demand for
concrete and the emissions goals. Therefore, valorising and promoting
BOF slag as a binder could reduce environmental impacts.

BOF slag has been researched with intense interest (Shi, 2004; Liu
and Guo, 2018; Yi et al., 2012; Wang et al., 2010; Wang et al., 2022;
Ahmed et al., 2023; Zepper et al., 2023). It has potential as a cementi-
tious material regarding its similarity to OPC in composition and
mineralogy. The BOF slag contains as main phases the «'- and f- poly-
morphs of dicalcium silicate CapSiO4 (C2S) (Belhadj et al., 2012),
brownmillerite (Cay(Fe, Al)2Os) (van Hoek et al., 2016) and wuestite
(Fe, Mg)O (Monteiro et al., 2017). Replacing 5-20% of OPC with BOF
slag is possible without compromising the material properties. However,
at higher replacements, besides the low reactivity of the slag, it delays
the hydration process, leading to a decrease in strength development.
One material inhibits the hydration of the other, the OPC restricting the
hydration of the BOF slag phase brownmillerite and the BOF slag
decreasing the ettringite and calcium silicate hydrate formation in OPC
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(Shi, 2004; Liu and Guo, 2018; Yi et al., 2012). It is also reported that
BOF can cause environmental problems with the leaching of vanadium
(V20s) (van Zomeren et al., 2011) and chromium (Cry03) (Chaurand
et al.,, 2006; Pan et al.,, 2017; Jiang et al., 2018). Consequently, its
application is still limited, failing to make full use of its cementitious
properties.

Alkali activators are commonly used to enhance the reactivity of
aluminosilicate precursors like fly ash and ground blast furnace slag
(GBFS) to produce geopolymers (Provis and van Deventer, 2009; Provis,
2018). Many researchers have accelerated the hydration of BOF slag
using chemical activators such as NaOH, NaCl, NaCOs, NaySO4, N
(CH2CH,0H)3 (triethanolamine) known as TEA and CgHy1NOs3 (tri-iso-
propanolamine) known as TIPA (Belhadj et al., 2012; Zhao et al., 2017;
Shi and Qian, 2000; Salman et al., 2015; Cristelo et al., 2019). However,
BOF slag is a Fe- and Ca-rich material with low alumina and silica
content and will not form an aluminosilicate gel as in geopolymers.
Applying conventional alkali activators in pure BOF slag can initiate the
early reaction of C,S, although it has little influence on hydration at later
ages (after 7 days) (Wang et al., 2012). They will develop the
compressive strength of BOF slag only to a range of 16-25 MPa after 28
days of hydration (Belhadj et al., 2012; Zhao et al., 2017; Shi and Qian,
2000; Salman et al., 2015; Cristelo et al., 2019), below the minimum
value (32.5 MPa) described by the European standard (BS EN 197-1,
2011). Therefore, a suitable activator for BOF slag should promote the
dissolution of the Ca- and Fe-bearing phases.

Alahrache et al. (2016) investigated the effect of sodium oxalate in
fly ash-OPC blends. They found that the addition of sodium oxalate
consumed portlandite and calcium by the precipitation of stable com-
plexes of calcium oxalate. In solutions saturated with Ca®', oxalates
form a thermodynamically stable phase of calcium oxalate monohydrate
(CaC204.H50) called whewellite. In addition, the formation of CaC304.
H20 can modify mechanical properties and durability by decreasing
porosity and permeability since it disperses on the surface and fills up
pores forming a protective layer against corrosion and exposition to
chemical weathering (Singh et al., 2003; Zhang et al., 2021) because of
the low solubility (Burgos-Cara et al., 2017). In OPC blends, the organic
compound oxalate can also work as a superplasticiser reducing the water
demand of the mixture and as an activator enhancing early hydration
(Manuel and Cobos, 2018).

In nature, certain living organisms (plants) produce oxalate to form
strong bonds with heavy metal ions for detoxication purposes. It is an
organic conjugated base that has a low molecular weight and carries the
function of oxygen donor in metal-ligands, due to its ability to chelate
heavy metals (Osmolovskaya et al., 2018). The same principle is used in
industrial applications, as oxalate is a common chelating agent applied
to remediate metals. Large organic molecules covalently bond with
metal ions to form a stable complex (Spence and Shi, 2005), therefore
could immobilise hazardous elements, like Vanadium and Chromium
from the BOF slag.

The sodium salt is the cheapest amongst the soluble oxalates, and due
to the composition with two carboxylate groups (COO ™), researchers are
looking into methods to produce oxalates from the capture of atmo-
spheric carbon dioxide (CO2) (Paris and Bocarsly, 2019; Li et al., 2019;
Schuler et al., 2022; Boor, 2020). Nevertheless, oxalates have limited
application. The possibility of combining sodium oxalate with BOF slag
could expand the application of oxalate and make use of the BOF slag as
a stand-alone cementitious material. As far as found in literature, no
research has been conducted on the quantification of the reaction
products from BOF slag activated with low dosages of disodium oxalate
as a precursor binder in building materials. Neither has the effect of this
activation on the immobilisation of heavy metals been investigated.

In this paper, the effectiveness of disodium oxalate as a BOF slag
activator, for Portland cement -free binder, is investigated. A multi-
technique approach is carried out to explore the influence of the diso-
dium oxalate dosage on the early and late-age hydration of BOF slag.
The phase development, microstructural and mechanical properties of
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BOF slag pastes are investigated using quantitative XRD, thermogravi-
metric analysis, calorimetric measurements, mechanical performance
testing and the setting behaviour of the mixes is discussed. In addition,
leaching tests are carried out to evaluate the retention of heavy metals.

2. Materials and methods
2.1. Materials properties

The BOF slag is the only starting material used for this study. It was
provided by Tata Steel (IJmuiden, The Netherlands). The BOF slag is
produced in heats of ~30 tons during 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. A
representative sampling of 1500 kg of representative production from a
batch of ~200 BOF slag heats, was obtained in the 0-25 mm size frac-
tion. Subsequently, this material was dried, sieved and crushed to below
5.6 mm. The slag was collected and then stored in air-tight plastic drums
to prevent carbonation. The grinding procedure was performed using a
Retsch RS 300 XL disc mill at a constant speed of 912 min~! for 20 min
and was selected for an input of 1 kg in a grinding jar volume of 21

The elemental composition of the BOF slag was determined by X-ray
fluorescence analysis (XRF) and reported as oxide percentages. The
analysis was performed with an XRF spectrometer from PANalytical
(Epsilon 3 range, standardless OMNIAN method), on a fused bead. The
loss of ignition was evaluated beforehand by heating the sample to
1000 °C for 1 h. The chemical and physical composition of the BOF slag
is given in Table 1. As expected, it is mainly composed of CaO, FezOs3,
SiO,, MgO and MnO, while Al,O3, TiO,, V205 and CryO3 are present as
minor constituents. Note that valency states of the metal Fe, Mn, V and
Cr have not been determined, and e.g., Fe-oxide is largely present in the
divalent form. The contents of Fe;O3 and MgO are significantly higher
than those in OPC, while CaO is lower. The specific surface area (SSA) of
the BOF slag was measured by nitrogen adsorption (Tristar II 3020
V1.03 Series micrometre) using the Brunauer-Emmett-Teller (BET)
method (Brunauer and Emmett, 1937), employing nitrogen at 77 K. The
BOF slag density was measured with a Helium pycnometer (AccuPyc II
1340). The particle size distribution (PSD) was obtained by laser light
scattering using the Malvern Mastersizer 2000® PSD analyser.

The activator, disodium oxalate (CoNayO4), was an industrial-grade
material (Acros Organics®, extra pure - 98.5%- CAS number 62-76-0).

Table 1
Chemical and mineralogical composition and physical properties of the BOF
slag.

Chemical composition Phase composition Physical properties

Al,05 3.92 Wuestite 28.9  p(g/em®)? 3.69
Ca0 37.81 Magnetite 5.1 Dyo(um)” 0.99
Fe,03 26.24 Brownmillerite 17.8 Dso(pm) b 8.82
MgO 5.77 CS (W+p) 28.2  Dgp(um) ° 39.39
MnO 4.42 Hatrurite 1.4 SSAggT (mz/g)C 2.02
P05 1.1 Lime 0.8

SiO, 10.97 Calcite 0.0

TiOy 1.36 Dolomite 1.2

V505 0.91 Amorphous 16.7

Cry03 0.28

GOI 0.47

Note: when BOF slag is heated in air to 1000 °C for loss of ignition, a mass gain
(GOI) of 0.47wt% is induced due to the oxidation of metallic or divalent iron and
manganese.

@ Particle specific gravity from He pycnometer.

b p-values obtained by Laser diffraction granulometry.

¢ Specific surface area obtained by BET method.
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2.2. Samples preparation

The materials used for the present study are pure BOF slag paste with
di-sodium oxalate as an activator. The water/slag ratio (w/s) used was
0.18, the minimum ratio that enabled sufficient workability when
mixing and casting the paste. The percentages of the activator investi-
gated are 1, 2 and 3 wt.% of the BOF slag weight, based on preliminary
tests (Botterweg, 2021) and previous publication by our research group
with another strong conjugated base as an activator (Kaja et al., 2021a).

Before adding the BOF slag, the solution of activator and water was
put in a dynamic shaker (ES-SM-30- Edmund Buhler GmbH) for 1 hour at
a rate of 250 rotations per minute.

The pastes were mixed according to the EN196-1 (CEN 2008), cast in
cubic moulds with the dimensions of 40 x 40 x 40 mm. Subsequently,
they were stored at 20 °C, and RH of 60% sealed with parafilm and cured
for 1,7,28 and 91 days. The samples were named based on the concen-
tration of Na, -oxalate added: S100-X1, S100-X2 and S100-X3.

2.3. Methods

2.3.1. Hydration kinetics

The hydration kinetics were investigated in an isothermal calorim-
eter (TAM Air, Thermometric) at a constant temperature of 20 °C for 65
h. The solutions of activator with 1, 2 and 3% (by wt.% of slag) and
water with a w/s ratio of 0.3 were adopted and put in a dynamic shaker
(ES-SM-30- Edmund Buhler GmbH) for 1 h at a rate of 250 rotations per
minute before adding to the BOF slag. The BOF slag was mixed with the
solutions of water and Na; -oxalate in a glass ampule, homogenised in a
vortex shaker for 1 min and placed right after in the calorimeter. For the
hydration kinetics comparison, a reference (BOF slag) was prepared
with only slag. Note that for the paste’s cubes in this investigation, a w/s
ratio of 0.18 was chosen owing to the water-reducing superplasticizing
effect of the oxalate. The pH value of the Na, -oxalate solutions with
water is measured with a Voltkraft PH-100ATC pH electrode.

2.3.2. Setting and mechanical properties

The initial and final setting time of the mixtures has been determined
according to EN196-3 (CEN 2008) using the Vicat needle method at
room temperature of around 20 °C (£5 °C). The compressive strength of
the pastes for each composition was determined on the cubic samples
(three replicates) using a loading rate of 2400 N/s according to EN196-1.
Pastes were covered with foil and cured in the climate chamber (20 °C,
RH > 95%) until the testing age.

2.3.3. Mineralogy of the slag and pastes

Quantitative X-ray diffractograms (QXRD) were measured using a
Bruker D4 endeavor X-ray diffractometer, with Lynx Eye detector and
Cobalt radiation Ko radiation (A= 1.790 A), with accelerating voltage
40 kV and current of 40 mA, a step size of 0.02° 20, for a 26 range of
10-90° 20 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 and quantified with the Bruker
software Topas 4.2 (Coelho, 2018) by the Rietveld method (Gualtieri,
2000). For the quantification of the amorphous content, 10 wt.% of
crystalline Si (XRD Silicon powder ) was added to the samples as an
internal standard and homogenised by grinding in the McCrone Retsch
XRD mill for 20 min. All the Rietveld quantification analysis, 1 o errors
values, and corresponding statistical criteria Rwp (R-weighted-profile)
and GOF (goodness-of-fit) (Toby, 2006; Post and Bish, 1989) of the
measurements and the crystal structures codes of all the identified
phases were taken from AMCS, ICSD or PDF database specified in Ap-
pendix A (Table Al, A2, A3, A4).

2.3.4. Thermogravimetric analysis
For thermogravimetric analysis (TGA/DTG), a Jupiter STA 449 F1
from Netzsch, was used with a heating rate of 10 °C/min in a continuous
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Nj flow up to 1000 °C. The stepwise method was used for phase quan-
tification. The amount of portlandite was quantified with a tangential
method.

2.3.5. Hydration stoppage

For the quantitative XRD and thermogravimetric analysis, after
compressive strength tests, the same samples with the 3 different dos-
ages of Nay-oxalate were crushed to a particle size of < 1 mm and ground
in an agate mortar. Hydration stoppage was performed using the double
solvent exchange method (Snellings et al., 2018) (15 min in isopropanol,
flushing with diethyl ether, 8 min drying at 40 °C in a half vacuum
condition). The samples are then stored in a vacuum desiccator with
silica gel to prevent carbonation due to exposure to ambient air during
measurement and measured one by one within 48 h after completing the
solvent exchange procedure.

2.3.6. Degree of hydration

Measurements of the hydration-stopped samples powder were used
to derive the degree of hydration of the anhydrous BOF slag phases. The
degree of hydration of the BOF slag was determined at 1,7,28 and 91
days using a combination of XRD - Rietveld refinement and TGA bound
water content determined based on the mass loss between 40 °C and
550 °C. To quantify the degree of hydration of the BOF slag and its
components the quantification results were recalculated to the initial
anhydrous BOF slag mass to enable comparison.

2.3.7. Environmental risks — leaching analysis

Leaching tests upon chemical-activated BOF slag, have been con-
ducted at 24 h and 28-day cured pastes, following the European stan-
dard for one-stage batch leaching test (EN 12457-2, 2002). The samples
were crushed and sieved below 4 mm. This material was placed in
deionised water (0.055 uS/cm) in a liquid-to-solid ratio of 10 1/kg, and
the mixture was homogenised in a dynamic shaker (ES-SM-30 by
Edmund Buhler GmbH) for 24 h, vibrating at 250 rpm. After 24 h the
leachate is filtered using a filter paper with a pore diameter of 5 pm from
which two different samples are taken as explained below. The pH value
of the leachate after the filtered sample is measured with a Voltkraft
PH-100ATC pH electrode. From the first sample, a small quantity is
taken and filtered by use of a syringe filter with a pore diameter of 0.22
pm (Whatman) and acidified by the addition of concentrated and
ultra-pure Nitric acid (HNO3). The leachate is analysed upon the content
of heavy metals, such as Chromium (Cr)and Vanadium (V) by induc-
tively coupled plasma optical emission spectrometry (ICP OES- Spec-
troblue) according to NEN 6966 (NEN-EN 6966, 2005). The obtained
elements’ concentrations were compared with the legal limits specified
in the Dutch Soil Quality Decree (DSQD) (Dutch Government 2007).

3. Results
3.1. Effect of activator content on hydration kinetics

Isothermal calorimetry is deployed to investigate the reaction of the
reference paste, composed of BOF slag and water, in comparison to the
pastes of BOF slag containing 1, 2 and 3% of disodium oxalate (w/s of
0.3 for all samples). The results are shown in Fig. 1a. The heat is nor-
malised by the mass of BOF slag in each sample. The BOF slag sample
with only water does not exhibit any characteristic heat flow peak that
could be allocated to its reaction phases. With the addition of 1wt% of
oxalate (S100-X1), a heat flow maximum occurs after ~2 h. The addi-
tional increase in the sodium oxalate dosage led to the reduction of the
peak intensity and the later start of the induction period. In the case of 2
wt.% of sodium oxalate, heat evolution occurs between 7 and 14 h fol-
lowed by a second peak at ~20 h. In the case of 3wt% of sodium oxalate,
the maximum heat release occurs at ~8 h. The cumulative hydration
heat evolution curves are shown in Fig. 1b. With the increasing amount
of sodium oxalate, the total heat released after 65 h of hydration
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Fig. 1. a) Heat flow and b) cumulative heat evolution of BOF slag with dosages of disodium oxalate varying from 0 to 3 w.t.%. The w/b = 0.3 for all samples.

increases by 10 J/gsag (from 60 to 70 J/gs.g) for all the additions,
showing similar cumulative heat for all the samples activated. To
investigate the influence of the oxalate dosage on the reactive phases
providing earlier heat release in S100-X1, the initial setting time and
mineralogy of the samples were further analysed in the following sec-
tions of this study.

3.2. Influence of activator on fresh and mechanical properties

The compressive strength development for each BOF slag paste
containing 1, 2 and 3% of disodium oxalate (w/s of 0.18 for all samples)
is presented in Fig. 2. After 1 day of curing, the activator dosage does not
lead to significant differences in the compressive strength. Nevertheless,
after the first 7 days, a rise in compressive strength can be seen with
increasing oxalate content. The effect remains over the whole mea-
surement timespan, where the S100-X3 mixture presents the highest
compressive strength values out of the three oxalate additions with
maximum strengths reaching 10, 26.7, 32.8, and 37.4 MPa at 1,7,28 and
91 days, respectively. Despite the significant increase in the strength of
the activated BOF pastes after adding the sodium oxalate, further
addition of the activator delays the setting (Fig. 2) of the BOF slag. For
every 1wt% of disodium oxalate added, the initial setting time increases
by 10 min. There is a gap of 50 min in between the initial and final

45 140
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Fig. 2. Effect of the BOF slag with 1,2 and 3wt% of sodium oxalate on the
initial and final setting time and compressive strength development.

Note: samples of BOF slag reference without oxalate did not develop sufficient
strength to undergo the test.

setting time for S100-X1 and S100-X2. When the concentration of so-
dium oxalate increases further, this setting time gap is delayed to 60
min, as observed for S100-X3.

The oxalate dosage exerted varying influences on the setting and
mechanical performance. As mentioned above (Section 3.1), the heat of
hydration is positively correlated with the setting time, where S100-X1
will present its main reaction peak earlier than the other mixes, and
S$100-X2 reach its highest values of cumulative heat before S100-X3
(Fig. 1b). The activator decreased the viscosity of the suspension and
improved its dispersion, giving workability retention to the mix, and
behaving like an air-entraining agent (Taylor, 1997). It might also
induce densification and strengthening effects of the material.

3.3. Reactive phases and contribution to the hydration

In order to evaluate which reactive phases contribute to the hydra-
tion of BOF slag, quantitative X-Ray diffraction (QXRD) analyses in
samples after 1,7,28 and 91 days of hydration were investigated using
the Rietveld method (Table Al- Appendix A). The major crystalline
phases of BOF slag are wuestite, calcium silicate (CpS) o’ and B,
brownmillerite (C4AF), and magnetite. Wuestite is present in the BOF
slag with different Mg and Fe contents, therefore two different crystal
structures (Mg-rich and Fe-rich) were used for the refinement. The
composition adopted for brownmillerite was CasFe; gAly 205, Before
hydration, the analysis also indicates the presence of amorphous phase
with 16.7 wt.%. Fig. 3 shows the hydration evolution over time and the
development of the new crystalline products in BOF slag-activated
samples. Portlandite, hydrogarnets and pyroaurite were identified as
crystalline reaction products.

A decrease in the wt.% of brownmillerite was observed for all con-
centrations of the activator after 24 h. The hydration of the brownmil-
lerite phase is associated with the heat release observed during the first
5 h of hydration (Fig. 1a), because it is the only phase showing any
significant reactivity after 1 day in sample S100-X1 (Table A1- Appendix
A). It went from 17.8 to 13.2 wt.% on the first day of hydration with 1%
of activator (Fig. 3a) and to 12 wt.% in samples S100-X3 (Fig. 3c),
making it the most reactive phase at an early age, among the major BOF
slag phases. The higher content of the activator (3%) played a major role
in the rapidly hydrating brownmillerite phase. In contrast, the increased
dosage of 3% of oxalate was slight to insignificant close to the 2 wt.% of
activator (Fig. 3b) for the wuestite and CyS hydration within day 1 of
hydration. The dissolution of C5S takes place beside the wuestite, which
exhibits high reactivity in the presence of an activator, even higher than
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by XRD- Rietveld analysis of hydration stopped powders.Note: the left axis Y scale starts in 20 w.t.% for a better resolution of the other phases. Colour should be used
in print.



W. Franco Santos et al.

C,S at an early age (Cuesta et al., 2021). With higher dosages than 1 wt.
%, it was observed that the wuestite slightly contributes to the hydration
of the slag within the first 24 h, though, after 7 days, the phase reduces
from 28.9 to 23.8 wt.% with the lowest amount (1%) of activator. Also
after 7 days, is when the dissolution of CyS wt.% starts, presenting
delayed hydration in comparison with the other main BOF phases, while
with significant effect in comparison to other studies (Kaja et al., 2021a).
The CyS phase decreases from 28 wt.% to 24.8 wt% after 7 days
(S100-X3), characterising its early hydration. and continued reacting
over time.

As observed in the work of Kaja et al. (2021a), most of the brown-
millerite hydration happens up to 7 days, influenced by the increase in
the activator. However, in this study, the dosage of 2 or 3 wt.% of
disodium oxalate does not influence the reactivity at later ages, pre-
senting a similar hydration degree, that reaches up to 50 wt.%. The
content of 2 or 3 wt.% of activator affects the reaction of the C,S phases
in such a similar pattern while with 1% of activator, the C,S content does
not decrease until 28 days, previously observed with other activators
(Iliushchenko and Sedla, 2022). The reactivity of the CS constantly
increases over time, conversely to the other phases, for which the con-
sumption was observed to slow down early on (like brownmillerite) or at
later ages (wuestite). Literature (Kaja et al., 2021b) suggests that the
hydration of CyS in BOF slag plays a role in the durability improvement.

3.4. Hydration products formation

Fig. 4a shows the development of the crystalline products in BOF
slag-activated samples. On 1 day of hydration, portlandite and hydro-
garnets were identified as the crystalline products, increasing with
evolution over time, both being directly proportional and influenced by
the dosage of oxalate. However, in comparison with the hydrogarnet,
the portlandite content detected for all ages is very low. The presence of
pyroaurite was also revealed in the XRD analysis after 1 day of hydra-
tion, though in very small content. Rietveld analysis revealed that the
hydrogarnet was the main crystalline hydration product in BOF slag as
detailed reported before (Santos et al., 2023; Kaja et al., 2021a).

The addition of sodium oxalate results in the formation of new
amorphous hydration phases as well (Fig. 4b). The dissolution of the
amorphous phase occurs already within 24 h since the amorphous
content wt.% decreases comparing S100-X3 to the other samples. The
dosage of the oxalate did not exert the same influence in the new
amorphous hydration products as in the crystalline hydrogarnets and
portlandite. In the presence of water, CyS hydrate forms calcium silicate
hydrate (C-S-H) gel, contributing to the formation of amorphous
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hydration product C-S-H.

Together with brownmillerite, the amorphous content reacted
rapidly at an early age (until 1 day). The findings evidence their role in
the hydration kinetics and cause of the peaks observed in Fig. la.
However, they respond differently to the different dosages of sodium
oxalate added.

It was observed that the activator dosage does not influence the
hydration qualitatively, as the same products are formed, but signifi-
cantly changed the proportions of the major hydration products.
Hydrogarnet formation reached its maximum value with 3% of diso-
dium oxalate at 91 days of hydration with about 8 wt.%. Increased
dosage of activator correlated well with higher content of hydrogarnet,
the difference between 2 and 3% was established early on during the
hydration. On the other hand, the dosage of 2% of the activator con-
tributes to higher contents of amorphous hydration products.

Ramachandran showed the existence of calcium oxalate in cement
containing oxalic acid and suggested that part of the strength develop-
ment could be due to the formation of calcium oxalate during hydration
(Ramachandran, 1972). Smillie disclosed the presence of calcium oxa-
late monohydrate when the oxalate concentration added to the cement
mix was 10 wt.% (Smillie and Glasser, 1999). When adding oxalic acid
to OPC, Singh et al. observed new reaction peaks in XRD after 91 days of
hydration (Singh et al., 2003). Their new hydration phases were asso-
ciated with the fast reaction of calcium aluminate and calcium ferrite
but low reactivity with calcium silicates. In this current study, the slower
reactivity of the activator with C,S was also observed, taking place after
7 days of hydration. Up to 3 wt.% addition of the activator in BOF slag
was not sufficient to identify oxalate-containing crystalline phase with
XRDs in any period of observation until 90 days, owing to the low
content of free lime and Ca(OH), that could immediately bond with
oxalate or due to the slow release of Ca?" from the Ca-bearing phases.

Nevertheless, the XRD amorphous content doubles for all the acti-
vator dosages after the reactions already at 7 days (Fig. 3a—c) due to the
amorphous nature of those oxalates/new hydration products that pre-
cede the formation of crystalline calcium oxalate (Ruiz-Agudo et al.,
2017), which is a positive attribute to the reaction. Furthermore, the
amorphous phase makes the material dense by filling in porosity,
resulting in increased compressive strength (Singh et al., 2003). To
further investigate the presence of calcium oxalate, the samples were
analysed by thermogravimetry.

3.5. Thermogravimetric analysis and degree of hydration

TGA/DTG was applied to the samples containing 1-3 wt.% disodium
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Fig. 4. The formation of (a) hydrogarnets and portlandite and (b) an increase in amorphous content over time for the different dosages of disodium oxalate

determined by XRD- Rietveld analysis of hydration-stopped powders.
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Fig. 5. Thermal analysis (TG and DTG) of BOF slag hydrated with 1,2 and 3 wt.% of disodium oxalate after a) 1, b) 7, ¢)28 and d)91 days.

oxalate (Fig. 5a—d). Thermogravimetric analysis shows that all samples
over time show a significant amount of mass loss over the temperature
range, from approximately 6 wt% at day 1 up to approximately 11 wt%
at day 91. This mass loss is mainly due to the release of bound water,
both physical and chemical within C-S-H and Ca(OH),, and of CO,
within the CaCOs.

The main mass loss due to water release from amorphous C-S-H gel
occurs below 200 °C. The DTG confirms the findings in the XRD-Rietveld
results of hydrogarnet formation after 1-day hydration with 3 wt.%
disodium oxalate. The presence of hydrogarnet, portlandite and other
hydration products was further confirmed by thermogravimetric anal-
ysis. The mass loss from hydrogarnet is assigned in the range between
200 and 360 °C (Dilnesa et al., 2013).

The amount of product formed before 200 °C after 1 day of hydration
(Fig. 5a) is slightly higher for the activator dosage of 3 wt.%, whereas
after 7 days starts being similar for all the samples. This observation
diverges from the results measured of CyS contribution with the XRD
Rietveld method, suggesting that other reactions are happening, like the
hydration of the amorphous C,S that contributes to the formation of
C—S—H gel. Crystalline oxalate phases could not be detected with XRD
to support this. However, in the literature, there is evidence that calcium
oxalate can precipitate via an amorphous precursor phase in an aqueous
solution (Thli et al., 2015). The early hydration of the amorphous content
can explain the slow reaction of crystalline C,S, when a high solution
saturation is caused by the dissolution of the Ca-bearing phases,
specially brownmillerite and other calcium silicates (Nicoleau et al.,
2013) like the amorphous C5S in the studied BOF slag (Santos et al.,
2023).

A broad peak can be seen over the range of approximately
670-740 °C, generated by the decomposition of different carbonates,

such as calcite (CaCOs3). Although calcite was not detected within the
XRD analysis, the samples were carefully sealed and tested two days
after hydration stoppage to avoid carbonation. The mass loss in this
temperature range is intensified for every addition of disodium oxalate,
showing that calcium oxalate compounds were formed in the system
after 1 day of hydration and decomposed in a similar temperature range
of C-S-H, portlandite and calcite.

Since calcium oxalate is used for calibration, it is known to show a
characteristic sequence of phase changes upon heating (Lawson-wood
and Robertson, 2016; Kloprogge, 2017), and its decomposition occurs in
three different steps:

Overall decomposition reaction

CaC,04.H,0O —CaO+H;0+CO+-CO, (@D)]
1 Dehydration around 115 °C

CaCy04.H,0— CaCy04+H,0 ®))
2 Decomposition to calcium carbonate around 425 °C

CaC04— CaCO3+CO 3)
3 Decomposition to calcium oxide around 600 °C

CaCO3— CaO+CO, 4

The initial spike in mass loss from 40 to 240 °C (Fig. 5a-d) can be
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accounted for the dehydration of the C-S-H gel and calcium oxalate
monohydrate (CaC204.H0). Afterwards, the mass loss that can be
witnessed between 440 and 500 °C can be attributed to the presence of
portlandite (Ca(OH);) releasing HoO and calcium oxalate (CaCy04)
releasing CO (Eq. (3)).

The total BOF slag degree of reaction was calculated from the re-
sidual amounts of the primary phases at a given time compared to their
initial amounts (t = 0) (Bizzozero, 2014; Lothenbach et al., 2016). The
evolution of the BOF slag degree of reaction until 91 days is given in
Fig. 6. BOF slag was found to react ~10% already on the first day of
hydration and ~30% after 28 days with 3 wt.% of disodium activator.
The effect of the addition of 1% of the activator dosage on BOF slag
degree of hydration was observed to be limited in comparison with 2 and
3%. While the accelerating effect of the increase of activator dosage
from 1 to 2% is clear, the results of the increase from 2 to 3% appear to
be negligible at early ages, that the degree of hydration of both dosages
overlaps from 1 to 90 days. Only at 28 days the dosages of 3% of acti-
vator slightly increase the degree of hydration in comparison with 2%.
This behaviour happened because the 2 and 3 wt% added activator
experiments both are performed with saturated solutions containing
residual undissolved activator, while 1wt% is undersaturated with so-
dium oxalate.

The presence of crystalline calcite at the S100-X3 90d in a minimum
amount (0.1) observed with QXRD (Table A1l in Appendix A) indicates
that the natural carbonation of the sample hardly occurred, despite the
possible amorphous nucleation of CaCOs. Because of the strong bonds
that the disodium oxalate makes with the chelated metals, will precip-
itate oxalates instead of carbonates (Chang et al., 2017). Is more likely
that the Ca®* from the Ca(OH), quantified would bond to the oxalate
present in the system, rather than carbonate, considering the small
particle size of the slag samples, and the very low amount of water used,
together with the compact structure of the hardened paste, (avoiding
free spaces for porosity), preventing the CO; from entering naturally.
Oxalate is known as a reducing agent, and although it is composed of
C204, oxalate cannot form CO3 at room temperature through an elec-
trochemical reaction or be broken down to CO5 without oxidoreductases
(Anson and Stahl, 2020) or another reaction catalyser. On the other
hand, calcite can participate in the dissolution reaction as a source of Ca
ions for the precipitation of calcium oxalate monohydrate (Burgos-Cara
et al.,, 2017). A similar explanation can be applied in the presence of
dolomite (Zha et al., 2022).
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Fig. 6. Evolution over time of the degree of reaction of BOF slag during hy-
dration at varying oxalate dosages. The data was derived by XRD-Rietveld
analysis of hydration-stopped sample powders The amorphous content is
not considered.
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3.6. Environmental risks analysis

The presence of chromium (Cr) and vanadium (V) in the BOF slag
composition suggest a possible risk of leaching heavy metals when
applied as a building material. High leaching of V in BOF slag is
commonly reported in the literature (van Zomeren et al., 2011; Cristelo
et al., 2019). Therefore, the one-batch leaching test (EN 12457-2, 2002)
was performed here to evaluate the capacity of the disodium oxalate
activated samples to keep Cr and V retained in the hydration products
after 1 and 28 days of hydration for each dosage of disodium oxalate.
Table 2 compares the results to the legal limits set in the Dutch Soil
Quality Decree (Dutch Government 2007) by the Dutch government and
listed with their respective leachate pH values.

For the 1-day hydration, Cr leaching was well within the legal limits,
while V was below the limit for samples S100-X1 and S100-X3 but
surpassed in sample S100-X2 (2.1 mg/kg). After 28 days of curing, the V
leaching decreased significantly compared to the 1-day results. Even in
sample S100-X2, it is reduced to 0.21 mg/kg. In summary, after 28 days
of hydration, all samples’ leaching of Cr and V was reduced to far below
the legal limits.

The distribution of heavy metals within the BOF slag phases affects
the leaching behaviour of hydrated BOF slag. Cr is mostly incorporated
in wuestite and brownmillerite, while V is in C;S and brownmillerite.
After hydration with water, Cr and V can be well immobilised by the
hydration products, hydrogarnets and C—S—H gel (Santos et al., 2023).
In this study, it is possible that after hydration, the V and Cr formed
insoluble oxalates (Spence and Shi, 2005). In addition, the oxalate
promoted the formation of new hydrated phases in a short time (1 to 7
days) by increasing the reactivity. These additional hydration products
contribute to immobilising the heavy metals (Osmolovskaya et al., 2018;
Bian et al., 2013), lowering the leaching.

The complexation with organic ligands and vanadate (V) can also
occur at high pH, and the oxalate complexes, the vanadate (V),
contribute to the mineral dissolution (Petter, 2019). They can form
stable precipitates in a Ca-rich environment where the pH >12.5, like
the samples in Table 2 with pH ranging from 12.8 to 13. The V is
dependant on the dissolution of brownmillerite and C,S, which accel-
erates at lower pH (van Zomeren et al., 2011).

The brownmillerite reacted to produce hydrogarnet, which is known
to uptake Fe (Mancini et al., 2019), can take up Cr3t as well (Kindness
et al., 1994) and is weekly retained by calcium silicate (Moulin et al.,
2000). The presence of portlandite in BOF slag contributes to the
retention of the heavy metals in the amorphous hydration products. The
heavy metals may be taken up by sorption onto the surface of the C-S-H
or other ions™ substitutions (Ahmed et al., 2022). Overall, the leaching
results values do not present any restrictions on using oxalate activated
BOF slag as a building material.

4. Discussion

Generally, oxalic acid acts as an accelerator in the hydration of OPC-
based binders because its carboxylate ions strongly tend to form ionic
bonds with the free lime and Ca-bearing phases to form calcium oxalate.
The calcium oxalate is precipitated when oxalic acid is added to C3S, and
the concentration of Ca®" ions close to the surface is kept low until all
the acid is used up (Taylor, 1997). In the case of BOF slag, its Ca-bearing

Table 2
Leaching of inorganic contaminants measured by one stage batch leaching test
after 1 and 28 days and the SQD legal limit values. All values in mg/kg.

ICP-Analysis S100-X1 S100-X2 S100-X3 Legal Limits
Age 1d 28d 1d 28d 1d 28d
pH 12.8 12.8 13.0 129 13.0 129
Chromium (Cr) 0.09 0.01 0.14 0.02 0.14 0.01 0.63
Vanadium (V 1.02 0.18 2.1 0.21 1.49 0.19 1.8
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phases CaO, Ca(OH),, CaySiO4 (C2S) and brownmillerite (Cay(Fe, Al)2Os
release Ca?" in the solution with the presence of Nay-oxalate and water.
The liberated Ca?* can chelate with the oxalate, making more Ca’"
available in the solution. In the first stage of dissolution, CaO-bearing
phases or free CaO participated, while the oxalate chelated the avail-
able Ca®". Moreover, if Mg is also liberated, it can bond with the oxalate,
forming Mg-oxalates (Erdogan et al., 2022). Considering the high
dissolution of wuestite and the low amounts of crystalline pyroaurite
detected with QXRD, it is likely that the Mg reacted with the oxalate.

Although in the quantification of the hydration products studies,
there is not a bigger contribution between 2 and 3% after 7 days, the
analysis shows that the increase in oxalate dosage promotes the
compressive strength of the BOF slag pastes. The setting delay could
result from the retarding effect in the hydration beginning process.
Therefore, the retarding effect could be attributed to the prolonged
dissolution of the Ca-bearing phases with the highest oxalate dosage.
The early reaction of 1 day might have contributed to the strength
development with the fast hydration of BOF slag phases brownmillerite
and wuestite, as well as the higher formation of crystalline hydrogarnet
(in the presence of C»S) in 3%, enhancing the compressive strength. On
the other hand, it can be suggested that the activator would fill more
pores. Therefore, future investigation is needed on the influence of
disodium oxalate on porosity.

According to the literature (Singh et al., 2003), the new reaction
products of oxalate can also disperse inside the pores and seal the surface
(Kapetanaki et al., 2020), benefiting the material by the densification of
the microstructure. This could also influence leaching behaviour.
Therefore, further investigation into the influence of disodium oxalate
on microstructure and porosity should be considered when conducting
long-term leaching studies.

Disodium oxalates are commonly used as reducing agents, therefore
can change the valence state of Cr and its solubility. The reduction of
cr®* in solution with oxalate needs further investigation.

5. Conclusions

This paper presents the first experimental research of a newly pro-
posed cementitious binder that is Portland cement-free, prepared by
reacting BOF slag with low dosages of disodium oxalate at room tem-
perature, aiming to accelerate the initial hydration of BOF slag without
compromising the later age strengths. The influence of the dosages of the
activator on the leaching of heavy metals, setting time, strength devel-
opment, reaction mechanisms and phase proportions were investigated.
From this research, the following conclusions can be drawn:

On the first 24 h of hydration, the disodium oxalate boosts the
dissolution of brownmillerite, being more reactive with the highest
activator level of 3wt%. The brownmillerite presents a high degree of
reaction, and its hydration probably explains the heat release peaks in
the calorimeter in the first 24 h. The wuestite phase is accelerated in the
presence of the activator at early ages as well. On the contrary, C2S
hydration was slow to insignificant before 7 days with the 1wt% dosage
of activator. However, CyS was the only BOF slag phase to show a
continuous hydration pattern, showing its maximum at 91 days in the
sample with 3 wt.% of disodium oxalate.

The main crystalline hydrates were hydrogarnet and portlandite. The
amorphous hydrates observed with TGA were C-S-H and oxalate hy-
drates, more likely to be calcium oxalate. All primary slag phases
contribute to the reaction, except for magnetite. The heavy metals Cr
and V became partially immobilised in the new hydration products after
28 days.

The degree of hydration indicates that the reactions after 7 days with
the dosage of 2 wt.% and 3 wt.% of disodium oxalate are very similar.
Nevertheless, increasing oxalate dosages can effectively prolong the
setting time and influence mechanical behaviour proportionally. The
samples with 3 wt.% presents the longest initial setting time (30 min),
and results in the highest compressive strength values at all ages,
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reaching 10, 26.7, 32.8, and 37.4 MPa at 1, 7, 28 and 91 days, respec-
tively. The increased strength development proportional to activator
dosage indicates that a continuous addition of oxalate could enhance the
mechanical properties of the BOF slag mixes, although solubility should
be considered.

In summary, the current study provides insight into the activation of
BOF slag with low dosages (1-3 wt.%) of disodium oxalate as a potential
binder in building material applications. Disodium oxalate acts as a
superplasticiser and promotes strength development with increasing
dosage. It reduces water demand and influences workability. The hy-
dration products formed can retain the heavy metals, making the new
proposed binder promising as an alternative cement in building mate-
rials. How the proposed binder responds to ambient carbonation is un-
known and needs to be investigated in the future. As a continuation of
the current research, assessing the long-term environmental risks and
durability of oxalate activated BOF slag binder is recommended. An
environment and carbon footprint assessment are suggested for devel-
oping and up-scaling the new binder. It would further the understanding
of the potential and would narrow the remaining distance to the market
for the proposed binder as a construction material.

The knowledge acquired in this research opens new approaches to
reducing CO; emissions for the cement industry using BOF slag as a
stand-alone cementitious material. It can be used to valorise BOF slag
alone or as a replacement in cement and in combination with other by-
products. It generates demand for the application of oxalates, especially
those produced from capturing atmospheric CO3, contributing to a
sustainable society.
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