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A B S T R A C T

The search for resources for low-carbon construction materials and valorization pathways for industrial residues 
go hand in hand. Mineral carbonation has been abundantly studied to strive for a net-zero CO2 construction 
sector. Ferronickel slags have been studied for the production of other cementitious materials, but have inferior 
carbonation potential due to their low Ca-content. This work shows that the reactivity of a pyroxene-rich fer
ronickel slag towards CO2 can be substantially increased using high-temperature slag engineering. Using a 
combination of CaCO3 additions and slow cooling, the produced compacts made from synthesized slags acquire a 
compressive strength of 30–40 MPa after carbonation at 10 bar CO2 and 60 ◦C for 16 hours. The reactivity to
wards CO2 originates from the formation of akermanite (Ca2MgSi2O7) during slag modification with > 20 wt% 
CaCO3. The compressive strength is dependent on the particle size distribution of the modified slag and 
carbonation time. Although the reaction degree of akermanite is high after 6 hours of carbonation, a significant 
strength increase is still seen after carbonation for 16 and 48 hours. The carbonation process forms a binding 
phase composed of aragonite and a CaMg-carbonate which might be high Mg-calcite or protodolomite. The CO2 
balance of the overall process shows a substantially lower value compared to Portland clinker-based cements, but 
additional efforts are required to develop an optimum net-zero CO2 process.

1. Introduction

The construction sector is embracing low-carbon binders to become 
future-proof. A promising pathway is mineral carbonation, in which a 
carbonate binder is obtained by exposure of a pre-shaped compact to 
elevated concentrations of CO2, as its production process fixates more 
CO2 in solid carbonates than it emits [9]. In other words, mineral 
carbonation is a subdivision of carbon capture and utilization tech
niques. Sector roadmaps towards net-zero CO2 always mention carbon 
capture as the final process that can deliver zero CO2 after avoiding 
emissions to the best possible extent [7,11]. While also using mineral 
carbonation as a hardening process to obtain a carbonate binder, the 
added benefit is the replacement of the current commercial alternative – 
Portland cement – and its related CO2 emissions. The precursors for 
mineral carbonation are mostly alkaline waste streams derived from 
high-temperature metallurgical or combustion processes [22]. Globally, 
the mineral carbonation of alkaline solid wastes was estimated to have 

the potential to reduce the anthropogenic CO2 emissions by 12.5 % [25].
Mineral carbonation of Ca- and Mg-silicate minerals and waste 

streams containing them is well-known in literature. The carbonation of 
(stainless) steel slags can lead to the production of ultra-high compres
sive strength compacts (134 MPa) [28] or can be carried out using low 
CO2 pressure and concentration (e.g. 17 % CO2 at 1.5 bar) [14,23]. The 
ease of carbonation of steel slags is assisted by the presence of dicalcium 
silicates and sometimes calcium hydroxide [21], however, in some cases 
also the Mg, Fe, and Mn-bearing phases participate in the conversion to 
carbonates [4]. The carbonation of Mg-olivine (forsterite) has been 
studied extensively in view of carbon capture and storage (CCS), 
through injection in geological deposits. Its kinetics are limited due to 
the formation of an amorphous silica passivating layer [16]. This can be 
overcome partially by increasing the ionic strength of the pore solution 
by the addition of sodium salts [12] or potassium salts [35], but high 
temperatures and pressures are still needed to reach significant CO2 
uptakes.
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High-temperature slag modification has been tested to increase the 
reactivity of slags [17,26,31]. Although literature is only found in view 
of its reactivity as supplementary cementitious or alkali-activated ma
terial, the general principles can be used for carbonation as well. During 
high-temperature slag modification, the cooling regime after 
slag-making is modified [26] or slight changes to the chemical compo
sition are induced [17,31] to alter the overall phase composition or 
composition of the amorphous phase. For carbonation curing, the phase 
composition of slags is seen as one of the strength deciding parameters 
[21]. So, although high-temperature slag modification has not been 
applied for this purpose and the effects of e.g., cooling regime are un
known, it might be a promising tool for their use for carbonation curing.

The present paper targets to investigate the potential of high- 
temperature modification for optimizing the reactivity of ferronickel 
slag towards carbonation curing by studying (1) the effect of CaCO3 
addition to modify its (chemical and phase) composition and (2) the 
effect of altering the cooling regime after slag-making to modify its 
phase composition while maintaining the same chemical composition. 
This is done through a combination of high-temperature modification of 
the slag and screening the mineral carbonation potential at moderate 
pressure. The study thereby brings novel insights by clearly revealing 
the candidate minerals for carbonation and on how to promote their 
formation by slag engineering.

2. Materials and methods

A slag originating from the processing of laterite ores into ferronickel 
was studied. The chemical composition of this ferronickel slag (FS) in 
Table 1 was obtained using X-ray fluorescence. Only the elements 
showing calculated oxide concentrations > 1 wt% are provided, the rest 
is cumulated in the “Others” column. The composition of the slag was 
used as input in the Equilib module of the FactSage software [5] to 
calculate the equilibrium phase compositions as a function of tempera
ture. The “Others” from Table 1 were discarded from the composition for 
these simulations. The influence of additions of CaCO3 on the equilib
rium phase composition was explored. The FactPS and FTOxid databases 
were used, running calculations over all possible solid and gas phases, 
excluding the pure liquids (in other words only having a molten slag 
phase as liquid). Calculations were carried out from 1500 ◦C to 800 ◦C 
with 25 ◦C intervals at 1 atm pressure. The oxygen partial pressure was 
fixed at 10− 10 bar to ensure the elements were modeled in the oxidation 
state relevant to the ferronickel production process. The equilibrium was 
only calculated at the indicated intervals, not taking additional points at 
the transition temperatures.

Experimental modifications of the slag were carried out in a Naber
therm RHTV 120–600/18 vertical tube furnace modified to enable 
quenching of the crucible. A steel crucible filled with 40 g of sample is 
hung on a molybdenum wire and heated up to 1300 ◦C at a rate of 180 
◦C/h. Slow cooling at 180 ◦C/h inside the furnace was compared with 
water quenching by immersing the crucible in a bucket of water. The 
variable quantities of CaCO3 addition resulted in the 7 samples listed in 
Table 2 to be studied in the carbonation process.

All samples were ball milled to a powder with a d50 of 6–12 µm and 
pressed into a cylinder before carbonation. The cylinder consisted of 
20–23 g of the modified slags from Table 2. Water was added to obtain a 
water/solids mass ratio of 0.08. Cylinders with a diameter of 23 mm 
were pressed using a force of 150 kg/cm2 for 10 s, resulting in a height of 
22–24 mm. The pellets were carbonated at a CO2 pressure of 10 bar and 
60 ◦C for 16 hours using a water container to maintain water saturation 
in a 3.25 L Premex reactor with continuous monitoring and steering of 

CO2 pressure and temperature. The reactor was not flushed before 
introducing CO2 to build up the pressure. The compressive strength was 
measured on only 1 cylinder per experiment for screening of the sam
ples, but triplicates were made in the final stage for comparing the 
strength values. The crushed samples were used for characterization; the 
total carbon content was measured and the phase composition was 
analyzed using X-ray diffraction (XRD) of the crushed carbonated sam
ples and the powders before carbonation. The CO2-uptake was calcu
lated from the difference in total carbon content before and after 
carbonation, measured using a multi EA 4000 device (analytikjena). 
Calculations were carried out as suggested by Nielsen and Quaghebeur 
[24], considering the mass gain during carbonation. XRD was carried 
out on a PANalytical Empyrean diffractometer with analysis using 
HighScore X’pert software and the PDF4 database. The diffractometer is 
equipped with a Co tube and was operated at 40 mA and 45 kV using a 
step size of 0.013◦2θ and 48.195 s measuring time per step from 5 to 
120◦2θ. Quantification was carried out using Rietveld refinement. An 
external rutile standard was used for determining the amorphous con
tent. The external standard is measured within 1 week from the sample 
measurements. Raman analyses were obtained using a Horiba 
Jobin-Yvon LabRAM HR Evolution spectrometer. Samples were excited 
with a 532 nm wavelength laser (Nd:YAG, Oxxius, 100 mW power) via a 
100x long working distance objective (Olympus LMPLFLN, NA 0.8) 
coupled to an Olympus BX41 confocal microscope. Spectra were ac
quired in a backscattered arrangement using a high spectral resolution 
1800 grooves/mm grating, 10 % laser power, 25 µm confocal pinhole, 
and 40 s acquisition time with 10 repetitions.

3. Results and discussion

3.1. Thermodynamic simulations and choice of furnace conditions

FactSage equilibrium calculations provide an estimation of the phase 
composition of the slags without the need for experimentation, enabling 
to screen a wider range of compositions efficiently. The chemical 
composition of the slag is used as input and the phase composition is 
calculated as a function of temperature. Depending on the cooling speed, 
the phase composition of the experimentally synthesized slags will be 
comparable to the phase composition at the experimental temperature 
(for water quenching) or more closely related to a phase composition at 
lower temperature (for furnace cooling). In the latter case, the temper
ature from which the phase transformations are becoming kinetically 
hindered and therefore the exact temperature of comparison is difficult 
to unravel. The simulations of the phase compositions as a function of 
temperature are provided for the composition of FS-0 and FS-10Cc in 
Figs. 1 and 2, respectively. The composition of the phases is also pro
vided by FactSage and mentioned in the discussion below, but not 
shown in the figures. The liquidus temperatures of FS-0 and FS-10Cc are 
approximately 1500 ◦C while the solidus temperatures are approxi
mately 1200 ◦C in both cases. At the experiment temperature of 1300 ◦C, 
the phase composition is expected to have approximately 40 wt% of melt 
phase in FS-0 and 60 wt% of melt in FS-10Cc. The main phases are 
similar in both cases. An olivine phase which has a composition similar 
to the forsterite end-member is present, although it also contains 
approximately all Fe of the slag and is therefore a forsterite-fayalite solid 

Table 1 
Chemical composition of the ferronickel slag (wt%).

Element FeO SiO2 CaO Al2O3 MgO Others

wt% 15.2 50.1 2.6 5.0 24.7 2.4

Table 2 
Overview of (modified) slag samples for carbonation studies.

Sample code Additive Cooling procedure

FS− 0 No furnace treatment
FS− 0-w / Water quenching (w)
FS− 0-f / Slow cooling in furnace 180◦C/h (f)
FS− 10Cc-w 10 wt% CaCO3 Water quenching (w)
FS− 10Cc-f 10 wt% CaCO3 Slow cooling in furnace 180◦C/h (f)
FS− 20Cc-f 20 wt% CaCO3 Slow cooling in furnace 180◦C/h (f)
FS− 30Cc-f 30 wt% CaCO3 Slow cooling in furnace 180◦C/h (f)
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solution. Due to its forsteritic composition, this phase persists at high 
temperatures (its fayalitic end-member usually melts already < 1300 ◦C 
[29,31]). Pyroxene phases are present in both cases. In the FS-0 this is 
mostly of enstatite composition, which precipitates < 1300–1400 ◦C and 
should – according to thermodynamics – transform from a clinopyrox
ene structure (cEnstatite) to an orthopyroxene structure (oEnstatite) 
between 1200 and 1000 ◦C. The pyroxenes in FS-10Cc are partially of 
diopside composition, which precipitate < 1200 ◦C and always have a 
clinopyroxene structure, also upon further cooling. The transformation 
from cEnstatite to oEnstatite is still noticeable at 1050–1000 ◦C. A minor 
quantity of anorthite collects the Al from the slag.

The slags are experimentally synthesized and cooled using the (fast) 
water quenching and slow furnace cooling. As the synthesis procedure at 
1300 ◦C does not go above the liquidus temperature, the quenching will 
only slightly increase the amorphous nature of the slag. The resultant 
slags are milled, pressed into cylinders, and carbonated at 10 bars CO2 
and 60 ◦C for 16 hours. The compressive strength of the carbonated 
cylinders is shown in Fig. 3. The strength values are very low in view of 
the application as construction materials and indicate that no substantial 
carbonation has occurred in any of the samples. Only one sample 
exhibited a significantly increased strength in comparison with the 
carbonation of the unmodified slag: i.e., FS-10Cc-f, the carbonated cyl
inder based on the slowly cooled slag with 10 wt% CaCO3 addition.

3.2. Optimization of the slags for carbonation

Due to the positive effect of CaCO3 additions and slow cooling, 
despite the relatively low strength values obtained, further in
vestigations of the impact of increased CaCO3 additions on the phase 

composition, for the same cooling regime, are made. The phase 
composition at 1100 ◦C from thermodynamic simulations as a function 
of CaCO3 addition is shown in Fig. 4 while the experimental phase 
compositions of the slowly cooled slags as a function of CaCO3 addition 
is shown in Fig. 5. The full temperature-dependent thermodynamic 
simulated phase compositions of FS-20Cc and FS-30Cc are provided in 
the supplementary information, including the diffractograms and Riet
veld fittings. A good agreement of the simulated with the experimental 
phase composition is observed – this is why the simulation at 1100 ◦C 
was selected. Minor differences in the experimental slags are (i) the 
appearance of a magnetite phase, (ii) the precipitation of monticellite, a 
second olivine phase, and (iii) the lower content of oEnstatite. Magnetite 
formation is caused by slight oxidation of the Fe, which was simulated to 
occur upon further cooling < 900 ◦C. Monticellite formation was not 
simulated, but monticellite can be a remnant of incomplete reaction of 
the raw meal. In other words, for longer reaction times at high tem
perature, more akermanite might form, replacing monticellite and 
diopside. The lower content of oEnstatite and its replacement by cEn
statite might be due to kinetic hindering during cooling. A minor 
amount of amorphous phase is present according to XRD, which can be 
glass from the solidification of the remaining melt during cooling from 
1300 ◦C or poorly crystalline or unidentified phases.

The changes of the phase composition upon CaCO3 addition can be 
described in general terms based on simulations and experiments. These 
changes are mostly seen for the part of the initial phase composition of 
the pyroxenes. Upon CaCO3 addition, the enstatite pyroxene first 
transforms into diopside. After this conversion is complete, the forma
tion of the melilite mineral akermanite is observed (or combination of 
akermanite and monticellite). The content of the forsterite-fayalite solid 
solution slightly increases and the anorthite phase slightly decreases 

Fig. 1. Thermodynamic simulation of the phase composition as a function of 
temperature for FS-0.

Fig. 2. Thermodynamic simulation of the phase composition as a function of 
temperature for FS-10Cc.

Fig. 3. Compressive strength of carbonated slags with 0 and 10 wt% CaCO3 
addition using two cooling regimes.

Fig. 4. Thermodynamic simulation of the phase composition at 1100 ◦C as a 
function of CaCO3 addition.
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upon higher CaCO3 addition.
The compressive strength of slags after carbonation and CO2 uptake 

is shown as function of CaCO3 addition in Fig. 6. It is underlined that 
compressive strength values are larger by an order of magnitude in 
comparison with those shown in Fig. 3. The absolute values of strength 
have thus become more relevant for construction materials. For 
example, the compressive strength requirements for ceramic bricks ac
cording to EN 771–1 for use in houses ≥ 3 stories is > 13 MPa. The 
compressive strength of Portland cement pastes, however, is usually 
higher, mostly 50–90 MPa [8,13,30]. Overall, the data could suggest 
that the materials produced from FS-30Cc-f can be used for construction 
purposes. Comparing with Fig. 5, the strength increase might be 
explained in several ways, such as the increased content of akermanite 
and monticellite or an increased reactivity of the present diopside or 
forsterite. Which phase is the most important for the reactivity towards 
CO2 will be clarified in the next section.

3.3. Carbonation behavior of optimized ferronickel slag

The samples with significant strength gain and CO2 uptake are 
investigated in more detail: FS-20Cc-f and FS-30Cc-f. The slag synthesis 
is replicated 6 times for testing the repeatability and the resultant slag 
was milled for 2 distinct milling times to obtain 2 particle size distri
butions (PSD). The full PSD curves are provided in the supplementary 
section; for the continuation of the discussion the 2 PSDs are referred to 
as L (large = d50 11–12 µm) and S (small = d50 6–8 µm). The slags from 
the first synthesis, the strength of which is shown in Fig. 6, have a similar 
PSD as the S samples. The two compositions (FS-20Cc-f and FS-30Cc-f) 
and 2 PSDs (L and S) are investigated for carbonation for 6, 16, and 
48 hours. The compressive strength of the resultant hardened cylinders 
is shown in Fig. 7. A lower strength is noticeable in comparison with 

Fig. 6, for which an explanation is provided in the XRD discussion later 
in this section. The 30 Cc samples still have substantial strength gain. A 
gradual strength increase with carbonation time is observed, with higher 
strengths for the small PSD that results in increased carbonation kinetics 
due to the higher available surface area [20].

The phase assemblage as a function of carbonation time is studied in 
more detail for the sample FS-30Cc-S, which due to its highest strength is 
expected reach the highest reaction degree and will therefore provide 
the clearest view of the final phase assemblage. The phase composition 
is shown in Fig. 8. The inert phases stay approximately constant 
throughout the reaction: forsterite, diopside, and magnetite. Even 
monticellite, which may provide reactivity due to its higher dissolution 
rate in comparison with forsterite [33], did not react throughout the 
48 hours of carbonation. The only phase with significant consumption is 
akermanite, making it clear that this is the phase providing sufficient 
carbonation reactivity to the slag. This also explains the lower strength 
observed in Fig. 7 vs. Fig. 6, since the akermanite content of the samples 
used to make Fig. 7 was lower. The importance of akermanite for 
providing reactivity to the modified slags is surprising in view of the 
current consensus in literature. Bodor et al. Bodor et al., [6], Librandi 
et al. Librandi et al., [21], and Wang et al. Wang et al., [32] consider the 
akermanite phase or phases from the melilite group in general as inert 
part of steel slags and carbonatable clinkers. Differences might be 
explained by the different carbonation conditions and the potential of 
akermanite to form solid solutions with gehlenite, which makes the 
melilite structure less soluble in most conditions [10]. The latter might 
be especially relevant in comparison with the steel slags, which contain 
a considerable amount of Al [6,21].

The crystalline reaction products are aragonite and at least one other 

Fig. 5. Experimental phase composition of the synthesized slags as a function 
of CaCO3 addition.

Fig. 6. Compressive strength and CO2 uptake of carbonated furnace cooled 
slags with 0–30 wt% CaCO3 addition.

Fig. 7. Compressive strength of carbonated furnace cooled slags with 20–30 wt 
% CaCO3 addition as a function of carbonation time and particle size distri
bution of the slag (L = larger = d50 11–12 µm, S = smaller = d50 6–8 µm).

Fig. 8. Phase composition of FS-30Cc-S as function of carbonation time.
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carbonate phase. This other carbonate phase has similar peaks to calcite 
and dolomite in XRD, but only the main (104) diffraction peak is clearly 
observed and has a position which is situated between ideal calcite and 
dolomite. This suggests that it is a CaMg-carbonate phase where Mg 
partially substitutes Ca in calcite or Ca partially substitutes Mg in 
dolomite, and therefore is should be called a high Mg-calcite or proto
dolomite [15,19,27]. High Mg-calcite and protodolomite lack the 
Ca-Mg-ordering of the lattice structure [15] and therefore displays fewer 
XRD peaks than dolomite. Therefore, the XRD refinements use a 
Mg-calcite for the quantification. No Mg-carbonates have been 
observed. Other studies have also shown that the carbonation of 
CaMg-silicates results in limited precipitation of crystalline Mg-bearing 
carbonates [6,21]. Due to the deviation from ideal stoichiometry, a re
action formula is difficult to obtain. Future work with a more pure re
action product should allow the determination of the stoichiometry of 
the CaMg-carbonate to complete the reaction formula.

The CaCO3 polymorph that is most stable in systems with high Mg 
concentrations is aragonite [1,2], especially considering that the ex
periments took place at higher temperature (60 ◦C), which also favors 
the formation of aragonite [18]. The CaCO3 polymorph thus follows the 
general principles defined in the state-of-the-art. On the other hand, the 
presence of Mg-carbonates and mixed CaMg-carbonates is less common 
in carbonation cured CaMg-silicates and slag specimens [6]. The mineral 
carbonation of silicate minerals produces excess SiO2 [3] and this is thus 
also expected from the reaction of akermanite. No crystalline reaction 
products are found, nor were they expected, as literature suggests that 
the carbonation of silicates results in the formation of silica-gel [3]. This 
gel does not provide additional benefits to the carbonated compacts, but 
might provide interesting properties when used as SCM, as exploited in 
carbonated recycled concrete fines [34]. The trend of akermanite con
sumption and carbonate formation in Fig. 8 is in line with the strength 
increase in Fig. 7, when considering the experimental errors introduced 
by the slag synthesis, carbonation, and XRD measurements.

3.4. Microstructure of modified and carbonated slags

The microstructure of the investigated materials is essential to un
derstand the origin of the mechanical properties. More specifically, the 
link between the only minor akermanite content of the slag and the 
aragonite + CaxMg2-x(CO3)2 content in the carbonated samples with the 
high compressive strength value is investigated. All SEM images in this 
section are included in the supplementary information at higher reso
lution. As a reference point, the microstructure of the slag FS-30Cc-f is 
presented in Fig. 9 through a backscattered electron (BSE) image and 

elemental maps of the major elements. The darkest grey shade has the 
largest concentration of Mg and also contains Fe and Si, indicating that 
this is the forsterite-fayalite solid solution. Diopside and akermanite are 
not easily distinguishable in the grey shade part or from their Mg or Si 
concentration. On the other hand, the Ca map suggests that the matrix 
phase on the right bottom of the image is akermanite (with the higher 
concentration of Ca) and in the middle-top-left is diopside (with the 
lower concentration of Ca). The diopside also seems to contain some Al. 
However, most of the Al should be attributed to anorthite, which is 
recognized from the highest intensities of Al and the lack of Mg. Some 
tiny bright spots indicate the presence of magnetite, which can also be 
seen in the Si map as spots without Si. The magnetite also seems to 
contain Al. It might be more correct to refer to the phase using the more 
general term “spinel”. The akermanite seems to be present in quite large 
matrix-like grains in the slag. This is positive for the liberation of the 
akermanite after milling and might be one of the key phases that have 
led to the positive strength results.

The slag FS-30CC-f after milling to a d50 6–8 µm and after carbon
ation for 16 hours is used here as a sample for further investigation of 
the microstructure of the carbonated materials. BSE images are shown in 
Fig. 10 using various magnifications. A continuous network of a binding 
phase is observed between unreacted slag particles, as well as pores. The 
black pores are irregular in shape and size. The binding phase(s) are 
distinguished as a darker grey matrix between the particles. From the 
images provided here and in the supplementary information or during 
SEM imaging, it cannot be detected whether there is preferential growth 
of the binding phase(s) onto one of the slag phases.

Investigation of the Raman signal in the carbonated sample FS-30Cc- 
f confirms that the binder is composed of a mixture of carbonates, 
aragonite and CaxMg2-x(CO3)2, and the precursor akermanite (Fig. 11). 
Under reflected light, the binder shows slightly different reflective 
zones. Brighter zones and the bulk of the binder show a combination of 2 
bands: (1) a thin band at around 1087 cm− 1, which is the characteristic 
wavenumber of the main vibrational band of aragonite. (2) The main 
band is shouldered by a broader band at a higher wavenumber. This 
higher wavenumber suggests the presence of a carbonate phase with 
higher Mg content than aragonite. A band at 1097 cm− 1 would be 
characteristic for dolomite. The broader nature suggests a low crystal
linity, while its position suggests that the composition is likely situated 
between dolomite and calcite/aragonite. Deconvolution to determine 
the exact position of the broad band could not provide a trustworthy 
result. The Raman spectrum thus merely confirms the presence of a 
mixed CaMg-carbonate that might be called high Mg-calcite or proto
dolomite. The zones of the binder that appear darker in reflective light 

Fig. 9. SEM BSE image of FS-30Cc-f and elemental maps of the major elements. “D-matrix” refers to diopside; “A-matrix” refers to akermanite; “FF” refers to the 
forsterite-fayalite solid solution; “S” refers to the spinel phase.
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do not show the shoulder band and only retain the main band of 
aragonite. The uncertainty on the actual structure of the CaMg- 
carbonate phase persists, partly due to its low concentration. Future 
work will provide more clarity using samples with a higher concentra
tion of this phase.

3.5. A view on industrial implementation and carbon neutrality

High-temperature slag engineering at an industrial scale should for 
obvious economic/environmental reasons be carried out before cooling 
down to avoid the need for reheating the slag to 1300 ◦C as was done in 
the present lab experiments. Therefore, additives should be added in the 

Fig. 10. SEM BSE images of the carbonated FS-30Cc-f.

Fig. 11. Reflected light optical images (left) and Raman spectra (right) of the binder in sample FS-30Cc-f. The aragonite, dolomite, and akermanite reference spectra 
from the RRUFF database (respective codes between parenthesis) are presented for comparison.
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furnace during the metallurgical operation or in the slag pot immedi
ately after tapping if the additive would endanger the stability of the 
metallurgical process. The investigated cooling procedures followed in 
the lab experiments correspond to the two most used cooling methods in 
industry: water quenching and slag pot cooling (the latter is the equiv
alent of the 180 ◦C/h furnace cooling). The results imply that for 
carbonation slag pot cooling is the most favorable. However, this is only 
the case if a substantial increase in Ca content is made as well. Such 
substantial additions to the slag chemistry might not be economically 
feasible for the metallurgical companies and the process would rather be 
a dedicated clinkering process requiring an additional furnace rather 
than a slag modification in the slag pot. Future work should investigate 
alternative routes, requiring fewer modifications in the current indus
trial processes, to increase the CO2 uptake by fayalitic slags. Alterna
tively, other sources can be searched to obtain a similar phase 
assemblage of the precursor. A broader interpretation of the results 
teaches that any precursor with a substantial Mg-silicate content can be 
transformed in an akermanite-containing material upon the addition of 
a Ca-compound. The use of Mg-silicate tailings or virgin sourced py
roxene minerals can substantially increase the available feedstock for 
the technology, although these would require an additional heating 
stage – a kind of clinkering process – as there is no high temperature 
process where they originate from. Also, from the perspective of the Ca- 
source, a broader interpretation can be made and Ca-rich residues and 
by-products such as construction and demolition waste and steel slags 
could be considered in the further development.

In view of the carbon neutrality of the carbonated compacts, the 
addition of CaCO3 is critically evaluated. For each kg of CaCO3 added, 
0.44 kg of CO2 is emitted. A renormalization of the amount of modified 
slag resulted in the emissions in Table 3. The balance of these emissions 
and the CO2 uptakes from Section 3.3 are shown in Table 3. In view of 
producing high-quality construction products the addition of 30 wt% 
CaCO3 to the ferronickel slag seems optimal, but a positive – i.e., 
emitting – CO2 balance of about 120 kg CO2/ton block is obtained (when 
not considering process emissions). Further optimization of the system 
should reveal whether a true CO2-negative effect can be obtained, as 
currently a large fraction of the Mg and part of the added Ca is still 
locked in unreactive phases such as forsterite, monticellite, and diop
side. This may be done by approaching the process as clinkering instead 
of as slag modification (Peys and Pires Martins, under review). However, 
despite the low fraction of unreactive phases there (Peys and Pires 
Martins, under review), further optimization of the clinkering and 
carbonation process is needed to achieve a net absorbing CO2 balance.

Nevertheless, the carbonated compacts target to replace Portland 
cement-based construction products, which have estimated embodied 
emissions of 400–800 kg CO2/ton cement. The substitution of Portland 
cement with carbonated FS-30-f will thus result in a substantial decrease 
of the CO2 emissions related to construction products. Considering the 
impact of carbon credits on cement prices, economic incentives might 
become more pronounced in the future providing extra leverage to 
convince metallurgists that slags should be treated as a resource that 
should be altered for achieving optimal performance as feedstock for 
construction products.

4. Conclusions

The results of the present study prove that mineral carbonation of a 
pyroxene-rich ferronickel slag is not straightforward. This study there
fore provides novel insights in the carbonation potential of (Fe,Mg,Ca)- 
silicate minerals which can be applied for successful slag engineering. 
The original phase assemblage and slightly modified (< 20 wt% CaCO3 
additions) slags showed an insignificant reaction at 10 bar CO2 and the 
produced cylinders acquired a compressive strength not exceeding 
2 MPa. The addition of 30 wt% of CaCO3 results in the production of a 
significant amount of akermanite (Ca2MgSi2O7), which after carbonated 
caused a compressive strength increase after carbonation up to 

20–40 MPa. The carbonation degree of akermanite is almost 70 % after 
6 hours, although the compressive strength shows a significant increase 
even after 16 and 48 hours. A finer particle size also results in increased 
compressive strength. The carbonation of akermanite results in the 
formation of a binding phase composed of aragonite and a CaMg- 
carbonate which might be high Mg-calcite or protodolomite. The slag 
modification-carbonation process is slightly emitting CO2, but poses a 
large decrease in emissions compared to Portland clinker-based ce
ments. Future work should target to convert the Ca and Mg that was 
locked away in inert phases into reactive components to achieve a more 
beneficial net absorbing CO2 balance.
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Table 3 
CO2 balance to produce modified slags and carbonated blocks.

Slag wt% 
CaCO3 

added to 
slag

Emissions 
(kg CO2/ton 
slag)

% TC 
measured 
in pellet

Uptake 
(kg CO2/ 
ton slag)

Balance 
(kg CO2/ 
ton slag)

FS− 0-f 0 0.0 < 0.1 0.0 0.0
FS− 10- 

f
10 48.9 0.2 7.4 41.5

FS− 20- 
f

20 109.9 0.59 22.1 87.8

FS− 30- 
f

30 188.4 1.72 67.3 121.1
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