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A B S T R A C T   

Basic Oxygen Furnace (BOF) slag is currently utilized with low-grade applications or landfilled. Here, we 
investigate a novel route to upgrade BOF slag to a high-performance binder by chemical activation with tri- 
potassium citrate. The impact of tri-potassium citrate on hydration and phase assemblage of BOF slag is 
analyzed with a multi-technique approach. Results reveal that the addition of tri-potassium citrate considerably 
enhances the reactivity of brownmillerite and accelerates the hydration of belite at early ages. The majority of 
brownmillerite hydrates within 24 h, and the reaction kinetics is controlled by the activator dosage. The main 
products of BOF slag hydration are siliceous hydrogarnet and C-S-H gel. Acting as a strong water reducer, tri- 
potassium citrate enables the manufacture of slag pastes with high compressive strength (up to 75 MPa at 28 
days) and low porosity. Leaching of heavy metals from the slag pastes fulfills the Dutch Soil Quality Decree 
limits.   

1. Introduction 

Basic Oxygen Furnace (BOF) slag is a by-product of the conversion of 
iron to steel during the Linz-Donawitz process, and therefore, also called 
LD slag or converter slag [1]. Around 90–110 kg of BOF slag are 
generated per ton of steel produced, resulting in the annual production 
of BOF slag of about 10.4 million tons in Europe [2–5]. The BOF slag is 
composed of CaO (30–50%), SiO2 (10–20%), Fe2O3 (20–40%), Al2O3 
(1–7%), MgO (4–10%), MnO (0–4%), P2O5 (1–3%) and TiO2 (0–2%) [6], 
with a mineral assemblage of C2S, C3S, C2(A,F), RO phase 
(CaO–FeO–MgO–MnO solid solution, crystallized in wuestite structure), 
and free lime (CaO) [2,7,8]. Despite the presence of C2S/C3S and C2(A,F) 
phases, the hydraulic activity of the slag tends to be rather low, which 
hinders its application as a binder constituent [9]. The utilization of BOF 
slag in concrete is further limited due to the volume instability problems 
caused by the presence of free CaO [10] and the contamination with 
heavy metals [11] (especially vanadium and chromium [2,12]). 

Since C3S is only a minor component of BOF slag (typically 0–5 wt%) 
[2], up to now, researchers have been mainly focusing on the activation 
and hydration of C2S- the most abundant phase in the BOF slag (40–55 
wt%) [13]. The C2S phase (belite) appears in BOF slag as α’ and β 
polymorphs. Without any treatment (physical or chemical), the early 

age hydraulic activity of belite is very low. The activation of BOF slag 
with conventional alkaline activators (like NaOH) as well as other ad-
mixtures, including CaCl2, NaCl, Na2SiO3, high alumina cement, and 
commercial accelerator has been shown to only slightly affect the hy-
dration of BOF slag [13,14]. One possible reason is the stabilization of 
belite in the presence of impurities (Fe3+, P5+) [10,15]. The impurities 
tend to decrease the reactivity of C2S, and this effect is particularly 
visible with the high concentration of the contaminants [16]. 

Contrary to belite, limited attention has been paid to the second most 
abundant hydraulic phase in BOF slag –brownmillerite, also called sre-
brodolskite (~20 wt%). Whereas the hydration of belite in Portland 
cements contributes mainly to the late strength development (beyond 
28 days), the dissolution and hydration of brownmillerite occur simul-
taneously with tricalcium aluminate, leading to the rapid formation of 
the products such as Fe-containing AFm phases and hydrogarnets 
[17,18]. The extent of brownmillerite reaction is, however, significantly 
lower than that observed for C3A [19]. In cement, the composition of the 
brownmillerite can be close to C6A2F but in general, tends towards 
C6AF2 or even C2F [20]. With an increased iron content, the reactivity of 
brownmillerite decreases [21]. In consequence, the hydraulic activity of 
brownmillerite in Fe-abundant and Al-deficient BOF slags is expected to 
be low. Schwarz [22] postulated that the dissolution of brownmillerite 
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can be enhanced with the addition of citrate salts – where citrate is 
assumed to act via surface complexation and ligand-promoted dissolu-
tion. The formation of stable citrate complexes with iron has also been 
reported previously [23]. However, in the study of Möschner et al. [24], 
while using citric acid (up to 0.5 wt%), no experimental evidence for this 
phenomenon was observed. Instead, the sorption of the citrate species 
on the clinker surface was suggested. Nevertheless, the effect of potas-
sium citrate- a basic salt, compared to the citric acid, can differ sub-
stantially, since the behavior of citrate species, as well as the dissolution 
rate of cementitious phases, strongly depend on the pH [25,26]. 

In this study, we report a novel, Portland cement-free, high-perfor-
mance binder made from BOF slag and tri-potassium citrate mono-
hydrate that plays a dual role of superplasticizer and activator of iron- 
containing phases. The influence of the tri-potassium citrate dosage on 
the phase development, microstructural and mechanical properties of 
BOF slag pastes is investigated using a multi-technique approach, based 
on quantitative XRD analysis, in-situ XRD, SEM/EDX large area phase 
mapping combined with PhAse Recognition and Characterization 
(PARC) software, thermogravimetric analysis, calorimetric measure-
ments, porosimetry (MIP) and mechanical performance testing. In 
addition, leaching tests are performed on the final products in order to 
evaluate the environmental impact and consequently, the potential for 
the utilization of BOF slag in the concrete industry. 

2. Materials and methods 

2.1. Materials and mix design 

A representative mixture of BOF slag, collected from standard pro-
duction, provided by Tata Steel (The Netherlands), was used in this 
study. Before the application, slag was ground using a planetary ball mill 
(Pulverisette 5, Fritsch) and sieved below 106 μm. Fig. 1 shows the 
particle size distribution of BOF slag after mechanical treatment as 
measured by laser diffraction spectroscopy (Mastersizer 2000, Malvern). 

The chemical and mineralogical compositions of BOF slag were 
determined with XRF analysis and XRD Rietveld method and are pre-
sented in Table 1. The additive, tri-potassium citrate monohydrate 
(K3C6H5O7⋅H2O), was a commercially available technical grade product 
(GPR RECTAPUR®, purity >99%). 

BOF slag pastes containing tri-potassium citrate monohydrate were 
prepared with the water/binder ratio (w/b) of 0.16 to avoid bleeding 
and segregation (an exception was made for the reference sample with 
the w/b ratio of 0.24). In the reference sample, the w/b was chosen 
based on preliminary experiments in order to minimize the differences 
in the initial water content between the reference and activated samples, 
and at the same time to enable sufficient workability for mixing and 

casting of the paste. Prior to the mixing, three different concentrations of 
potassium citrate, equivalent to 1, 2, and 3 wt% of slag were added to 
the water to ensure a homogenous dispersion. The pastes were mixed for 
3 min with a high-speed mixer. Subsequently, they were stored at 20 ◦C 
in plastic vials sealed with parafilm in a desiccator filled with water and 
sodium hydroxide pellets in order to minimize carbonation. The samples 
are named based on the amount of K3-citrate added: C0, C1, C2, C3 for 0, 
1, 2, 3% (by mass of slag) of K3-citrate dosage, respectively. 

2.2. Methodology 

The isothermal conduction calorimeter (TAM Air, Thermometric) 
was used to determine the rate of heat release during the first 7 days of 
hydration. Powders were externally mixed with tri‑potassium citrate 
solutions for 1 min to ensure a homogenous paste. In order to evaluate 
the cumulative heat, the heat flow curve was integrated between 45 min 
and 200 h. 

Scanning electron microscopy (SEM) measurements combined with 
energy-dispersive X-ray spectroscopy (EDX) analyses were performed on 
the pastes after 28 days of hydration. Before the measurements, pastes 
were cut with a saw to 2–3 mm slices, gently broken into smaller pieces, 
then immersed in isopropanol for 3 days and vacuum dried. The small 
pieces were subsequently embedded in epoxy resin, polished and coated 
with carbon for SEM analyses. The spectral imaging (SI) data were ac-
quired with a JEOL JSM-7001F SEM equipped with two 30 mm2 SDD 
detectors (Thermo Fisher Scientific) and a NORAN-System7 with 
NSS.3.3 software. A beam current in the focused probe of 6.2 nA and an 
accelerating voltage of 15 kV were used. The step size was 1 μm, with an 
individual SI field comprising of 512 × 384 pixels. For each sample, 16 
fields were analyzed. 

The PhAse Recognition and Characterization (PARC) software was 
used to determine the chemical composition of the original slag phases 
and the hydration products as well as to quantify the phase composition 
of unhydrated, unmilled BOF slag. Detailed information about the PARC 
technique is provided elsewhere [27]. The data acquired with EDX 
mapping were processed with the PARC software by grouping each data 
point by its chemical composition into phases. Therefore, in contrast to 
the XRD Rietveld method, PARC software enabled the quantification of 
different phases, including amorphous ones (note the resolution of 1 
μm). In order to acquire a representative chemical composition of the 
BOF slag phases and hydration products, an erosion filter was applied to 
exclude the data from the boundaries of phases. After erosion, only 
pixels surrounded by eight neighboring pixels allocated to the same 
phase were used for analysis. The quantitative phase analysis of BOF slag 
was performed on unmilled material (with the particle size between 1 
and 2 mm) in order to minimize the error caused by the analysis of very 
fine particles. The densities of the converter slag phases used for the 
calculations of phase mass were derived from the Rietveld refinement. 

For the quantitative XRD analysis, slag pastes were crushed in an 
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Fig. 1. The particle size distribution of BOF slag.  

Table 1 
Mineralogical and chemical composition of BOF slag.  

Mineral compound Content [wt%] Oxide Content [wt%] 

Brownmillerite 17.4 MgO 8.04 
Magnetite 10.9 SiO2 13.8 
C2S 31.6 Al2O3 2.44 
Wuestite 21.1 CaO 39.5 
Lime 0.5 P2O5 1.67 
Calcite 0.6 TiO2 1.45 
Portlandite 1.2 V2O5 1.05 
C3S 0.2 Cr2O3 0.3 
Amorphous 16.5 MnO 4.4  

Fe2O3 29.0 
SrO 0.02 
Na2O <0.2 
K2O <0.01 
GOI 1000 1.41  
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agate mortar, and hydration was stopped with the double solvent ex-
change method (15 min in isopropanol, flushing with diethyl ether, 8 
min drying at 40 ◦C in a half vacuum condition). The powders were 
milled with an XRD-Mill McCrone (RETSCH) and backloaded into 
sample holders. Corundum was used as an external standard [28]. The 
diffraction patterns were collected with a D4 ENDEAVOR X-ray 
Diffractometer equipped with a LynxEye detector and Co X-ray tube. 
Samples were measured on a rotating stage (with a rotation speed of 30 
rpm) using a step size of 0.014◦ 2θ and a time per step of 1 s for a 2θ 
range of 12–80◦ 2θ. The data analyses were performed with TOPAS 
Academic software v5.0. The ICSD codes for the crystal structures used 
during the Rietveld refinement are provided in Table 2. In order to ac-
count for the high magnesium and manganese content in wuestite, as 
well as the low aluminum content and the presence of titanium in 
brownmillerite, the structural data sets for these phases were corrected 
based on the ion substitution levels derived from the PARC analyses. To 
calculate the absolute amounts of the phases, the G-factor method was 
applied [28,29]. The lattice and microstrain parameters were refined in 
the anhydrous slag and then used for the refinement of the pastes. 

In-situ XRD test was performed with an X’Pert Pro PANalytical 
diffractometer equipped with a position-sensitive X’Celerator detector 
and Co X-ray tube, using an β-filter (iron foil). After 2 min of mixing with 
a high-speed mixer, the sample was inserted into the sample holder and 
covered with Kapton foil to minimize water evaporation and carbon-
ation. The temperature of the sample was measured with a custom-made 
sample holder mounted on an Anton-Paar HTK2000 heating stage. Each 
diffractogram was recorded for 15 min in the range between 10 and 80◦

2θ with a step size of 0.02 2θ, for up to 50 h of hydration. 
The thermal behavior of the powdered samples (40–60 mg) was 

analyzed using a Jupiter STA 449 F1 Netzsch instrument. The samples 
were heated up to 1000 ◦C at the rate of 5 ◦C/min under a nitrogen 
atmosphere. The amount of portlandite was quantified with a tangential 
method. The bound water content was determined based on the mass 
loss between 40 ◦C and 500 ◦C. 

The FT-IR spectra of slag pastes were collected using a PerkinElmer 
Frontier™ MIR/FIR Spectrometer with the attenuated total reflection 
(ATR) method (GladiATR). All spectra were scanned 24 times from 2000 
to 600 cm− 1 at a resolution of 2 cm− 1. 

In order to observe the morphology of the hydration products, the 
FEI quanta 600 environmental scanning electron microscope was used 
to perform the SEM analyses on the 28 days hydrated pastes. Before 
analyses, the samples were sputtered with gold by using an Emitech 
K550X sputter coater (current 65 mA, coating time 20 s). Micrographs 
were recorded with the secondary electron detector at 5 kV at 65000×
magnification. 

For Mercury Intrusion Porosimetry (MIP) measurements, after 28 
days of hydration, the samples were cut into 3 mm cubic pieces, 
immersed in isopropanol for 7 days and subsequently dried in a desic-
cator for another 7 days. The AutoPore IV 9500 Micromeritics Series 

Mercury Porosimeter, with the maximum pressure of 228 MPa, was used 
for the measurements. The surface tension of mercury (γHg) of 485 mN/ 
m and a contact angle (θ) of 130◦ were adopted for the results inter-
pretation [30]. 

The compressive strength of the pastes was determined on cubic 
samples (4 × 4 × 4 cm3). Pastes were covered with foil and cured in the 
climate chamber (20 ◦C, RH > 95%) until the testing age. The 7 and 28 
days compressive strengths were determined according to EN 196–1, in 
three replicates for each composition. 

The leaching test was performed on unreacted BOF slag, and 28-days 
cured slag pastes according to EN 12457–2 (one stage batch leaching 
test). Hydrated samples were crushed and sieved below 4 mm, the 
unreacted slag (2-4 mm) was used as is. The experiments were per-
formed with liquid to solid ratios (L/S) of 10 using a dynamic shaker (ES 
SM-30, Edmund Buhler GmbH) at a constant speed of 250 rpm during 
24 h. Ultra-pure water (0.055 uS/cm) was used as a leachant. After 24 h 
shaking, leachates were filtered through a syringe filter (pore diameter 
0.22 μm, Whatman) and acidified with concentrated HNO3. The solu-
tions were analyzed with an inductively coupled plasma atomic emis-
sion spectrometer (ICP-OES, SPECTROBLUE), according to NEN 6966 
(NEN-EN 6966, 2005). The obtained elements concentrations were 
compared with the limit values specified in the Dutch Soil Quality De-
cree [31]. 

3. Results and discussion 

3.1. Characterization of unhydrated BOF slag 

The surface exposure of potentially reactive phases of the milled, 
unreacted slag was evaluated with the PhAse Recognition and Charac-
terization (PARC) analysis. The results are presented in Fig. 2. The phase 
map generated with the PARC software from SI spectra shows that even 
though the slag was milled and sieved (below 106 μm), a part of belite 
and brownmillerite phases is trapped within bigger particles, limiting 
their accessibility for the reaction. 

In order to reveal the chemical composition of the amorphous slag 
phase, a comparison between the quantitative results of Rietveld and 
PARC analysis was made. In contrast to XRD Rietveld, the PARC method 
enables analysis of the amorphous phase and its association with the 
crystalline counterpart (as the phase determination is based only on the 
chemical composition). A comparison of the amounts of the phases 
determined with PARC and XRD Rietveld (as shown in Table 3) indi-
cated that part of the C2S phase is X-ray amorphous. 

By grouping the EDX data points with similar chemical composition 
into the phases, a sum spectra can be created that gives the average 
chemical composition of each phase (Table 4). In this way, the presence 
of minor elements in the phases can also be identified, which is partic-
ularly useful for revealing which phases contain heavy metals. The data 
provided in Table 4 indicate that chromium is mainly located in belite, 
and vanadium in belite and brownmillerite. It must be noted, however, 
that the contents of heavy metals derived from the PARC method are 
overestimated in comparison to XRF analysis. 

3.2. Isothermal calorimetry 

The isothermal conduction calorimetry results from the reference 
paste (w/b of 0.24) and pastes containing tri-potassium citrate (w/b of 
0.16) are shown in Fig. 3. In the absence of potassium citrate, no 
distinctive peak is observed which could be assigned to the reaction of 
slag phases. The heat is evolved mainly within the first 1–2 h and most 
likely corresponds to the dissolution and to a small extent, the reaction 
of the dissolving phases (as the heat evolved in this period is higher than 
that observed in the presence of activator, where the main reaction 
occurs later). The addition of citrate leads to a distinct heat flow peak, 
which appears at ~13 h with 1 wt% potassium citrate added. Further 
increase of potassium citrate dosage results in the shortening of the 

Table 2 
Structural data of the phases used for the Rietveld 
refinement.  

Phase ICSD 

Brownmillerite  9197* 
α’-C2S  81,097 
Wuestite  67200* 
C3S  64,759 
β-C2S  245,074 
Magnetite  20,596 
Lime  28,905 
Portlandite  202,220 
Hydroandradite  29247* 
Katoite  9272 
Pyroaurite  6295  

* The structures were modified based on the PARC 
analyses. 
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induction period and the peak of the heat release rate occurs at 
approximately 8.5 h and 7.5 h, in the case of 2 wt% and 3 wt% of po-
tassium citrate, respectively. With the increasing amount of potassium 
citrate, the total heat released after 200 h of hydration increases 

significantly from 56 J/gbinder in the case of the reference sample to 120 
J/gbinder when 3 wt% of potassium citrate is added. 

Even though tri-potassium citrate is usually used as a retarder of the 
cement/supplementary cementitious materials hydration, its role can 
differ depending on the applied dosage and w/b ratio. Pacanovsky et al. 
[32] described that in the systems based on Portland cement and silica 
fume, tri-potassium citrate salts demonstrate reverse role beyond a 
certain dosage, switching from retarders to accelerators. Moreover, the 
required dosage of potassium citrate to become an accelerator decreases 
with a decreasing w/b ratio. In the slag system, an analogous tendency is 
observed. In contrast to the reference, the hydration of potassium citrate 
activated samples is preceded by an induction period. In the same time, 
with increasing the tri-potassium citrate dosage between 1 and 3 wt%, 
hydration of BOF slag is accelerated, which is likely to occur with 
relatively high amounts of tri-potassium citrate used in this study and 
low w/b ratio. 

Fig. 2. SEM image of BOF slag after milling (on the left) and corresponding color phase map (on the right) generated with PARC software based on the EDX data. Mix 
phases are the result of overlapping chemical information from two neighboring phases (where, C, A, M, S, F correspond to CaO, Al2O3, MgO, SiO2 and Fe2O3/FeO, 
respectively). 

Table 3 
The comparison between the mineralogical composition of BOF slag acquired 
with Rietveld refinement and PARC analysis.  

Mineral compound PARC St dev Rietveld St dev 

Wuestite/magnetite* 30.6 4.4 32.0 1.1 
C2S 45.7 5.2 31.8 1.9 
Srebrodolskite 14.8 2.4 17.4 0.9 
Lime/portlandite/calcite* 1.1 0.6 2.3 0.2 
Mix phases 5.8 0.8   
Amorphous   16.5 4.5  

* Since with the PARC method, it is not possible to differentiate between lime, 
portlandite, and calcite as well as between wuestite and magnetite, these phases 
are grouped together. 

Table 4 
Chemical composition of the main BOF slag phases.  

Oxide Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 

Phase 

Wuestite/magnetite  0.00  23.66  0.20  0.75  0.02  0.00  0.04  2.54  0.03  0.12  0.47  11.71  60.43 
Brownmillerite  0.04  0.65  11.22  1.81  0.07  0.01  0.08  42.31  5.14  1.51  0.38  1.26  35.01 
C2S  0.15  0.28  0.54  28.19  3.38  0.15  0.11  61.41  1.19  1.11  1.22*  0.09  2.17  

* The Cr2O3 analysis should be treated with caution since the Cr emission spectrum overlaps with the sum peak of Ca + Si Kα. 
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Fig. 3. Heat flow and cumulative heat evolution of slag pastes with dosages of tri-potassium citrate varying from 0 to 3 wt%.  
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3.3. Identification of reactive phases 

In order to evaluate which reactive phases contribute to the heat 
release observed with the isothermal calorimetry, the early age hydra-
tion was monitored with in-situ XRD. Fig. 4 shows the XRD patterns 
recorded within the first 50 h of hydration of the paste with 3 wt% of tri- 
potassium citrate. An apparent decrease in the peak intensity at 39◦ 2θ 
can be observed, showing that brownmillerite is the most reactive phase 
at the early hydration age. 

The hydration of brownmillerite and other BOF slag phases was 
further investigated with ex-situ experiments and subsequent quantifi-
cation using the XRD Rietveld method. The reference sample and the tri- 
potassium citrate activated samples were analyzed after 7 and 28 days of 
hydration and compared with the unreacted BOF slag (Table 5). From 
the XRD Rietveld analyses, it appears that hydration of brownmillerite 
occurs mainly up to 7 days, and its extent is highly influenced by the 
activator dosage. In the sample with the highest activator dosage (3 wt 
%), almost 70 wt% of brownmillerite undergoes reaction. Rapid hy-
dration of brownmillerite observed with in-situ and ex-situ XRD 
methods corresponds well with the heat evolvement detected with the 
isothermal calorimetry. 

The extent of belite hydration is also affected by the presence of the 
activator. After 7 days of hydration, a decrease of belite content with 
increasing amount of added activator is observed. This effect is likely 
due to the higher alkalinity of the pore fluid in the presence of tri- 
potassium citrate. The accelerated reaction of C2S at the early hydra-
tion ages was previously reported with conventional alkaline activation 
[14]. After 28 days of hydration, however, the belite content is similar in 
all samples, with a tendency towards a higher degree of reaction in the 
series with 1 wt% of potassium citrate. 

Next to the brownmillerite and belite, during the investigated period, 
the dissolution of wuestite also takes place. Analogously to the belite 
phase, wuestite exhibits increased early age reactivity in the presence of 
activator. Previous studies implied that the reactivity of wuestite is 
related to its chemical composition, especially the magnesium content 
[33]. In general, the higher the magnesium content, the greater the 
extent of wuestite dissolution is reported [34]. Moreover, it was revealed 
by De Windt et al. [12], by investigating the leaching properties, that the 
degree of wuestitie dissolution depends on particle size distribution, 
degree of surface alteration and water to solid ratio applied (associated 
with the pH variation). With lower water to solid ratios, higher leaching 
of elements was reported. It is therefore likely that the observed reac-
tivity of wuestite phase is mainly a result of surface alterations caused by 
the applied milling procedure, low w/b ratios as well as favorable 
chemical composition. It must be noted, that the reactivity of wuestite 
observed with the XRD analysis might be slightly overestimated due to 
the sample preparation procedure, where the milling time must be 

balanced to ensure sufficient grinding of hard phases (e.g. wuestite) and 
to prevent the hydration products from amorphization. In contrast, the 
magnetite content is relatively stable in all pastes at the investigated 
hydration ages. 

3.4. Hydrates assemblage 

The XRD analyses revealed the presence of three crystalline hydra-
tion products: siliceous hydrogarnet, pyroaurite, and portlandite 
(Fig. 5). Formation of siliceous hydrogarnets, with the general chemical 
formula Ca3(AlxFe1− x)2(SiO4)y(OH)4(3− y), was previously observed for 
Portland cement systems [17,35–37]. Among iron-rich hydration prod-
ucts, reported in the literature (including hydrogarnets, ferrihydrites, 
Fe-containing AFm and Fe-ettringite), hydrogarnets are the most stable 
iron-containing phases [18]. 

Since in the structure of hydrogarnet Fe3+ can be substituted by Al3+

in octahedral positions and SiO4
4− by 4OH− in tetrahedral positions, the 

determination of the chemical composition of hydrogarnets becomes 
difficult, especially at the early hydration ages when metastable phases 
such as silica-free hydrogarnets (Fe-katoite) can form [18,38]. Dilnesa 
et al. [18] suggested the occurrence of solid solution between hydro-
garnets with low and high silica content as well as between iron and 
aluminum containing end members. The occurrence of hydrogarnets 
with varying chemical composition results in the broadening of XRD 
reflections (see Fig. 5). In order to provide the best possible quantifi-
cation of this phase, in the Rietveld analysis, two structures, including 
low-silica hydrogarnet (Fe-katoite, ICSD: 9272) and high-silica hydro-
garnet (hydroandradite, ICSD: 29247) were adopted. Additionally, the 
structure of hydroandradite was adjusted for the iron substitution with 
aluminum, based on the PARC analysis, assuming that hydroandradite 
contains most of the available iron and aluminum. The following for-
mula Ca3(Fe0.85,Al0.15)2Si1.15O4.6(OH)7.4 was used for the refinement. 
Even though at ambient conditions siliceous hydrogarnets tend to be 
poorly crystalline or possess a very small crystal size (as reported by 
[18]) resulting in extremely broad reflections, the Rietveld analysis 
(Table 5) clearly revealed that in the converter slag system hydrogarnet 
is the main crystalline hydration product. The amount of the hydro-
garnet formed correlates well with the extent of the brownmillerite 
hydration, increasing with the increased dosage of tri-potassium citrate. 
The SEM image presented in Fig. 6 provides an indication of the 
morphology of hydrogarnet crystals in the BOF slag paste [39,40]. 

The formation of pyroaurite and portlandite is also observed in the 
XRD patterns. Pyroaurite, as a Fe-rich member of the hydrotalcite group 
(pyroaurite Mg6Fe3+

2(OH)16[CO3]⋅4H2O) gives a broad reflection at 
around 2θ = 13.5◦ whereas the strongest reflection of portlandite is 
located at 2θ = 21.1◦. The content of portlandite in the hydrated samples 
is reduced with the addition of a tri-potassium citrate activator. 

The presence of hydrogarnet and other hydration products in BOF 
slag pastes was further confirmed with the TG-DTG method, as shown in 
Fig. 7. Mass loss observed in the temperature range between 200 ◦C and 
400 ◦C can be assigned to the water loss from siliceous hydrogarnet [18]. 
In agreement with the XRD Rietveld results, the formation of siliceous 
hydrogarnet occurs mostly within 7 days of hydration, and its extent is 
greater for higher dosages of tri-potassium citrate. In this temperature 
range, the decomposition of pyroaurite also takes place [41]. Rozov 
et al. [42] reported that pyroaurite decomposes at slightly lower tem-
peratures than Al-rich hydrotalcite; however, it follows the same 
sequence of steps, comprising the loss of interlayer water, the decom-
position of hydroxyl groups and decomposition of carbonate anions. 
With the DTG method, the presence of amorphous C-S-H gel could also 
be identified with the main mass loss due to the water release below 
200 ◦C. The amount of C-S-H gel formed after 7 days of hydration differs 
substantially between the samples, being higher for the samples with a 
higher activator dosage, whereas after 28 days it is similar for all sam-
ples. This observation agrees with the rate and extent of belite hydra-
tion, as measured with the XRD Rietveld method. It can be therefore 

Fig. 4. In-situ XRD patterns of the hydrating slag with 3 wt% of activator 
dosage, within 50 h of hydration. The peak in the range between 15 and 30◦ 2θ 
is due to the Kapton foil and free water. 
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concluded that in BOF slag systems, brownmillerite hydrates (in the 
presence of C2S) to form mainly siliceous hydrogarnet whereas hydra-
tion of C2S leads mainly to the formation of C-S-H gel. 

It is not clear whether in the presented systems C-S-H gel can uptake 
Fe3+. The formation of the C-S-H next to hydroandradite was found to be 
unavoidable even during the synthesis of siliceous hydrogarnet [17]. 
Whereas Labhasetwar [43] suggested the possibility of Fe3+ inclusion in 
the C-S-H gel, from the thermodynamic calculations it appears that in 
the hydrated Portland cement, iron is mostly present in the siliceous 
hydrogarnet [18]. As in our study alkalinizing additive was used, the 
behavior of Fe3+ species similar as in alkali-activated systems should 
also be considered. Daux et al. [44] showed that in alkali-activated 
systems after the dissolution of iron-rich precursor precipitation of Fe 
is much faster than precipitation of Si and Al. Fe3+ is found to act 
similarly as Ca2+, removing OH- groups due to the precipitation of hy-
droxides and oxyhydroxides [45]. In the same time, an indication of 

Al3+ substitution with Fe3+ in the aluminosilicate structure was also 
reported [46]. For aluminum deficient systems like LD-slag, however, no 
data is available. 

Besides C-S-H gel and hydroandradite/pyroaurite, the mass losses 
due to portlandite decomposition at around 430 ◦C and decomposition 
of carbonates/citrate compounds between 600 and 800 ◦C are observed. 
The amount of portlandite decreases when higher activator dosages are 
applied, which correlates well with the XRD results. 

The mass loss in the temperature range between 600 and 800 ◦C is 
intensified with the increasing content of tri-potassium citrate. In this 
range, decomposition of carbonates usually takes place. It should be 
emphasized, however, that special care was taken during the sample 
curing and hydration stoppage to avoid the carbonation. The samples 
were prepared and measured twice, leading to the same results. It is 
therefore proposed that citrate compounds were formed and contributed 
to the mass change in this temperature range. As no crystalline citrate 

Table 5 
The phase composition of the hydrated BOF slag pastes in comparison to unhydrated slag in wt%, determined by XRD-Rietveld analysis.  

Phase BOF 7 days 28 days *St. dev. 

C0 C1 C2 C3 C0 C1 C2 C3 

Wuestite  21.1 19.5 19.4 17.9 15.3 18.4 15.9 16.5 15.9  1.1 
Magnetite  10.9 11.2 11.3 11.0 11.5 11.3 10.8 10.9 11.1  0.8 
C2S (α’ + β)  31.8 30.2 28.8 28.7 27.3 26.0 22.2 25.3 27.4  1.9 
Brownmillerite  17.4 17.2 11.1 8.1 6.3 14.3 10.8 7.8 6.6  0.9 
Hydrogarnet  0.0 5.3 10.8 13.3 15.1 8.7 14.0 15.0 16.2  
Portlandite 1.2 1.2 (1.7) 0.5 (0.8) 0.5 (0.4) 0.3 (0.5) 1.5 (2.0) 0.7 (1.3) 0.5 (1.1) 0.4 (0.9) 0.2 
Lime  0.5 0.5 0.4 0.4 0.4 0.3 0.4 0.3 0.3  0.1 
Calcite  0.6 0.2 0.2 0.2 0.1 0.5 0.3 0.3 0.2  0.1 
Amorphous**  16.5 18.7 23.6 29.2 35.0 26.0 33.6 33.7 34.2  4.5 

() amount of portlandite determined with thermogravimetric analysis (tangential method) 
* Standard deviations are derived from 3 independent measurements of unhydrated BOF slag. 
** Pyroaurite is included in the amorphous phase due to its low content in hydration products and low crystallinity. 
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precipitates could be identified with the XRD method, it is difficult to 
conclude in which form citrates are present in the system. From the FTIR 
measurements (Fig. 8) performed on the 28 days hydrated converter slag 
pastes, it is clear, however, that citrate groups remain in the samples 
after the hydration stoppage. Therefore, their presence in the pore so-
lution is minimal or can be excluded since with the solvent exchange 
method, citrate ions would be removed with the pore solution. The 
infrared peaks located at 1569 and 1390 cm− 1 are associated with the 
υC=O and υasCOO bands, respectively [25]. 

In order to determine the chemical composition of the hydration 
products, the PARC software was used. Fig. 9 shows an example of phase 
identification in the sample activated with 1 wt% of tri-potassium citrate 
after 28 days of curing. 

In the PARC analysis, the individual phases of the hydration products 
could not be established due to the small crystal size of hydroandradite 
that is very well intermixed with C-S-H gel. Nevertheless, the averaged 
ratios of certain elements within the hydration products can be used to 
describe the differences between the chemical compositions of the 
products in the samples hydrated with varying dosages of tri-potassium 
citrate. Fig. 10 shows the molar ratios of Al/Si and V/Si vs. Ca/Si ratio. 
The results correspond well with the findings described with the Riet-
veld analysis. With increasing tri-potassium citrate dosage, Al/Si ratio 
and Ca/Si ratio (Fig. 10 a)) proportionally increase, confirming the 
enhanced reactivity of the brownmillerite in the presence of activator 
(as brownmillerite is the only source of aluminum). Since 

brownmillerite is highly contaminated with vanadium (see Table 4), 
vanadium content in the hydration products was also investigated. As 
shown in Fig. 10 b) for vanadium, a similar trend was observed as for 
aluminum, showing that vanadium was not removed from the sample 
during the hydration stoppage procedure, which indicates that it is most 
likely immobilized within the hydration products. 

3.5. Microstructure and mechanical properties 

Given that the addition of tri-potassium citrate considerably reduces 
the water demand of the slag pastes, low porosity and high mechanical 
performance were expected for the activated samples. The MIP results of 
the slag pastes after 28 days of hydration are shown in Fig. 11. A higher 
water requirement of the reference sample in order to obtain a similar 
consistency of all investigated pastes resulted in high porosity, as pre-
sented in Fig. 11 and, in consequence, low mechanical performance 
~19 MPa at 28 days (Fig. 12). For the potassium citrate activated 
samples, the capillary porosity is strongly reduced, and the cumulative 
porosity decreases with the increased amount of activator, which is in 
agreement with the higher amounts of hydration products observed with 
the thermogravimetric method and XRD Rietveld analysis. 

The changes in the porosity, however, do not reflect the changes in 
mechanical performance. Whereas at 7 days of hydration, the 

Fig. 6. BOF slag paste hydrated with 3 wt% of tri-potassium citrate for 28 days. 
Applied zoom indicates the location of hydrogarnet crystals. 
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mechanical performance is improved with the increased activator 
dosage, at 28 days the optimum dosage of potassium citrate is equal to 1 
wt%, resulting in compressive strength of 75 MPa. Further increase of 
activator amount results in the decrease of compressive strength to 63 
MPa and 60 MPa for activator dosage of 2 wt% and 3 wt%, respectively. 

From Fig. 13, showing the potassium distribution in the hydrated 
paste, it is clear that cracks have been formed in the areas highly 
enriched in potassium. It is therefore postulated that the decrease of the 
compressive strength observed for the pastes with the increasing acti-
vator dosage is a result of the incompatibility of C-S-H gel and the 
potassium-enriched gel. The presence of cracks in alkali-activated 

128 µm 128 µm

Fig. 9. Representative BSE image of hydrated slag paste with tri-potassium citrate dosage of 1 wt%.  

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

 C0
 C1
 C2
 C3

Al
/S

i

Ca/Si

a)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07b)

 C0
 C1
 C2
 C3

V/
Si

Ca/Si

Fig. 10. Molar ratios a) Al/Si vs. Ca/Si and b) V/Si vs. Ca/Si of the hydration products in the samples with varying dosages of tri-potassium citrate (0 to 3 wt%), 
hydrated for 28 days (each dot represents averaged EDX data from the SI field of 512 × 384 pixels). 

10 100 1000
0

5

10

15

20

25

30

C
um

ul
at

iv
e 

po
re

 v
ol

um
e 

(%
)

Pore size Diameter (nm)

 C0
 C1
 C2
 C3

Fig. 11. The cumulative pore volume of converter slag pastes after 28 days 
of hydration. 

C0 C1 C2 C3
0

10

20

30

40

50

60

70

80

C
om

pr
es

si
ve

 s
tre

ng
th

 [M
Pa

]

 7 days
 28 days

Fig. 12. Compressive strength of the converter slag pastes with dosages of tri- 
potassium citrate varying from 0 to 3 wt% after 7 and 28 days of hydration. 

A.M. Kaja et al.                                                                                                                                                                                                                                 



Cement and Concrete Research 140 (2021) 106291

9

materials can be caused by the reorganization of the alkali products to 
form a denser gel, autogenous shrinkage, or the differences in the ki-
netics of the formation of the gels [47–49]. Furthermore, the slightly 
higher extent of belite hydration in the sample with 1 wt% of potassium 
citrate, as revealed with Rietveld XRD method, is an additional factor 
contributing to the improved strength of this sample. 

3.6. Environmental impact 

The BOF slag used in this study contains chromium (Cr) and vana-
dium (V) (see Table 1). As shown in Table 4, Cr and V are mostly 
incorporated in the reactive slag phases (belite and brownmillerite), 
implying a potential risk of leaching of those elements during the service 
life of BOF slag based materials. 

The Dutch Soil Quality Decree (SQD) [31] specifies the limit values 
for leaching of environmentally sensitive elements from the materials in 
civil applications. In this study, the one batch leaching test was per-
formed in order to evaluate the environmental impact of the raw ma-
terial as well as the paste samples after 28 days of hydration. The results 
are shown in Table 6. For non-treated BOF slag, high leaching of va-
nadium is observed, exceeding twice the limit value specified in the SQD 
legislation, which is commonly reported for BOF slag [2]. Similarly, the 
leaching of chromium, second most abundant heavy metal in slag, is 
detected, however, falls below the limit level. The leaching of heavy 
metals from all the 28-days BOF slag pastes is very limited. 

The minor leaching values of Cr and V from the converter slag pastes 
together with the high contents of vanadium in the reaction products, as 
shown in the Fig. 10b), clearly show that heavy metals are very well 
retained within the hydrated slag structure. From the literature it ap-
pears that C-S-H gel can immobilize Cr, whereas immobilization of V in 
the C-S-H phase remains questionable [50–52]. Hydroandradite 
A3B2(SiO4)3-x(OH)4x (as member of hydrogarnet family) also possesses a 
high capacity to immobilize heavy metals. The Cr3+ and V3+ can occupy 
the B site in hydroandradite, substituting trivalent cations (Fe3+ and 
Al3+). At higher oxidations states chromium and vanadium can 

potentially substitute the hydroxyls (H4O4
4− ) in the form of oxyanions 

(CrO4
2− , VO4

3− ). The immobilization of heavy metals in hydrogarnets has 
also been observed in previous studies [39,53,54]. Nonetheless, when 
samples are exposed to CO2, the drop of pH can lead to an increased 
release of vanadium [2]. Therefore, further investigation is required in 
order to evaluate the influence of the materials aging and the neutrali-
zation effects on the retention of contaminants in the BOF slag hydration 
products. 

4. Conclusions 

This work presents a novel concept to utilize BOF slag as a high- 
performance cementitious binder in the concrete industry. With the 

Fig. 13. Potassium distribution (derived from EDX mapping analysis) in the hydrated slag paste (C3) and the corresponding grey-scale image of the investi-
gated area. 

Table 6 
Leaching of inorganic contaminants measured by one stage batch leaching test 
and the SQD limit values.  

Parameter Unshaped 
material (SQD) 

BOF 
slag 

C0 C1 C2 C3 

mg/kg mg/ 
kg 

mg/ 
kg 

mg/ 
kg 

mg/ 
kg 

mg/ 
kg 

Antimony (Sb)  0.32 bdla 0.16 0.15 0.17 0.15 
Arsenic (As)  0.90 0.02 0.10 0.12 0.10 0.10 
Cadmium (Cd)  0.04 bdl bdl bdl bdl bdl 
Chromium (Cr)  0.63 0.28 0.03 0.05 0.01 0.03 
Cobalt (Co)  0.54 bdl bdl bdl bdl bdl 
Coper (Cu)  0.90 bdl bdl bdl bdl bdl 
Lead (Pb)  2.30 bdl bdl bdl bdl bdl 
Molybdenum 

(Mo)  1.00 0.02 bdl bdl bdl bdl 

Nickel (Ni)  0.44 bdl bdl bdl bdl bdl 
Tin (Sn)  0.40 bdl bdl bdl bdl bdl 
Vanadium (V)  1.80 3.78 0.10 0.13 0.09 0.18 
Zinc (Zn)  4.50 bdl 0.12 0.11 0.13 0.13  

a bdl-below detection limit. 

A.M. Kaja et al.                                                                                                                                                                                                                                 



Cement and Concrete Research 140 (2021) 106291

10

aim to activate iron-containing phases, a tri-potassium citrate mono-
hydrate additive was applied to produce slag pastes, and the optimum 
dosage was evaluated. One additive-free sample was also prepared for 
comparison. The experimental investigation leads to the following 
conclusions:  

• K3-citrate promotes the dissolution and hydration of brownmillerite 
phase. The majority of brownmillerite is hydrated within 24 h, and 
the reaction rate is controlled by the activator dosage. The degree of 
brownmillerite hydration after 28 days increases with the increasing 
activator dosage.  

• In the presence of activator, hydration of belite and wuestite is 
accelerated at the early ages. The extent of belite hydration after 28 
days shows its maximum in this study with the addition of 1 wt% of 
potassium citrate. 

• The main reaction products of BOF slag hydration are hydro-
andradite, pyroaurite, and C-S-H gel. Most likely, their high capacity 
to immobilize heavy metals prevents the leaching of chromium and 
vanadium from 28 days hydrated pastes.  

• The addition of K3-citrate significantly reduces the water demand of 
slag pastes. The superplasticizing function of tri-potassium citrate 
additive is crucial, enabling the production of converter slag pastes 
with low porosity (between 10 and 16%, depending on the activator 
dosage) and high compressive strength up to 75 MPa after 28 days of 
hydration. 
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