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Basic Oxygen Furnace slag contains heavy metals, including vanadium, chromium and molybdenum. The
leachability of these elements determines the industrial applicability of slag-based building products. This study
investigates the post-carbonation leaching of heavy metals from activated BOF slag pastes with the focus on the
activator dosage and type (sodium and potassium citrate). Results reveal that the high degree of brownmillerite
hydration boosts the leachability of heavy metals as its hydration product- hydrogarnet is less stable upon

carbonation. With two leaching procedures, it is demonstrated that the carbonation resistance of pastes becomes
the main attribute in preventing the leaching of heavy metals. It can be enhanced by optimising the activator
dosage to facilitate the hydration of C,S and consequent structural densification.

1. Introduction

Current worldwide steel production reaches ~1.8 billion tons per
year [1], among which about 2/3 is produced via the Basic Oxygen
Steelmaking (BOS) process [2]. With this method, per ton of steel,
90-110 kg of Basic Oxygen Furnace (BOF) slag are generated [3,4].
Therefore, vast quantities of BOF slag are available for reuse in the in-
dustry. Even though concrete technology offers a promising field for
BOF slag utilisation, its application as a binder constituent seems thus far
precluded, mainly due to contamination with heavy metals and low
reactivity [5,6].

The chemical/mineralogical composition of BOF slag varies
depending on the raw materials and process parameters used during the
steel production. Nonetheless, it is generally represented by CyS, CsS,
C2(A,F), RO phase (CaO-FeO-MgO-MnO solid solution, with the wuestite
structure), and free CaO [7,8]. Among these phases, C2S and Cy(A,F) are
potentially the most reactive, but at the same time, they are reported to
be the host phases for vanadium and Cy(A,F) also for chromium [9-12].

In order to evaluate the hazardous impact of BOF slag on the envi-
ronment, many studies focus on the leaching of heavy metals from the
original material. In general, it is shown that non-weathered slags
release relatively low quantities of vanadium and chromium [10,13,14].
According to Chaurand et al. [12,15], in BOF slag, chromium is present
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as Cr(III) (octahedral coordination), which is less mobile and less toxic
than Cr(VI) and remains at this oxidation state during leaching. In
consequence, the release of Cr from BOF slag is minor. The leaching
values of vanadium are usually higher than those of chromium. None-
theless, they often fall below the standardised limits for heavy metals
leaching [16], as at highly alkaline conditions (e.g. in the presence of
portlandite), vanadium is relatively immobile [3].

The weathering, however, greatly affects the release of heavy metals
from BOF slags. Costa et al. [17] showed that while leaching of chro-
mium remains the same or becomes slightly reduced after carbonation,
leaching of vanadium from carbonated slag can increase even 500 times.
In BOF slag, vanadium predominately prevails at V(IV) and V(V)
[12,18]. However, during natural ageing, V(IV) is oxidised to V(V),
being the most toxic oxidation state [12,15]. Significant release of va-
nadium from BOF slag after carbonation coincidences mainly with the
pH drop caused by the reaction of portlandite with CO2 [2].

The leaching behaviour of the non-hydrated, loose slag powder
cannot be directly transferred to the leaching behaviour of slag-based
shaped building materials. In our previous work [10,19], we showed
that the problem of low reactivity of slag could be overcome with the
addition of tri-potassium citrate. Chemical activation significantly en-
hances the hydration of BOF slag, and as a consequence, high-end per-
formance building products can be manufactured. In the proposed
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activation process, the reaction of the most contaminated phases-
brownmillerite and belite takes place, resulting in the formation of
siliceous hydrogarnet and C-S-H gel [10]. These hydration products are
known to reveal high capacities for heavy metals immobilisation.
Hydroandradites Caz(AlyFe;_)2(SiO4)y(OH)4(3_y), belonging to the
hydrogarnet group, can incorporate heavy metals in their structure by
substituting aluminum/iron in octahedral positions or hydroxyls
(H40%7) in tetrahedral positions. Accordingly, in hydrogarnets, chro-
mium (III) substitutes iron/aluminum [20], and chromium (VI), in the
form of oxyanions (chromate (CrO%’)), substitutes hydroxyls [21]. With
a similar size as chromium oxyanions, vanadium oxyanions (VO?()
could also potentially replace the hydroxyls in hydrogarnets structure.
However, this would require charge balancing. Vollpracht et al. [22]
suggested that in hydrating cement, vanadium oxyanions are adsorbed
on the C-S-H gel. Immobilisation of chromium in C-S-H gel by means of
Si substitution is also sometimes proposed [23-25].

The high immobilisation potential of BOF slag hydration products
was confirmed in our previous study with a leaching test [10]. Well-
sealed samples of chemically activated BOF slag did not reveal leach-
ing problems even though the phases containing heavy metals under-
went hydration. However, similarly as observed in the raw BOF slag, the
carbonation of hydration products can lead to the increased release of
heavy metals. Upon carbonation, changes in the phase composition
occur and are accompanied by a significant pH reduction. The C-S-H gel
and hydroandradite (phases that are potentially hosting heavy metals in
the hydrated BOF slag) are known to undergo carbonation. The reaction
of C-S-H gel with CO; leads to the formation of calcite and amorphous
silica [26,27]. Carbonation of hydrogarnets also takes place, as pre-
dicted with thermodynamic modeling [28]. The data are, however,
limited and mainly focused on the carbonation of Al-based
hydrogarnets.

Regarding the release of heavy metals from the shaped BOF slag-
based products, carbonation resistance, defined as the depth where
the compositional changes and the drop of pH occur, may become a
crucial factor controlling the applicability of these materials. Therefore,
the extent and impact of carbonation on the leaching of heavy metals
need to be evaluated, considering not only the release of heavy metals
from the dissolving phases but also the possibility of their further
immobilisation in the newly formed carbonation products.

Following the above discussion, in this study, we focus on the hy-
dration of newly designed chemically activated BOF slag-based mate-
rials and their resistance to carbonation in order to evaluate the
retention of heavy metals during their service life. For the representa-
tiveness of this study, two types of citrate-based activators (with varying
concentrations) and two leaching procedures are employed. To account
for the chemical and physical factors affecting the release of heavy
metals, the leaching from unshaped and shaped slag pastes is analysed
before and after carbonation in the context of reactivity of the slag
phases, hydration products, carbonation resistance of pastes and
compositional changes induced by the carbonation. The results
demonstrate that the leaching of heavy metals from BOF slag pastes
increases significantly after carbonation, mainly due to the decomposi-
tion of hydrogarnets and C-S-H gel. Nevertheless, our observations show
that this effect can be minimised by optimising the initial mix design.
Higher hydration degrees of CzS after 90 days of curing in pastes with
0.1 M and 0.2 M solutions of citrate salts than in pastes with more
concentrated solutions lead to microstructural densification and conse-
quent improvement of the carbonation resistance.

2. Experimental
2.1. Materials
The Basic Oxygen Furnace (BOF) slag from Tata Steel (The

Netherlands) was used as the raw material. The slag was ground prior to
the application. The particle size distribution is shown in Fig. 1, as
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Fig. 1. The particle size distribution of BOF slag.

measured with laser diffraction spectroscopy (Mastersizer 2000,
Malvern).

The chemical and mineralogical compositions were determined
respectively with X-ray fluorescence (XRF) and X-ray diffraction (XRD)
with quantitative Rietveld refinement, as described in more detail in the
methodology section. The results are presented in Table 1. Polymorphs
of CS are reported combined with a single value.

The distribution of heavy metals within the BOF slag phases is
determined with electron probe microanalysis (EPMA). The EPMA
measurements were performed using a Cameca SX 100 microprobe with
five vertical spectrometers. An accelerating voltage of 15 kV and a beam
current of 200 nA were applied. The spot size was kept as small as
possible, ~1 pm. The peak measurement time for Mg, Al, Si, P, Ca, Ti, Cr,
Mn was 60 s; and for V, Fe was 30 s. Background measurement time
equal to half of the peak measurement time was used on each side of the
peak. The following analysing crystals were used: LTAP (Mg, Al, Si),
LPET (P, Ti, V), PET (Ca), LLiF (Cr, Mn, Fe). A minimum of 19 points per
phase was analysed on 10 different slag fragments. The results are
presented in Table 2.

Potassium and sodium salts of citric acid were applied in this study to
activate the BOF slag phases. Technical grade products, tri-potassium
citrate monohydrate (K3CgHs07-H20) and tri-sodium citrate dihydrate
(Na3CgHs07-2H50), both with >99% purity, were used.

2.2. Methodology

2.2.1. Mix design and sample preparation

Two series of BOF slag pastes with increasing content of sodium and
potassium citrate were prepared and analysed in this study. The con-
centrations of the citrate salts were selected based on our previous work
[19]. Water to binder ratio (w/b) of 0.18 was applied for all mixtures.
The detailed mix proportions are presented in Table 3. The activators

Table 1
Oxide and phase composition of BOF slag.

Mineral compound Content [wt%] Oxide Content [wt%]
Brownmillerite 21.6 MgO 6.0
Magnetite 11.3 SiO, 11.9
C,S 321 Al05 3.2
Wuestite 20.6 CaO 41.0
Lime 1.1 P,0s5 1.4
Calcite 0.3 TiOy 1.1
Portlandite 0.5 V205 1.1
CsS 0.9 Cr,03 0.3
Amorphous 11.6 MnO 4.7
Fe,03 29.1
GOI 1000 0.01
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Table 2
Chemical composition of the phases containing heavy metals, derived from EPMA analyses (wt%) including the 1 sigma variation for the elements of interest, Cr and V.
Mineral MgO Al,O3 SiOy P,0s CaOo TiOy V03 o Crp03 o MnO FeO (Fe;03%) Total
CoS 0.2 0.9 28.9 3.8 61.5 0.6 0.8 0.4 0.0 0.0 0.2 1.1 97.9
Wauestite 245 0.2 0.0 0.0 2.5 0.0 0.1 0.1 0.8 0.3 11.9 59.1 99.2
Brownmillerite 4.0 9.2 4.3 0.4 40.3 5.2 1.7 0.8 0.7 0.7 2.3 31.4% 99.4
Table 3
Mix design of the BOF slag pastes.
Sample description BOF slag [g] Water [g] Tri-potassium citrate monohydrate [M] Tri-sodium citrate dihydrate [M] w/b Flowability [mm]
KO0.1 100 18 0.1 0.18 160
K0.2 100 18 0.2 0.18 240
K0.4 100 18 0.4 0.18 250
KO0.6 100 18 0.6 0.18 280
Na0.1 100 18 0.1 0.18 150
Na0.2 100 18 0.2 0.18 200
Na0.4 100 18 0.4 0.18 220
Na0.6 100 18 0.6 0.18 250

were firstly dissolved in water to obtain the designed molarity. Solutions
were subsequently mixed with slag powder using a high-speed mixer for
3 min.

Owing to the superplasticizing properties of citrate salts and a broad
range of concentrations investigated in this study, slight bleeding was
observed for the samples with the high activator dosages. This, however,
did not have a substantial impact on the results, as revealed e.g. with the
compressive strength test. The water amount was kept fixed as the
spacing factor plays a vital role in the hydration of the C,S phase [29].
The flowability of pastes, measured using a Hagermann cone, is pre-
sented in Table 3.

2.2.2. Evaluation of the hydration process

2.2.2.1. Isothermal calorimetry. The heat release during the first 7 days
of hydration of BOF slag pastes was monitored with an isothermal
conduction calorimeter (TAM Air, Thermometric). Pastes were exter-
nally mixed for 2 min and then loaded into the calorimeter. The data
were recorded and analysed between 45 min and 160 h.

2.2.2.2. Early age solutions analyses. The early age solutions were
extracted from the pastes after 30 and 60 min of hydration with pressure
filtration. In order to remove possibly remaining solids, the solutions
were subsequently filtered through a 0.22 pm membrane filter before
the analyses. The concentration of OH™ was determined via titration
against hydrochloride acid (0.1 mol/1), as described in [30]. The solu-
tions were analysed with an ion chromatograph (Thermo scientific
Dionex 1100), and after acidification with concentrated HNOs, with
inductively coupled plasma atomic emission spectrometer (ICP-OES,
SPECTROBLUE). The multi-element standards IV and VI from Merck
were used for the calibrations.

The concentration of citrates was determined with an ion chro-
matograph equipped with an ion-exchange column AS9-HS (2 x 250
mm). The 25 mM sodium carbonate (Na;CO3)/12 mM sodium bicar-
bonate (NaHCO3) was used as an eluent. Citrate ions were detected via
suppressed conductivity (Thermo scientific Diones AERS 500, 2 mm).
The external standards for the calibration (200, 100, 50, 20, 10, 5, 2,1
and 0.5 mg/1) were prepared from the citrate standard for IC (Merck,
1000 + 5 mg/1).

2.2.2.3. Thermogravimetry. The amount of chemically bound water was
determined with the thermogravimetric method. The hydration stop-
page was carried out applying the double solvent exchange method,
comprising of 30 min soaking in isopropanol, flushing with diethyl ether
and semi-vacuum drying at 40 °C for 8 min. The powders were heated up

from 40 to 1000 °C using a Jupiter STA 449 F1 Netzsch instrument with
a heating rate of 5 °C/min, under a nitrogen flow of 20 ml/min.

2.2.2.4. X-ray diffraction. Changes in the phase composition of hy-
drating BOF slag were analysed based on X-ray diffraction patterns, with
the XRD Rietveld method after 7, 28 and 90 days of hydration. Prior to
the analyses, the hydration was stopped with the double solvent ex-
change method. The powders were milled in an XRD-Mill McCrone
(RETSCH) and backloaded into the sample holders. The D4 ENDEAVOR
X-ray diffractometer with CoKa radiation was used to collect the XRD
patterns. The powders were scanned with a LynxEye detector in the
range between 12 and 80° 20 with a step size of 0.014° 20 and a time per
step of 1 s. The obtained diffractograms were analysed with TOPAS
Academic software v5.0 with the fundamental parameter approach. The
external standard method (corundum standard) was employed for phase
quantification [31]. The crystal structures used for the Rietveld refine-
ment are catalogued in Table 4 while described in detail in [19]. The
lattice and microstrain parameters refined on the anhydrous slag were
used for the analyses of the pastes.

2.2.2.5. Compressive strength. For the evaluation of mechanical perfor-
mance, pastes were cast in cubic moulds (4 x 4 x 4 cm?®), vibrated for 2
min, and covered with foil to prevent evaporation of water and
carbonation. After 24 h of curing, they were demoulded, sealed with foil,
and transferred to the climate chamber (20 °C, RH > 95%). After
designed curing ages, the compressive strength was evaluated according
to EN 196-1 [32].

2.2.3. Carbonation resistance and heavy metals retention
To evaluate the post-carbonation leaching behaviour, the leaching

Table 4
The crystal structures of the phases used for the
Rietveld refinement [19].

Phase ICSD
Brownmillerite 9197
o’-CaS 81,097
Wuestite 67,200
CsS 64,759
p-CaS 245,074
Magnetite 20,596
Lime 28,905
Portlandite 202,220
Hydrogarnet 29,247
Katoite 9272

Pyroaurite 6295
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tests were performed on hydrated BOF slag pastes before and after
carbonation curing. Two leaching tests were selected, the tank leaching
test (NEN 7375:2004) [33] and the one batch leaching test (EN 12457-2)
[34]. The BOF slag pastes were prepared with the same procedure as for
the compressive strength determination. The first series of pastes (for the
tank test) was cast in cubic moulds (4 x 4 x 4 cm3) and covered with foil
to prevent moisture loss and carbonation. After 24 h, samples were
demoulded and sealed with foil and adhesive tape. The second series of
pastes (for the one batch leaching test) was cast in cylindrical poly-
ethylene vessels sealed with parafilm. All the samples were cured in the
climate chamber (20 °C, RH > 95%) for 90 days before testing. After the
designed hydration period, cylindrical pastes were crushed and sieved in
two fractions, the first fraction of 2-4 mm (G) and the second fraction
<0.2 mm (P). These fractions were selected to determine the factors
affecting the leaching properties and, at the same time, to meet the re-
quirements of EN 12457-2 standard, which specifies the particle size
range between 0 and 4 mm. To evaluate the compositional changes in
the original slag and slag pastes upon carbonation, the thermogravi-
metric analyses and XRD measurements were performed on these frac-
tions after carbonation.

2.2.3.1. Carbonation. The hydrated pastes and raw BOF slag were
inserted into the carbonation chamber for 3 months. The conditions for
the accelerated carbonation test: 3% CO5 and RH = 65% were chosen
based on the previous studies (at these conditions, accelerated carbon-
ation leads to similar microstructural changes and phase assemblage as
observed during natural carbonation of cement pastes although the
carbonation kinetics differ) [26,35]. Phenolphthalein was used as a pH
indicator to estimate the carbonation depth.

2.2.3.2. Leaching of heavy metals. The tank leaching test was performed
according to NEN 7375:2004 standard. It should be noted that the size of
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the samples (4 x 4 x 4 cm®) was slightly below the limits specified by
the standard, where the minimal size of two sample dimensions should
be higher than 40 mm. Following the standard procedure, the carbon-
ated and uncarbonated pastes were immersed in ultra-pure water
(0.055 pS/cm) in sealed containers in a way that all sides were in contact
with water. The eluates were exchanged periodically as specified in the
standard for up to 64 days. Similarly, crushed samples and original slag
were analysed before and after carbonation curing by subjecting them to
the one stage batch leaching test according to EN 12457-2. The L/S ratio
of 10 was applied in all cases. The samples were inserted in plastic
containers with ultra-pure water and shaken for 24 h using a dynamic
shaker (ES SM-30, Edmund Buhler GmbH) at a speed of 250 rpm (it must
be noted that the applied speed deviates from the standard). The eluates
were filtered through a 0.22 pm membrane filter, and the pH was
measured with a pH meter (Volcraft) calibrated with the 2-point pro-
cedure (with the accuracy of £0.2 pH). To determine the leaching of
heavy metals, the eluates were acidified with HNO3 and analysed with
an inductively coupled plasma atomic emission spectrometer (ICP-OES,
SPECTROBLUE). The cumulative release of heavy metals from the tank
test (in mg per m?) and the content of soluble components from one
batch leaching test (mg per kg of dry slag) were compared with the limit
values specified in the Dutch Soil Quality Decree [16].

3. Results analysis
3.1. Hydration of BOF slag phases

The early age hydration kinetics of activated BOF slag was investi-
gated with isothermal calorimetry, as presented in Fig. 2. No substantial
differences were observed between the heat flow curves of potassium
and sodium citrate-activated slag, reflecting similarity in the hydration
processes when these two activators are applied. After 7 days of
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Fig. 2. Heat flow curves a),c), and cumulative heat release b), d) during hydration of BOF slag pastes.



A.M. Kaja et al.

hydration, the total heat release is slightly higher for the samples with
tri-potassium citrate. In general, higher concentrations of citrate salts
result in an increased amount of total heat, indicating enhanced hy-
dration of BOF slag up to 7 days. One must note, however, that the time
of heat flow maximum is greatly affected by the activator dosage, being
around 18 h for 0.1 M of citrate salt, shifting towards longer times of
around 22 h for 0.2 M, and being again accelerated with 0.4 and 0.6 M
solutions. Moreover, with the high activator dosages (e.g. 0.4 M, 0.6 M),
the broadening of the main peak and elimination of the induction period
is observed. Based on these findings, it can be concluded that citrate salts
act as hydration retarders at low concentrations and as accelerators at
high concentrations. This behaviour was previously reported in [36].

To understand the impact of activator concentration on the disso-
lution of BOF slag phases and their reactivity, the solutions from pastes
containing the highest and lowest activator dosage were extracted and
analysed during the first hour after contact with water. The results are
presented in Fig. 3 and Table 5.

Fig. 3 a) and b) shows that the concentration of all ions in the so-
lution extracted from the BOF slag pastes at the early hydration stages
drastically rises when 0.6 M solutions of citrate salts are applied in
comparison to 0.1 M solutions. It is evident that with the addition of
citrate salts, extraordinarily high numbers of Ca ions are released to the
solution. This behaviour is in agreement with the results reported by
Schwarz [37], who investigated the impact of tri-potassium citrate on
cement hydration. High concentrations of iron, aluminum as well as
heavy metals (chromium and vanadium) confirm the dissolution of
brownmillerite at early age (see Fig. 3b). Chromium may also originate
from wuestite, as magnesium and manganese are also present in the
early solution with significant quantities. The dissolution of wuestite
seems to be enhanced with more concentrated solutions of citrate salts.
The escalated contents of multivalent cations (including aluminum, iron
and magnesium) in the pore solution were previously observed in the
presence of organic admixture (polycarboxylate ether) in cement pastes
[38]. It must be noted that pH is also significantly altered with the
variable content of citrate salts compared to the intrinsic pH of a BOF
slag-water mixture of about 12.5 [3], as shown in Table 5. The higher pH
values are generated in pastes with more concentrated solutions of cit-
rate salts after 30 and 60 min of hydration.

The phase development of BOF slag pastes after selected hydration
periods is presented in Fig. 4. As already indicated with the calorimetry
measurements, the hydration kinetics and phase assemblage are affected
by the concentration of the citrate, whereas the cation of the salt (Na vs.
K) has a minor effect. Among the crystalline phases, during the first 7
days of hydration, mostly brownmillerite reacts, and the extent of the
hydration of this phase is enhanced with highly concentrated citrate
salts solutions. The degree of brownmillerite hydration is relatively
stable at later ages. These findings are in agreement with our previous
study [19]. Magnetite remains inert within the investigated hydration
period, while wuestite reveals partial reactivity. The extent of hydration
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Table 5

The pH of the initial citrate solutions and the solutions extracted from pastes.
Mix pH

Before mixing® 30 min” 60 min”

KO.1 9.03 12.78 12.95
K0.6 8.99 13.41 13.29
Na0.1 8.81 12.98 12.95
Na0.6 8.56 13.79 13.62
# Measured.

b Calculated based on [OH].

of crystalline C,S is similar in all pastes after 7 days of hydration,
disclosing a slight tendency towards higher reaction degrees with more
concentrated citrate solutions. The increased reactivity of CyS at early
hydration ages in the presence of potassium citrate was also reported in
[19]. However, from the current study, it becomes evident that after 28
and 90 days, hydration of CyS in the samples with highly concentrated
citrate solutions is suppressed. In contrast, in pastes with 0.1 M and 0.2
M citrate salts, hydration of CyS proceeds up to 90 days, reaching a
hydration degree of around 50%. The main crystalline hydration prod-
uct in the investigated systems is siliceous hydrogarnet, and its amount
closely corresponds to the extent of brownmillerite hydration.

The differences in the reactivity of the main BOF slag phases with
varying dosages of citrate activators are further reflected in the devel-
opment of mechanical properties. After 7 days of hydration, the
compressive strength of BOF slag pastes increases with the activator
dosage. However, already the 28 days-strength values reveal the oppo-
site tendency. After 90 days of hydration, the maximum strength of
pastes with both types of the activator is reported when 0.2 M solutions
are used, reaching the value of around 90 MPa. The mechanical prop-
erties closely reflect the changes in the phase composition shown in
Fig. 5, emphasising the impact of belite reactivity.

3.2. Environmental impact

In order to take cognisance of physical and chemical factors affecting
the leaching of heavy metals from BOF slag/slag-based materials, in this
study, two methods: tank test and one batch leaching test, are employed.
Additionally, in the one batch leaching test, two fractions of slag and
crushed slag pastes, 0- 0.2 mm (P) and 2-4 mm (G), are investigated.

The present analyses focus on the impact of carbonation on the
leaching of heavy metals from building products containing BOF slag
from the perspective of carbonation-induced changes in the phase
composition (and accompanying microstructural alterations) of the
binder. It should be noted that the legal threshold values for the leaching
of heavy metals from building products containing wastes (Soil Quality
Decree [16]) in this study have indicative character since, in comparison
to pastes, leaching from mortar and concrete may differ substantially.
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Fig. 3. The concentrations of a) high-concentration and b) low-concentration ions in the solutions extracted from pastes with 0.1 M and 0.6 M citrate salts (potassium

citrate and sodium citrate).
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Changes in the microstructure and transport properties induced by the
presence of aggregates (e.g., due to the occurrence of interfacial tran-
sition zone) will affect the release of heavy metals. Nevertheless, the
insight from this study (on the paste level) can help to isolate the factors
affecting the leaching of heavy metals when mortars and concretes are
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investigated.

In EU, the limit values for the leaching of heavy metals are only
specified for landfilling of inert wastes [39]. There is no uniform regu-
lation concerning the leaching limits for heavy metals from building
materials containing these wastes. In consequence, countries apply
different testing methods and implement their own regulatory limits
[40]. One batch leaching test (EN 12457-2) is commonly applied owing
to its simplicity. In several countries (including France, Lithuania, Italy
and Portugal), the regulatory limits of heavy metals leaching from
building materials are established based on this test. In the Netherlands,
the limit values refer to column leaching test, which tends to give lower
leaching values in comparison to one batch leaching test (applying the
same L/S ratio) [41]. However, this behaviour may differ for various
materials.

In the batch leaching test, building materials are investigated in
granular form (i.e. high surface area), highlighting the impact of the
phase composition on the leaching of heavy metals. The data can be used
to estimate the release of heavy metals at the end of concrete service life
when the constructions are demolished and crushed. To account for
diminished leaching from monolithic building products, in the
Netherlands, tank test (NEN 7375) (with corresponding limit values in
Dutch SQD) is also employed. This test is designed specifically for
diffusion-controlled leaching and might be more representative for
shaped products. However, it has to be noted that the release of heavy
metals from building materials with different industrial wastes is often
governed, next to diffusion, also by dissolution and wash-off effects
[42,43], and is strongly affected by microstructural properties.

3.2.1. Leaching of heavy metals before carbonation

The fundamental aspects affecting the leaching behaviour from
unhydrated and hydrated BOF slag concern the concentration of heavy
metals and their distribution within slag phases. Regarding the slag's
chemical composition (as shown in Table 1), among heavy metals, in the
investigated slag, the highest concentration is reported for vanadium,
followed by traces of chromium, while the scant amounts of molybde-
num are below the detection limits of the XRF method. In unreacted slag,
vanadium is incorporated in C,S and brownmillerite, while chromium is
detected in wuestite and brownmillerite (see Table 2). The incorporation
of molybdenum is more difficult to establish due to its low contents in
slag. However, it generally occurs in iron-containing phases (including
brownmillerite, magnetite and wuestite) [44].

Owing to the occurrence of heavy metals in the reactive slag phases,
the extent of reaction of these phases becomes crucial. As shown with
the early age solution analyses, the rate of dissolution of BOF slag phases
is strongly affected by the concentration of the activator. With the highly
concentrated citrate solutions, considerable amounts of heavy metals
are released to the solution already within the first hour of hydration. As
revealed with quantitative XRD, not only the early kinetics of dissolution
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Fig. 5. Compressive strength of BOF slag pastes with a) potassium citrate and b) sodium citrate.
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of slag phases but also their degree of reaction at later ages show a strong
dependency on the activator dosage. Based on the reactivity of the slag
phases, the greatest leaching due to brownmillerite dissolution is ex-
pected for the pastes with the highest concentrations of the activator and
due to dissolution of C,S with the concentration of 0.1 and 0.2 M po-
tassium/sodium citrate, assuming no incorporation of heavy metals in
the hydration products. Nevertheless, the immobilisation of heavy
metals in the newly formed hydration products cannot be excluded, as C-
S-H gel and hydrogarnets reveal high abilities to incorporate/adsorb
these elements.

3.2.1.1. Vanadium. Among the trace elements in BOF slag, vanadium is
often the most abundant and leachable, causing environmental issues
[2,3,45]. As shown in previous research, and confirmed in this study
(Fig. 6) (detailed leaching values are provided in Table al in Appendix
A), leaching of vanadium from non-hydrated slag often exceeds the
chronic toxicity thresholds [2,3]. It is generally observed that the release
of vanadium is inversely proportional to the concentration of Ca®" in the
solution [2]. For non-hydrated BOF slag, the dependency between cal-
cium and vanadium ions may imply that the leaching of vanadium is
controlled by the Ca3(VO4)2 solubility limits [2]. However, as shown by
De Windt et al. [46], the dissolved concentrations of vanadium are too
low to be exclusively governed by this mechanism. From Fig. 6 it can be
seen that the leaching of vanadium intimately responds to the pH
changes, being considerably reduced when pH raises from ~12 to ~13.
The difference between the V leaching from the two investigated slag
fractions (G and P) can be explained by the higher surface area of the
finer fraction (P), which imposes greater reactivity and consequent
precipitation of portlandite (pH-buffering phase). Thus, lower values of
vanadium leaching are reported for the fine fraction. Similar tendencies
are observed for pastes, where coarser fractions show higher leaching of
vanadium, as the pH generated in eluates is lower. The leaching of va-
nadium from BOF slag pastes falls below the limits specified in Dutch
Soil Quality Decree. At high pH, vanadium tends to form oxyanions
which can be adsorbed on C-S-H gel and/or incorporated in hydrogarnet
structure [2,3,22,46].

3.2.1.2. Chromium. Chromium is the second most abundant and
potentially harmful heavy metal in the investigated BOF slag. The
leaching of chromium from slag and slag-based pastes is presented in
Fig. 7. In general, the relatively low release of chromium, not exceeding
the threshold values, is observed. Among the analysed samples, the
highest leaching of chromium is reported for the unhydrated slag,
demonstrating a certain ability of the hydration products to immobilise
chromium.
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3.2.1.3. Molybdenum. Even though the total amount of molybdenum in
BOF slag is insignificant, the leaching of molybdenum is analysed in this
study since brownmillerite (most likely the hosting phase of molybde-
num) reveals high reactivity in the presented systems [44]. Fig. 8 shows
the leaching of molybdenum from unhydrated and hydrated BOF slag.
For all samples, the leaching falls far below the SQD limits. Nevertheless,
the tendency towards a higher release from the pastes with an increasing
concentration of activator can be observed.

3.2.2. Leaching of heavy metals after carbonation

Upon carbonation, the original BOF slag phases, as well as the hy-
dration products, are destabilised, and therefore, the adsorbed/incor-
porated heavy metals can be released. In order to reveal the impact of
carbonation on the compositional changes in original and hydrated slag,
a comparison between the carbonated powders (<0.2 mm) and
non-carbonated samples (unreacted slag and pastes after 90 days of
hydration) is made in Fig. 9. The results demonstrate that in unhydrated
BOF slag, C5S is prone to carbonation (with the reaction degree of about
25%), while other phases are relatively inert. These findings agree well
with the reports on post-carbonation leaching from BOF slags presented
in the literature [2,3]. In carbonated BOF slag, aragonite is identified as
the main carbonation product.

Similar tendencies are observed for the hydrated slag samples, where
C,S partially undergoes carbonation (up to 15%), while wuestite and
brownmillerite remain inert. Among the hydration products, upon
carbonation, portlandite is almost entirely consumed, and about 75% of
hydrogarnet is decomposed. The exact reaction of hydrogarnet decom-
position, however, requires further investigation, as no crystalline Fe-
stratlingite or iron hydroxide could be identified with the XRD method.
In contrast to the non-hydrated BOF slag, the carbonation of pastes re-
sults in the formation of vaterite and calcite. According to Auroy et al.
[47], the presence of vaterite is a characteristic for the carbonation of C-
S-H gel at accelerated carbonation conditions (3% of CO3). Since the
largest vaterite quantities are observed for the samples activated with
0.1 and 0.2 M citrate solutions, where the highest degree of C,S reaction
is observed, the presence of vaterite likely corresponds to the carbon-
ation of C-S-H gel in our study. The carbonation of C-S-H gel is
confirmed with experiments and thermodynamic modeling in many
previous studies [48-50]. The differences between the carbonates
formed in the samples with varying activator dosage are further re-
flected with thermogravimetric analyses (Fig. 10). In order to account
for the mass contribution of citrate, the graphs are corrected by sub-
tracting the mass loss from the non-carbonated corresponding pastes
(Fig. 10, insert). In general, in all samples, carbonates decompose in the
broad temperature range (between 500 and 800 °C). However, the mass
loss is shifted towards lower temperatures for the samples with less
concentrated citrate solutions, indicating differences in the physical
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Fig. 6. Leaching of vanadium before carbonation, derived from a) one batch test, b) tank test (G refers to 2-4 mm size fraction, P to <0.2 mm).
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Fig. 7. Leaching of chromium before carbonation, derived from a) one batch test, b) tank test.

a) o7 13.4
SQD threshold
0.6 L13.2
o5 * pH L13.0
€ 04 LI PP
P - . - =
2] _— - " " o
8 034 . L 12.6
e
5 021 L 12.4
0.1 L12.2
| |
0.0 !_\H’_\H Hﬁ’_"_”—”_"_”_‘!_w_w_\ 12.0
(}‘DQEQ’Q Q\QWQVQQ)Q"\QWQVQ‘QQ"\QWQVQ@QV'\QWQYQ‘Q
oq(§(§§§§§’§’§§§§§$$$$
1.2 13.2
10 SQD threshold 13.0
@ —
X m
3 0.8 " .- L12.8
E n = u
—_— ™ . L]
® 06- . . L1265
s 1Mo [mg/kg]
S * pH
S 041 -12.4
=
0.2 L12.2
| ]
0.0 V_\’_‘V_\V_"_"_"_‘ ’_‘ﬂ i HI_H_\HH 12.0
PRSI ILD I IO N V¥ O Yy O
P
FEEIITIISISESEEELE

Fig. 8. Leaching of molybdenum before carbonation, derived from one batch
test (the results from the tank test are not shown due to very limited
concentrations).

properties of carbonates formed [51].

The post-carbonation leaching, especially of shaped slag-based ma-
terials is not exclusively a result of the destabilisation of phases but a
compilation of several simultaneous effects. For example, the resistance
of the material to carbonation must be considered. As shown in Table 6,
with the phenolphthalein test, no substantial extent of carbonation is
detected for all samples. One of the reasons for the limited carbonation
depth is the very dense microstructure, i.e. low porosity [19]. Only the
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0

tendency towards a higher carbonation depth with an increasing acti-
vator dosage (up to 1.5 mm for slag activated with 0.6 M solutions) is
observed. While for the powder fraction, the amount of carbonates
derived from the thermogravimetric method noticeably decreases with
the increasing activator dosage (Table 6), for the 2-4 mm fraction, the
differences in the carbonates content are significantly diminished. This
might be associated with the varying carbonation depths in 2-4 mm
grains which tend to increase for samples with more concentrated citrate
solutions. Several factors affecting the quantity of carbonates, their
physical nature, and carbonation depth can be distinguished.

On the one hand, taking into account the activator dosage, higher
resistance to carbonation could be expected with more concentrated
activators, assuming the increased content of Na*/K" in the pore solu-
tion, and hence a larger alkalinity buffer [52]. On the other hand, in
samples with a lower activator dosage, the degree of CyS hydration is
higher, implying a denser microstructure (further supported by better
mechanical performance), which impedes the CO; ingress. Furthermore,
larger quantities of portlandite in these samples result in the volume
increase and formation of a dense protective layer of carbonates on the
surface of the sample upon carbonation [49,51,53]. In contrast, during
the carbonation of the C-S-H gel, coarsening of the microstructure might
occur, especially with a low Ca/Si ratio, facilitating the COy ingress
[53,54]. Phase analyses also demonstrate that hydration products are
more prone to carbonation than the original slag phases. This might
explain the larger quantities of carbonates in the powdered samples with
less concentrated citrate solutions resulting from the reaction of C-S-H
gel with CO».
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Fig. 9. Crystalline phase composition of slag/slag pastes a) after 90 days of hydration, b) after 90 days of hydration and subsequent 90 days of carbonation (powder

samples <0.2 mm).
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Fig. 10. DTG curves of carbonated slag/slag pastes analysed on the <0.2 mm fraction. The inserted graphs show the decomposition of carbonates in the temperature

range between 500 and 1000 °C, after correcting for citrate mass loss.

Table 6
The mass losses due to carbonate decomposition determined with thermogravimetry and carbonation depths measured with phenolphthalein test.
Parameter Slag KO0.1 K0.2 KO0.4 K0.6 Na0.1 Na0.2 Na0.4 Na0.6
Mass loss 500-800 °C [%] <0.2 mm 3.7 7.8 6.9 5.7 4.2 8.3 7.3 5.5 4.0
2-4 mm 0.2 5.5 6.0 4.9 3.9 5.9 4.0 5.1 4.0
Carbonation depth [mm] 2-4 mm 0 0.5 0.5 1 1.5 0.5 0.5 1 1.5

3.2.2.1. Vanadium. After carbonation, the leaching of vanadium in-
creases significantly, exceeding the legal thresholds in the one batch
leaching test up to 100 times (Fig. 11). In the tank test, however, where
the impact of carbonation depth plays a crucial role, the BOF slag pastes
meet the leaching standards defined in SQD. The strong correlation
between vanadium leaching and the extent of carbonation is especially
visible when comparing the two fractions of slag/pastes. Powder sam-
ples show several times higher leaching than the samples with 2-4 mm
grain size, implying that the ratio between carbonated and non-carbo-
nated sections defines the magnitude of vanadium leaching. Even
though the pH of eluates from the samples with highly concentrated
citrate salts is more alkaline, the release of vanadium is boosted in these
samples, likely due to the greater carbonation depth and decomposition
of hydrogarnets (Fig. 9).

3.2.2.2. Chromium. The leaching of chromium from plain BOF slag
after carbonation is not considerably affected, remaining below the
restrictive levels, which agrees with the study by Huijgen and Comans
[55]. In contrast, the chromium release from the crushed, carbonated,
citrate activated pastes is significantly increased, especially in pastes
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with 0.6 M potassium/sodium citrate solutions. This behaviour can be
the consequence of the highest reactivity of brownmillerite and partial
reactivity of wuestite (which contain Cr) in these samples and destabi-
lisation of their hydration products upon carbonation, as revealed with
the phase analysis (Fig. 9). The presence of citrate complexes with
chromium and their decomposition with the pH drop also cannot be
excluded. The tank test (Fig. 12), however, clearly demonstrates that
from the shaped products, where carbonation depth is insubstantial, the
leachability of chromium is very limited. The presented data indicate
that too high concentrations of citrate activator can result in the boost of
chromium leaching, and this phenomenon must be considered when
designing BOF slag-based materials in engineering practice.

3.2.2.3. Molybdenum. The leaching of molybdenum from plain BOF
slag shows only a slight increase after carbonation (Fig. 13). This
behaviour contradicts the results of Baciocchi [56], who reported a
decreased release of Mo after carbonation. In the study of Costa [17],
where two slags with varying composition were analysed, after
carbonation, for one slag, Mo leaching was reduced and for another slag,
it increased. In one batch leaching test, the release of molybdenum from
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Fig. 11. Leaching of vanadium after carbonation derived from a) one batch test, b) tank test.
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Fig. 12. Leaching of chromium after carbonation, derived from a) one batch test, b) tank test.
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Fig. 13. Leaching of molybdenum after carbonation, derived from a) one batch test, b) tank test.

the carbonated samples escalates, exceeding the threshold values for
samples with the highest activator dosages. As shown with the phase
analyses of carbonated and non-carbonated materials (Fig. 9), brown-
millerite (Mo hosting phase) is much more stable upon carbonation than
its hydration products. In consequence, the highest leaching of molyb-
denum is observed for the samples with the greatest extent of brown-
millerite hydration. Even though after carbonation, molybdenum
becomes very mobile in the carbonated areas, considering its content in
slag and carbonation resistance of pastes, the leaching of molybdenum is
not a restraining factor for the application of slag products, as confirmed
with the tank test.

4. Conclusions

Chemically activated BOF slag pastes are the newly-designed po-
tential building products. To assess the risk of environmental harmful-
ness of these materials during their service life, in this paper, the
leaching of heavy metals upon carbonation is investigated. Potassium
and sodium citrate salts are used with variable dosages to activate slag
with the aim to provide a comprehensive overview of the impact of the
hydration degree of BOF slag phases on the leaching behaviour of pastes.
The carbonation resistance of BOF slag/slag pastes and the composi-
tional changes induced by carbonation are assessed. To examine the
effects of physical and chemical changes, which occur simultaneously
upon carbonation, the leaching of heavy metals is determined with the
tank test and one batch leaching test on shaped and unshaped materials
(fractions <0.2 mm and 2-4 mm), respectively. The following conclu-
sions are reached within this study.

10

e The hydration kinetics of BOF slag phases can be controlled and
optimised with the addition of potassium/sodium citrate. Whereas
the type of activator has a minor impact on the hydration kinetics
and phase development, the dosage of the activator is pivotal. At the
early hydration ages, the reactivity of BOF slag phases, especially of
brownmillerite, is accelerated by the highly concentrated solutions.
Siliceous hydrogarnets and C-S-H gel are formed. However, the high
concentrations of activators adversely affect the long-term strength
development due to the suppressed reaction of C5S in these pastes.
Even though reactions of most contaminated phases take place, the
leaching of heavy metals (including vanadium, chromium and mo-
lybdenum) from hydrated BOF slag is insubstantial. The release of
vanadium (the most abundant heavy metal) from non-carbonated
pastes closely corresponds to the pH changes, being significantly
diminished at pH close to 13.

After 90 days of sealed curing, BOF slag pastes reveal high resistance
to carbonation. In consequence, the release of heavy metals in the
tank leaching test, where the leachability is mostly determined by
the carbonation depth, does not exceed the legal thresholds specified
in Soil Quality Decree. In one batch leaching test, the general ten-
dency towards intensified heavy metal leaching from the pastes with
highly concentrated citrate solutions is observed. This can be asso-
ciated with the greatest degree of brownmillerite hydration in these
samples and the decomposition of its reaction product- hydrogarnet,
which potentially hosts heavy metals in the hydrated slag. As the
immobilisation capability of BOF slag hydrates drastically drops
upon carbonation, the carbonation resistance (depth of carbonation)
becomes crucial in preventing the release of heavy metals from BOF
slag-based products. This study demonstrates that the resistance to
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carbonation can be improved by facilitating the hydration of CyS in
the BOF slag with the use of low concentrations of citrate salts (e.g.
0.1 M and 0.2 M in this study).
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Leaching values of heavy metals from BOF slag/slag pastes in one batch and tank leaching test.

Sample One batch leaching test
Leaching before carbonation Leaching after carbonation
\% Cr Mo pH A Cr Mo pH
[mg/kg] [mg/kg] [mg/kg] [-] [mg/kg] [mg/kg] [mg/kg] [-]
Gslag 3.78 0.28 0.02 12.10 19.29 0.5 0.03 11.61
Pslag 0.08 0.17 0.07 12.75 30.31 0.33 0.13 11.37
GNa0.1 0.17 0.02 0.02 12.58 26.67 0.24 0.13 11.24
GNa0.2 0.15 0.08 0.03 12.63 20.49 0.49 0.08 11.49
GNa0.4 0.1 0.03 0.05 12.68 40.22 0.69 0.39 11.4
GNa0.6 0.12 0.08 0.1 12.76 46.1 3.75 0.54 11.62
PNa0.1 0.03 0 0.04 12.84 70.1 0.52 0.45 11.06
PNa0.2 0.03 0.09 0.05 12.89 76.2 2.04 0.52 11.19
PNa0.4 0.04 0.01 0.07 12.88 124.35 1.2 1.03 11.36
PNa0.6 0.05 0.04 0.13 12.91 163.21 17.18 2.03 11.7
GKO.1 0.16 0.05 0.02 12.64 23.9 0.12 0.11 11.3
GKO0.2 0.13 0.04 0.03 12.66 29.42 0.15 0.19 11.27
GKO0.4 0.09 0.03 0.06 12.70 40.07 0.52 0.32 11.44
GKO0.6 0.09 0.04 0.12 12.75 43.68 2.54 0.39 11.67
PKO.1 0.04 0.05 0.04 12.83 66.38 0.39 0.54 10.92
PKO.2 0.04 0.02 0.05 12.84 73.24 0.5 0.78 11.05
PKO0.4 0.05 0.02 0.08 12.86 114.88 1.43 1.24 11.46
PKO.6 0.05 0.02 0.16 12.87 141.35 14.77 2.11 11.93
Sample Tank test
Leaching before carbonation Leaching after carbonation
A Cr Mo \% Cr Mo
[mg/m?] [mg/m’] [mg/m*] [mg/m’] [mg/m*] [mg/m?]
Na0.1 53.92 0.50 bdl 181.73 3.97 0.25
Na0.2 31.60 0.64 bdl 185.35 5.55 0.48
Na0.4 17.03 0.66 bdl 212.51 9.30 0.89
Na0.6 6.53 2.38 0.78 267.14 21.70 2.15
KO0.1 44.02 0.48 bdl 160.58 3.23 0.21
K0.2 18.40 0.80 bdl 223.16 7.95 0.78
K0.4 10.59 0.55 bdl 186.04 3.07 0.14
KO0.6 6.19 1.42 0.55 268.68 10.93 0.50
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