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A B S T R A C T   

Clinker-free, carbonate-bonded monoliths are prepared by accelerated carbonation for immobilization of haz-
ardous elements present in: a stainless-steel slag, two copper slags, and one lead slag. In addition to the studies on 
individual slags, mixes of copper slags and lead slags with 33 % and 66 % replacements of stainless-steel slag are 
also studied. Combinations of two temperatures (30 and 60 ◦C) and three CO2-pressures (1, 5, and 10 barg) are 
studied. Among the non-ferrous slags carbonated individually, lead slag carbonated at 10 barg exhibited 
carbonate-cementation. The carbonate-bonded monoliths containing stainless-steel slag exhibited high 
compressive strengths, individually or as in its mixes with other slags. In stainless-steel slag, while its individual 
carbonation also showed a decrease in Cr-leaching, the Cr-leaching from its mixes with non-ferrous slags are 
disproportionately lower: possible chemical synergy of stainless-steel slag with sulfidic non-ferrous slags is 
discussed. For lead slag individually, carbonation significantly decreases Pb-leaching; while Co, Zn, and Mn 
leaching first increase and then decrease with an increase in CO2-pressure. In mixes of lead slag with stainless- 
steel slag, Pb, Co, Zn, and Mn leaching are significantly decreased. Temperature does not have a significant 
influence on the product properties. Copper slag remained relatively insensitive towards carbonation. Com-
parisons are made with the Flemish legislative limits.   

1. Introduction 

Globally, >50 million tonnes of copper and lead slags are produced 
every year [1,2]. Some proportions of these slags are used as construc-
tion materials [3–5], while a significant proportion is stockpiled or 
landfilled [6,7]. When exposed to the atmosphere, their natural disso-
lution may lead to significant environmental consequences, like heavy- 
metal leaching [8,9]. Numerous applications have also attempted to 
produce construction materials by mixing these slags with Ordinary 
Portland Cement (OPC) or by alkali activation [10–12]. However, many 
of the hazardous elements present in these slags, like Pb and Zn, exhibit 
high solubility in a strongly alkaline environment [13,14]. This may 
explain the harmful long-term leaching behaviors of such construction 
materials [15–19]. This study proposes the utilization of these slags in 
combination with stainless steel slag to produce clinker-free carbonate- 
bonded monoliths by accelerated carbonation [20,21]. Such systems are 

expected to offer physical encapsulation to these slags in a more stable 
pH range (pH < 10) against environmental leaching [20–22]. 

In the leaching studies involving carbonation-cementation, it is 
important to differentiate between the two levels of dissolutions: (a) 
primary-dissolution of the starting material during accelerated carbon-
ation process, and (b) secondary-dissolution during leaching-studies 
performed on the carbonated product. To this end, the interactions of 
raw slags with CO2(aq) have been studied in great detail from two 
opposing but interdependent environmental perspectives: (a) role of 
CO2(aq) in primary-dissolution of raw slags, and consequent leaching of 
hazardous elements present in the slags [23–26], and (b) role of CO2(aq) 
in stabilizing the hazardous elements present in the slags against 
leaching (secondary dissolution), by accelerated carbonation [27–29]. 
Among these, in the non-ferrous slags, the role of CO2 has mainly been 
studied for enhanced environmental leaching due to the primary 
dissolution, while its role in environmental remediation by inhibiting 
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secondary dissolution has hardly been explored. In the case of ferrous 
slags, both the roles of CO2 have been explored in relatively more detail 
[30,31]. For accelerated carbonation to be an effective immobilization 
treatment for a certain element against environmental leaching (sec-
ondary-dissolution), it must either leave the element untouched in its 
original form, or it must chemically or physically bind it into a new form 
that is equally or more stable than its original form. These competing 
behaviors are explored in this study. 

The pH of the solutions in contact with the slag surfaces is known to 
have significant influences on the primary-dissolution as well as 
secondary-dissolution behaviors of the elements present in slags 
[32–34]. It must be noted that unlike the highly alkaline nature of 
ferrous slags, the native pH of the non-ferrous slags can even be below 
neutral [35,36]. It must further be noted that speciation and solubility of 
the dissolved-CO2 itself is also dependent on the pH of the leaching 
solutions: in a solution with highly alkaline native pH, CO2−

3 is the 
dominant species; while in a system with below-neutral pH acidic spe-
cies (H+/H2CO3/HCO−

3 ) are the dominant species [37–40]. Therefore, 
mixing the lower-pH non-ferrous and higher-pH ferrous slags can have a 
significant influence on their behaviors, both during the primary 
dissolution of the slags (during carbonation), as well as during the 
secondary-dissolution of the carbonated blocks (during leaching). 

Most of the existing research to produce clinker-free carbonate 
bonded load-bearing blocks relies on the accelerated carbonation of Ca- 
rich sources (slags, ashes, etc.) [20,39]. The lack of interest in utilizing 
non-ferrous slags for such applications can be attributed to their rela-
tively low aqueous solubilities. The role of dissolved-CO2 in the release 
of Ca/Mg/Fe by primary-dissolution of the parent sources during 
accelerated carbonation is still underappreciated. However, a recent set 
of studies have shown that dissolved-CO2 can even lead to significant 
primary-dissolution of metallic Fe(0) to produce FeCO3 cement 
[38,41,42]. Extending onto this observation, this study also investigates 
whether accelerated carbonation of non-ferrous slags rich in Fe-minerals 
could also lead to the formation of clinker-free carbonate-bonded blocks 
in which hazardous metals are also immobilized. 

2. Materials and methods 

2.1. Materials 

Leaching behaviors of three non-ferrous metallurgical slags (NFMS) 
and one ferrous metallurgical slag (FMS) are studied. Among the three 
NFMS, two are sourced from copper production, and one from lead 
production. In this study, the lead slag is called NFMS-1, and the two 
copper slags are called NFMS-2 and NFMS-3. The ferrous metallurgical 
slag is an (Electric Arc Furnace) EAF-stainless steel slag. 

2.1.1. Material preparation 
The as-received slag samples were ground using a RETSCH planetary 

ball mill PM400 (Tungsten carbide) at 400 revolutions per minute 
(RPM) till all the slag samples passed a 36 µm sieve. In addition to the 
slags, ultrapure water and pressurized pure CO2(g) were also important 
components of this study. 

2.1.2. Particle size distribution 
The cumulative particle size distributions of the ground slags were 

measured using a Horiba LA-350 Laser particle size analyzer using an 
isopropanol medium. Before the measurement, 200–400 mg slag sam-
ples were first ultrasonicated for 2 min in isopropanol medium, to 
deagglomerate lumps. The particle size distribution is reported as the 
average of three measurements in Fig. 1. The powder samples have quite 
homogenously distributed particle size distributions with D50 for all the 
powder samples < 8 µm. 

2.1.3. Elemental composition 
The elemental compositions of the slags were determined using En-

ergy Dispersive X-ray Fluorescence (ED-XRF, Spectro XEPOS HE model 
XEP03). For analysis, the powder samples were mixed with Li2B4O7 flux 
and melted to form a bead, before the ED-XRF measurements were 
performed under He-atmosphere. Table 1 shows the respective element 
compositions of the slags, expressed as oxides. 

2.1.4. Mineral compositions 
The mineral composition of the slags was determined using XRD 

Fig. 1. Cumulative particle sizes of the ferrous (FMS) and non-ferrous (NFMS) slags based on laser particle size distribution.  
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(PANalytical Empyrean diffractometer, Cobalt anode). The finely 
ground (<36 µm) powder samples were back-loaded to avoid preferred 
orientation, and the observations were made over the angular ranges of 
5 to 120◦ (2θ CoKα). To improve particle statistics, the sample holder 
was spun around the vertical goniometer axis. The phase identifications 
are performed using the X’Pert Highscore Plus, v 4.7a software (PAN-
alytical). Fig. 2 shows the identification of all the minerals present in the 
slags. From the figure, it can be observed that FMS is mainly composed 
of Ca/Mg-silicates similar to the other studies on stainless-steel slags 
[21,29]. Among the copper slags, NFMS-2 is mainly composed of faya-
lite (Fe2SiO4), and NFMS-3 is almost completely amorphous, as 
commonly observed [3]. In the lead slag (NFMS-1), many (Ca/Mg/Zn)- 
silicate minerals like monticellite and hardystonite are present. Addi-
tionally, it contains sulfide minerals like sphalerite, which is quite 
commonly observed in such slags [43]. 

2.2. Sample preparation and evaluation 

2.2.1. Preparation of dry mixes 
This work involves study on individual slags, as well as their mixes. 

While the individual slags could be directly used, the mixes were pre-
pared by weighing the required amounts of slags and homogeneously 
mixing them in an overhead rotating mixer for ~ 2 h. It must be noted 
that the duration of mixing was not optimized in this study, and the long 
mixing duration of 2 h was chosen to ensure that the mixes were 

homogeneous. The list of all the mixes used in this study is listed in 
Fig. 3. It can be observed from the figure that, in addition to the systems 
with 100 % FMS and NFMS, 33 % and 66 % mixes of each NFMS with 
FMS are also studied. 

2.2.2. Pellet preparation 
To prepare the pellets, the respective dry mixes were homogeneously 

mixed with deionized water at the w/w liquid to solid ratios (l/s) of 
0.115, to prepare wet mixes. Subsequently, ~20 g of each of these wet 
mixes were pressed for 10 s in the form of cylinders of 23 mm diameter 
using a pressing load of 150 Kgf/cm2. These non-carbonated pressed 
pellets are called green pellets for the convenience of discussion. The 
weight of each green pellet was recorded. 

2.2.3. Accelerated carbonation of green pellets 
The accelerated carbonation was performed using a temperature and 

pressure-controlled autoclave reactor (3.5 L). Before the introduction of 
the green pellets, the reactor was pre-heated to the desired temperature. 
Subsequently, the green pellets were introduced into the reactor, and the 

Table 1 
Elemental compositions of slags expressed as oxides.  

Oxide FMS NFMS-1 NFMS-2 NFMS-3 

Fe2O3 (%) 0.8 31.6 48.3 40.5 
CaO (%) 45.9 13.8 1.9 3.7 
SiO2 (%) 27.1 24.8 28.3 33.2 
Al2O3 (%) 4.4 6.4 4.8 10.9 
MgO (%) 10.6 1.4 <1 1.6 
SO3(%) 0 1.78 0 0.7 
Cr2O3 (mg/kg) 35,600 4660 4920 17,000 
MnO (mg/kg) 12,000 4080 4270 8720 
TiO2 (mg/kg) 0.855 0.233 <0.15 0.3  

Fig. 2. Mineralogical compositions of the starting materials M: Magnetite; F: Fayalite; Sp.: Spinel; P: Periclase; Me: Merwinite (Ca,Mg) Silicate; γ-C: γ-dicalcium 
silicate; B: Bredigite (Ca-Mg-Si); C: Cuspidine (Ca-F-Si); M¡C: Mg-Cr-oxide; Mo: Monticellite; W: Wustite; Sph.: Sphalerite; H: Hardystonite; A: Akermanite; 
N: Nepheline. 

Fig. 3. List of all the mixes of ferrous (FMS) and non-ferrous (NFMS) slags.  
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reactor was flushed with CO2. Thereafter, the pellets were subjected to 
the desired reaction conditions (temperature and CO2-pressure) for 16 h. 
100 % pure CO2 gas was used. To keep the relative humidity of the 
reactor near saturation, an open water reservoir was kept at the bottom 
of the reactor throughout the experiment. This was done to maintain the 
effective l/s ratio by avoiding water loss from the sample during the 
exothermic carbonate precipitation. At the end of the experiment, the 
reactor was depressurized, and the samples were immediately removed 
from the reactor and transferred to a plastic zip-lock. 

Six reaction conditions were studied for carbonation: T = 30 ◦C / 
60 ◦C, combined with each of CO2-pressures of 1, 5, and 10 barg. After 
the accelerated carbonation treatment, the pellets were tested for their 
compressive strengths by loading them in an upright position at a rate of 
0.5 mm/min using a 100 kN compression testing machine (Instron 
5582). The authors note that duplicates/triplicates need to be tested 
from the perspective of the mechanical properties of such monoliths. 
However, the scope of this work is limited to environmental leaching, 
and compressive strength is used only to exhibit the encapsulation po-
tential of the carbonate bonded systems. 

2.2.4. Preparation of leached solutions 
The carbonated pellets were crushed so that all the crushed pieces 

pass through a 4 mm sieve to perform a batch leaching test according to 
the standard EN 12457–2 [44]. Before the leaching tests, the moisture 
contents were measured using a Mettler Toledo HB43-S Halogen Mois-
ture Analyzer. For the experiments, ~4 g of the sieved samples were 
weighed and placed in a container in which the shaking test was to be 
performed. Thereafter, deionized water was introduced in this container 
at an l/s ratio of 10 (w/w), adjusting for the moisture content already 
present in the crushed samples. The container was subsequently 
mounted on an overhead shaker (GFL 3040) which was rotated at 10 
rotations per minute (RPM) for 24 ± 0.5 h. The leaching tests were 
carried out in a temperature-controlled room at 20 ± 2 ◦C. 

At the end of the experiment, the eluate was immediately filtered 
using a disposable polypropylene syringe filter (Chromafil AO-45/25, 
Macherey-Nagel, pore diameter of 0.45 µm). The filtered solution was 
divided into two parts. One part was used to immediately measure the 
pH of the solutions using a Mettler Toledo Seven multi dual meter, and 
the other was stored for elemental analysis using ICP-AES. The pH-meter 
was calibrated every day using buffers of pH 4.01, 7.00, 9.21, and an 
extra check was performed by measuring the pH of a buffer solution of 
pH 11. pH measurements were automatically temperature corrected. To 
store the filtered solutions for ICP-AES, 5 % v/v of HNO3 (Fisher Sci-
entific, optima grade, 67–69 % assay) was added to the solution. Sub-
sequently, ICP-AES was performed using a PerkinElmer Avio 500. 

3. Results 

In this work, the ability of carbonate-bonded monoliths to physically 
encapsulate the slags is discussed first. Thereafter, the pH of the non- 
carbonated, as well as the carbonated FMS and NFMS as well as their 
mixes, are discussed along with their accompanying Ca-leaching 
behaviors. 

Among the elements exhibiting micro-leaching (in µg/l), leaching 
behaviors of Pb, Cu, Zn, Cr, Co, and Mn are observed. Among them, Cu- 
leaching is not shown in this work since it was below or near the 
detection limits in all the cases (<20 µg/l). Moreover, since the NFMS 
slags studied in this work are Fe-rich (>20 % Fe), it is worthwhile to note 
that Fe-concentrations in the leachates were mostly below or close to the 
detection limit (<5 µg/l). Therefore, Fe-leaching is not discussed in this 
work. In the end, comparisons are made with the Flemish legislative 
limits for environmental leaching. 

3.1. Encapsulation of slags in carbonate-bonded monoliths 

The hazardous elements present in solid wastes like metallurgical 

slags can be solidified/stabilized (s/s) by encapsulating them using 
cementitious materials like OPC or alkali-activated binders [45,46]. 
Based on the ability of accelerated carbonation to form carbonate- 
bonded monoliths [20], solid wastes may also be encapsulated in such 
carbonate-bonded monoliths. 

From Fig. 4, it can be observed that the carbonate-bonded monoliths 
containing FMS, both individually and as when prepared as a mix with 
NFMS, exhibit quite high compressive strengths (>40 MPa). The figure 
shows that there is an interplay between the influence of temperature 
and CO2-pressure on compressive strength. In case of carbonate-bonded 
systems, the mechanical properties are known to depend simultaneously 
on the amount of the carbonate binders as well as on their spatial dis-
tribution, and crystal shape/size [38,41]. Higher temperature/CO2- 
pressure are generally known to result into higher amounts of carbonate- 
binder; however, for a given amount of carbonates formed, slower rates 
of carbonate formation at lower temperature/CO2-pressure result in 
well-formed carbonate crystals that connect precursor particles and 
provide higher mechanical strength than rapidly precipitated fine car-
bonates randomly distributed in the available pore space [38,41]. As 
such slower carbonation rates can result in higher compressive strength, 
in particular when the difference in carbonate amount is limited. 

Among the individually carbonated NFMS systems, it is interesting to 
note that the attempts to prepare carbonate-bonded monoliths using 
100 % NFMS failed in all the cases except two: 100 % NFMS-1, when 
carbonated at 10 barg CO2-pressure at both temperatures of 30 and 
60 ◦C, can lead to the formation of monoliths that can sustain their 
shapes and encapsulate the solid wastes inside the monoliths. 

Especially interesting is the high compressive strength of ~ 40 MPa 
in the 100 % NFMS-1 system carbonated at 10 barg CO2-pressure and 
60 ◦C temperature. In the case of FMS, the higher compressive strengths 
are usually attributed to calcite formation during accelerated carbon-
ation [20,21,29,39]. In NFMS-1, the carbonated systems exhibiting 
compressive strength indicated the possible formation of carbonates 
belonging to dolomite-ankerite-minrecordite (carbonates of Ca with 
Mg/Fe/Zn) groups, based on XRD (Supplementary information 1). For 
NFMS-1, the carbonate-bonding occurs only in the systems prepared at 
10 barg CO2-pressure. In another related study on the CO2-induced 
dissolution of the slags in far-from-equilibrium conditions [47], it is 
shown that significant amounts of Ca (>20 %) and Fe (>5%) are 
released within 4 h of dissolution of the same slag at 10 barg CO2- 
pressure. This would possibly have resulted in a higher degree of 
carbonate-bonding in the systems prepared at 10 barg, consequently 
leading to high compressive strengths. At the same time, among the 
systems studied at 10 barg, a significantly higher compressive strength 
(Fig. 4) is also observed in the system carbonated at 60 ℃ than at 30 ℃. 
This can also be explained by the increase in Ca-dissolution and Fe- 
dissolution from the slags, thereby increasing the amounts of carbon-
ate binder available [47]. Since individual carbonation of NFMS-2 and 
NFMS-3 resulted in ~ 0 compressive strength, the strength of their 
carbonated mixes with FMS can be attributed to the carbonation of FMS. 

As discussed earlier, during the sample preparation for the leaching 
tests, the carbonate-bonded blocks are crushed to pass a 4 mm sieve 
before initiating the batch leaching test. During leaching tests, while the 
crushed pieces (of 3–4 mm) in the systems with non-zero compressive 
strengths retained their shapes, the ones with ~ 0 compressive strength 
were converted into powder form. This leads to a significantly higher 
availability of surface area for leaching in the systems with ~ 
0 compressive strength. It is further noted that permeabilities of the 
respective carbonate-bonded blocks may be an important contributor to 
the observed leaching potentials of the constituents, and that compres-
sive strengths are frequently used as a proxy for permeability [48]. To 
this end, among the systems in which the crushed pieces retained their 
shapes during leaching tests, the pieces may have different degrees of 
permeabilities, thereby influencing the leaching observed in different 
samples studied in this work [21]. It is further noted that the particle 
sizes of the starting materials may also have a significant influence on 
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the leaching from the carbonated products [49]. Therefore, based on the 
preceding discussion, it is observed that using a compliance test like EN 
12457–2 introduces in this study, limitations inherent to the test con-
cerning the comparison of different systems. To this end, the focus of this 
study is on the major trends of the leaching behaviors, rather than small 
variations. 

3.2. Leaching of non-carbonated slags 

The batch leaching test involves the leaching of solid samples in 
deionized water. Based on the observation from this study, it can be 
noted that the resulting Ca-leaching from non-carbonated FMS (~375 
mg/l, Fig. 5(c-d)) is almost an order of magnitude higher than that of 
NFMS-1 (~30 mg/l), which1 in turn is almost an order of magnitude 
higher than those of NFMS-2 (2.3 mg/l) and NFMS-3 (1.3 mg/l). The 
opposite trend can be observed with respect to [H+], as the pH of non- 
carbonated FMS is ~ 12.1 (Fig. 5(a-b)), of NFMS-1 is ~ 10.8 (Fig. 5(a- 
b)), of NFMS-2 is ~ 10 (Fig. 5(e-f)), and of NFMS-3 is ~ 9.4 (Fig. 5(g-h)). 

It must be noted that, when CO2 is introduced in the green pellets, 
the CO2-speciation depends to a great extent on the pH of the pore so-
lutions. To this end, based on the hydrolytic leaching behavior of 
uncarbonated FMS, the high pH in the pore solution of its green pellet 
means CO2−

3 being the dominant CO2-species [37–39]. On the other 
hand, for the non-carbonated NFMS, while CO2−

3 would still have been a 
major species (since pH > 9.4), HCO−

3 concentration is expected to in-
crease considerably due to the relatively lower pH of the pore solutions. 
This difference in CO2-speciation needs to be noted to understand the 
primary-dissolution behaviors of different systems in CO2- 
environments. 

3.3. Carbonated slags: pH, Ca-leaching, and accelerated carbonation 

pH is of prime importance in controlling the leaching behavior across 
different industrial wastes [32–34]. Irrespective of the carbonation 
conditions, the pH of the carbonated FMS is in a relatively narrow range 
of 10.2–10.5 (Fig. 5(a-b)). Moreover, the Ca-leaching from the carbon-
ated FMS is also in a relatively narrow range of 40–70 mg/l: an order of 
magnitude lower than ~ 375 mg/l observed in the non-carbonated 
systems (Fig. 5 (c-d)). Such simultaneous decreases in pH and Ca- 
leaching in FMS on carbonation are usually attributed to the forma-
tion of Ca-carbonates [37–39]. Since all the mixes contain FMS, its 
behavior is reported in all the figures (in Fig. 5) for reference. 

While the influence of carbonation temperature and CO2-pressure 
are negligible on the respective pH of FMS leachates, their influences on 
the pH of the leachates of NFMS-1 are especially interesting. At both 

30 ◦C (Fig. 5(a)) and 60 ◦C (Fig. 5(b)), it can be observed that the pH of 
the non-carbonated NFMS-1 is ~ 10.8, and that carbonation at 1 barg 
CO2-pressure results in a significantly lower leachate-pH of 7.4–7.5. This 
decrease in leachate-pH is accompanied by a significant increase in Ca- 
leaching from 30 mg/l in the non-carbonated NFMS-1 to 150–250 mg/l 
in the carbonated systems (Fig. 5(c-d)). Therefore, compared to the low 
hydrolytic-dissolution and relatively high native pH of NFMS-1, its 
carbonation at 1 barg CO2-pressure triggers a significant increase in Ca- 
leaching accompanied by a significant decrease in leachate-pH. Based on 
these observations, it can be proposed that the pH-decrease, and 
concomitant Ca-dissolution, are caused by carbonation-induced slag 
dissolution. To this end, Table 1 shows that NFMS-1 has 1.8 % SO3 and 
Fig. 2(a) shows that NFMS-1 contains sulfidic minerals like sphalerite 
(Zn, Fe-S). It has earlier been found that the addition of even < 1 % 
sulfidic sources may enhance the carbonation of the minerals by 
enhancing their dissolution [50]. It has further been observed that sul-
fidic minerals present in non-ferrous slags at the edge of fayalite crystals 
or in glass matrix can be quite susceptible to leaching [26]. Therefore, 
carbonation of NFMS-1 can trigger the dissolution of sulfide-rich phases 
that did not dissolve during the hydrolytic dissolution of NFMS-1, 
thereby assisting in accelerated carbonation of NFMS-1, either directly 
or indirectly. 

Moreover, at both the temperatures, carbonating NFMS-1 at higher 
CO2-pressures of 5 barg (pH: 7.7–7.9) and 10 barg (pH: 8.8–8.9) leads to 
an increase in the leachate-pH. Interestingly, in the systems prepared at 
30 ◦C, the increase in pH with CO2-pressure is always accompanied by a 
decrease in Ca-leaching (Fig. 5 (c)); on the other hand, in the system 
prepared at 60 ◦C, Ca-leaching in the system prepared at 5 barg is higher 
than that at 1 barg (Fig. 5(d)). Moreover, irrespective of the carbonation 
temperature, carbonating at 10 barg CO2-pressure is especially effective 
in reducing Ca-leaching. Such an interesting behavior of NFMS-1 as a 
function of carbonation conditions can be explained from the opposing 
perspectives of the dynamic processes of CO2-induced Ca-dissolution 
and calcium carbonate precipitation. In such a case, higher CO2-pres-
sure and temperature can be expected to lead to higher dissolution rates, 
thereby increasing the rate of Ca-leaching and increasing the leachate- 
pH; and at the same time, an increase in Ca-concentration and pH can 
be expected to induce supersaturation and precipitation of Ca- 
containing carbonates. Consideration of such a balance between Ca- 
dissolution and carbonate-precipitation can explain the observations 
like lower Ca-leaching in 60 ◦C systems compared to 30 ◦C systems due 
to a higher rate of CaCO3-precipitation at higher temperatures [20]. 
Other differences, like the difference in the trends of the effect of CO2- 
pressure in the systems carbonated at different temperatures, can also be 
similarly explained. 

Fig. 5(e-f) (for NFMS-2) and Fig. 5(g-h) (for NFMS-3) exhibit the 
leachate pH of their corresponding individual and mixed forms. From 
the figures, it can be observed that the pH of the carbonated NFMS-2 

Fig. 4. Compressive strengths of respective mixes (in MPa) (the systems with non-zero compressive strengths retained their shapes during leaching tests, and are 
shown with a green background to represent that they have encapsulation potentials). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

1 Ca-leaching from NFMS-2 and NFMS-3 are not shown in the figure. 
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(9.6–9.9, (Fig. 5(e-f)) is only slightly lower than the non-carbonated 
(~10). Moreover, while Ca-leaching from non-carbonated NFMS-2 
was 2.3 mg/l, carbonated NFMS-2 exhibits Ca-leaching of 6–8 mg/l. On 
the other hand, in NFMS-3, while the pH of the carbonated slags 
(8.4–8.8) is relatively lower than the non-carbonated (~9.4, Fig. 5(g- 

h)), Ca-leaching only increased from 1.3 mg/l in the non-carbonated 
systems to 2–4 mg/l in the carbonated. Therefore, due to the rela-
tively insignificant influence of carbonation conditions on Ca-leaching 
from NFMS-2 and NFMS-3, individually as well as in the form of 
mixes with FMS, Ca-leaching from them is not discussed in further 

Fig. 5. pH and Ca-leaching behaviors of FMS, and its mixes with different NFMS. (Parallel to x-axis: dashed magenta lines for non-carbonated FMS, and dashed blue 
lines for respective non-carbonated NFMS). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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detail. 
Irrespective of the carbonation conditions, the striking similarities of 

the pH (10.2 ± 0.22 (avg. ± σ)) behaviors of carbonated FMS, and its 
mixes with NFMS-1 (Fig. 5 (a-b)), with NFMS-2 (Fig. 5(e-f)), and with 
NFMS-3 (Fig. 5(g-h)) indicates that the pH of these mixes is dominated 
by the behavior of FMS. Such similarities are especially interesting since 
this study involves mixes of FMS with three different NFMS, and at two 
different proportions of mixing (33 % and 66 %). While such a similarity 
in the case of the mixes containing NFMS-2 and NFMS-3 could have been 
attributed to their relative inertness towards carbonations individually, 
the domination of FMS in its mixes with NFMS-1 is especially intriguing 
since, when carbonated individually, NFMS-1 exhibited significantly 
lower pH compared to FMS. Continuing from the earlier discussed 
proposition of carbonation being the source of primary-dissolution of 
acidic sources present in NFMS-1, it could mean: (a) during the primary- 
dissolution, due to the increased alkalinity of the pore solutions due to 
FMS, the corresponding acidic sources in NFMS-1 did not dissolve as 
significantly, and/or (b) during secondary-dissolution (leaching test), 
the dissolution of the acidic sources could not compensate for the alkali 
release from FMS. In any case, the efficacy of mixing NFMS with FMS in 
reducing leachate pH can be clearly appreciated. 

3.4. Environmental leaching 

3.4.1. Pb-leaching 
The significant influence of carbonation on Pb-leaching can be 

especially observed from the behavior of NFMS-1. While the Pb-leaching 
from non-carbonated NFMS-1 was ~ 17500 µg/l, carbonation at any 
reaction condition leads to a significant decrease in Pb-leaching to 
200–400 µg/l (Fig. 6(a-b)). Since the Pb-leaching from all the carbon-
ated systems is < 2 % of that from the non-carbonated systems, the 
trends of the influence of reaction conditions are not discussed. 
Compared to NFMS-1, Pb-leaching from non-carbonated FMS (88 µg/l) 
is quite low (Fig. 6(a-b)). However, the beneficial effect of carbonation 
can also be observed in FMS, as carbonation results in Pb-leaching of <
50 µg/l in all the cases. Furthermore, while carbonation of NFMS-1 
already resulted in a significant decrease in Pb-leaching, it is even 
more interesting to note that mixes of NFMS-1 with FMS are even better 
at reducing the Pb-leaching to < 50 µg/l in all the cases. 

Several studies have attempted to understand Pb-leaching from 
carbonated and non-carbonated solid wastes [11,13,51]. In these 
studies, Pb-leaching has usually been found to be minimum when the 
leachate pH is in the range 7–11. It can be observed from Fig. 5(a-b) that 

Fig. 5. (continued). 

Fig. 6. Pb-leaching from NFMS-1 + FMS systems (Parallel to x-axis: dashed magenta lines for non-carbonated FMS, and dashed blue lines for respective non- 
carbonated NFMS). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the pH of the carbonated NFMS-1 is in the range of 7.5–9, and the pH of 
the non-carbonated NFMS-1 is also in the stable range (~10.1). To this 
end, in addition to lower leachate-pH of the carbonated systems 
compared to the non-carbonated systems towards reduction in Pb- 
leaching, other factors like the formation of sparingly soluble salts like 
PbCO3, and affinity of Pb towards CaCO3/Fe-(hydro)oxide may also 
have significant contributions [52]. Moreover, accelerated carbonation 
not only allows chemical stabilization of Pb but, as can be observed in 

Fig. 4, also offers encapsulation of the NFMS-1 inside the high-strength 
carbonate-bonded materials. Furthermore, the influence of particle level 
encapsulation by Ca-rich carbonates towards which Pb already shows 
affinity must also be considered. 

When studied individually, both non-carbonated and carbonated 
NFMS-2 and NFMS-3 exhibited Pb-leaching below the detection limit 
(<25 µg/l). Furthermore, in their carbonated mixes with FMS, Pb- 
leaching either remained < 25 µg/l (30 ◦C) or < 40 µg/l (60 ◦C). 

Fig. 7. Leaching from FMS + NFMS-1 from the systems carbonated at 30 ◦C and 60 ◦C of (a-b) Co, (c-d) Zn, and (e-f) Mn.  
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Therefore, Pb-leaching from NFMS-2 and NFMS-3 are not discussed 
here. 

3.4.2. Co, Zn, and Mn-leaching 
Co, Zn, and Mn-leaching are discussed together in this section, and 

they are combinedly called C-Z-M for the convenience of discussion. In 
the non-carbonated NFMS-1, Co and Mn leaching were below the 

respective detection limits of 5 µg/l and 1 µg/l, while Zn leaching of ~ 
308 µg/l was negligible compared to > 10000 µg/l observed in 
carbonated NFMS-1 (Fig. 7). Of considerable interest is the influence of 
carbonation conditions on C-Z-M leaching from NFMS-1. It can be 
observed from Fig. 7 that, compared to the non-carbonated NFMS-1, the 
NFMS-1 carbonated at 1 barg CO2-pressure exhibits multiple orders of 
magnitude higher C-Z-M leaching. Furthermore, it is even more 

Fig. 8. Cr-leaching from carbonated mixes of FMS with (a-b) NFMS-1, (c-d) NFMS-2, (e-f) NFMS-3. (Parallel to x-axis: dashed magenta lines for non-carbonated 
FMS). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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interesting to observe that increasing the CO2-pressure from 1 to 5 to 10 
barg leads to a corresponding decrease in C-Z-M leaching. Interestingly, 
C-Z-M leaching from NFMS-1 exhibits trends similar to those exhibited 
by Ca-leaching (Fig. 5(c)) when carbonated at 30 ◦C. On the other hand, 
in carbonated as well as non-carbonated FMS, C-Z-M leaching is below 
the respective detection limits of Co (5 µg/l), Zn (3 µg/l), and Mn (1 µg/l) 
(not shown in the figures). Moreover, NFMS-2 and NFMS-3 also appear 
to be quite inert towards C-Z-M leaching and are therefore not shown in 
figures. In these (NFMS-2 and NFMS-3) systems Co-leaching (<10 µg/l) 
and Mn-leaching (<15 µg/l) are near or below their respective detection 
limits in the non-carbonated as well as carbonated forms. Furthermore, 
while there is considerable Zn-leaching from non-carbonated NFMS-2 
(223 µg/l) and NFMS-3 (40 µg/l), its leaching from their respective 
carbonated forms are < 10 µg/l. This indicates the positive influence of 
carbonation in decreasing Zn-leaching. 

It is especially interesting to note that, while considerable amounts of 
C-Z-M leaching were observed from individually carbonated NFMS-1, 
their leaching from the carbonated mixes of NFMS-1 with FMS are 
below their respective detection limits (Fig. 7). Therefore, stabilization 
of NFMS as a mix with FMS in carbonate-bonded monoliths can be 
highly effective against the leaching of elements like C-Z-M. 

Concerning the earlier studies, it must further be noted that accel-
erated carbonation has usually been applied for the stabilization of these 
elements in highly alkaline systems like OPC or geopolymers [28,46]. 
Therefore, the behaviors observed in this study can be considerably 
different from the observations made in the literature. For instance, 
similar to the observations made in this study, Mn-leaching from mortar 
mixes of sludges were found to have increased in a system carbonated at 
1 barg CO2-pressure [53]; however, Mn-leaching in this system had its 
origin in OPC hydration products [54]. Similarly, Zn and Co leaching 
from such systems have also exhibited both positive and negative 
dependence on carbonation [28]. Therefore, leaching behavior in such 
stabilized products needs to be understood from multiple perspectives. 
In the case of leaching from NFMS-1, as discussed earlier, destabilization 
of the sulfide sources and concomitant release of Ca hold the key to 
understanding the leaching behavior. It has earlier been observed using 
electron microprobe that metals like Zn, Co, Mn, Pb, etc. can occur in 
glass phases, sulfide phases, as well as other phases in such slags [43]. 
Therefore, it can be quite difficult to pin down the exact sources of their 
release, within the scope of this study. However, within the scope of this 
study, it is quite clear that the systems in which NFMS-1 can be effec-
tively encapsulated in carbonated monoliths – individually (10 barg 
CO2-pressure) or as a mix with FMS (Fig. 4) – C-Z-M leaching can be 
significantly contained. 

3.4.3. Cr-leaching 
None of the three NFMS systems exhibited Cr-leaching above the 

detection limit (10 µg/l), either in carbonated or non-carbonated forms. 
However, as can be observed from Fig. 8, non-carbonated FMS exhibits a 
significant Cr-leaching of 351 µg/l. Moreover, it can also be observed 
from the figure that carbonation can effectively reduce Cr-leaching from 
FMS. Carbonation at 1 barg CO2-pressure results in Cr-leaching of 116 
µg/l for the system carbonated at 30 ◦C (Fig. 8(a)) and 86 µg/l for the 
system carbonated at 60 ◦C (Fig. 8(b)). Moreover, carbonating at higher 
CO2-pressure leads to slightly lower Cr-leaching of 50–80 µg/l. In 
literature, accelerated carbonation of ferrous slags has been found to 
have both positive and negative influences on Cr-leaching [37,55]. For 
instance, it has been observed that Cr-leaching decreased with an in-
crease in the degree of carbonation up to ~ 25 %; however, a further 
increase in the degree of carbonation to > 50 % led to a significant in-
crease in Cr-leaching [56]. Such behavior is usually attributed to a 
balance between primary-dissolution of Cr-containing minerals during 
carbonation, and the ability of the reaction products to contain the 
dissolved-Cr by various physico-chemical processes [57,58]. Based on 
the observations in this study, carbonate-bonded monoliths are espe-
cially effective in reducing Cr-leaching. 

In the mixes of FMS with NFMS-1 (Fig. 8(a-b)), Cr-leaching is 
significantly decreased to < 25 µg/l in all the cases irrespective of 
carbonation conditions. Such concentrations are significantly lower 
than what would be expected by the simple decrease in FMS proportions 
(not shown in the figure). As far as the influence of NFMS-2 (Fig. 8(c-d)) 
and NFMS-3 (Fig. 8(e-f)) are concerned, it is observed that the mixes still 
exhibit lower Cr-leaching compared to when FMS was individually 
carbonated. However, NFMS-2 and NFMS-3 do not appear to be as 
effective in reducing Cr-leaching from FMS as NFMS-1, as can be 
observed by comparing mixes of different NFMS at a given proportion of 
replacement (Fig. 8). 

Therefore, compared to the individually carbonated FMS systems, 
Cr-leaching from its mixes with NFMS is disproportionally lower, and 
each NFMS exhibits a slightly different influence. This is especially 
interesting since, contrary to the expectation from the cementation and 
encapsulation perspective, the mixed system showing lower leaching 
compared to individual FMS-systems also exhibit lower compressive 
strengths (Fig. 4). Therefore, the possibility of a chemical synergy that 
allows NFMS-1 to be more effective towards reducing Cr-leaching 
compared to the other NFMS also needs to be explored. To this end, it 
was earlier noted (in section 3.3) that the dissolution of sulfide minerals 
present in NFMS-1, and its further oxidation could explain the reduction 
in solution-pH of the respective carbonated systems. This oxidation can 
assist in the reduction of Cr6+ dissolving from FMS result in the for-
mation of less soluble Cr3+ compounds [59]. Such a synergy needs to be 
explored further for highly beneficial co-utilization of FMS and NFMS 
slags. 

3.5. Comparison with the Flemish legislative limits 

Fig. 9 shows the leaching of Cr, Pb, Zn, and Co in different systems, 
along with the present and proposed Flemish “Materials Decree” legis-
lation (VLAREMA) limits [60]. 

As far as Cr-leaching is concerned, it can be observed from Fig. 9(a) 
that the leaching from non-carbonated FMS (3.5 mg/kg) is much above 
the current (0.5 mg/kg) and proposed (2.6 mg/kg) VLAREMA limits. In 
the FMS systems carbonated individually, most of the systems are above 
the current limits but below the proposed limits. Among the systems 
containing mixes of FMS with different NFMS, the values are signifi-
cantly reduced, and almost all the systems exhibit Cr leaching below the 
current limits. This shows the efficient synergy between FMS and NFMS 
concerning the reduction in Cr-leaching. 

It can be observed from Fig. 9(b) that, among the non-carbonated 
slags, Pb-leaching is a major problem for NFMS-1. It can further be 
observed that while carbonation significantly reduces Pb-leaching from 
individually carbonated NFMS-1, the values are still above the legisla-
tive limits. Moreover, the positive influence of preparing mixes of NFMS- 
1 with FMS in reducing Pb-leaching to below the legislative limits can 
also be observed from the figure. 

For Zn-leaching (Fig. 9(c)) and Co-leaching (Fig. 9(d)), it can be 
observed that individually carbonated NFMS-1 can exhibit higher Zn 
and Co leaching compared to the non-carbonated NFMS-1. However, 
carbonation of the mixes of NFMS-1 with FMS leads to a significant 
reduction in their leaching to below the detection limits. 

4. Discussion 

CO2-speciation is highly pH-dependent [37–39]. Based on the high 
native pH (~12.1) and high pH of the carbonated products (10–10.5) 
(Fig. 5(a-b)), it can be conjectured that during the carbonation of Ca-rich 
FMS, dissolved-CO2 acts mainly as a supply for CO2−

3 . The high native pH 
of the non-carbonated FMS was also accompanied by significant Ca- 
leaching (Fig. 5(c-d)). Therefore, in FMS, the carbonation process 
mainly involves the reaction of Ca2+ with CO2−

3 . If engineered correctly, 
such a process can be used to prepared carbonate-bonded monoliths 
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which offer several advantages against environmental leaching like 
block-level and particle level physical encapsulation of particles, and 
higher stability products during as well as at the end of their lives. 
Therefore, due to the harmless nature of such a process, it is highly 
desirable for the solidification/stabilization of slags. Among the micro- 
elements studied in this work, the carbonation process was able to suf-
ficiently decrease their Cr-leaching to below the proposed VLAREMA 
limits. However, when individually carbonated, Cr-leaching from FMS 
can still be above the present VLAREMA limits. 

The non-carbonated lead slag (NFMS-1) showed Ca-leaching an 
order of magnitude lower than that of FMS. It must be noted that 
accelerated carbonation is a dissolution-precipitation process. In such a 
process, a sufficient amount of Ca2+ must be available for the 
supersaturation-precipitation of the carbonates. Among the NFMS-1 
systems, the systems carbonated at 1 and 5 barg CO2-pressures, no 
compressive strength is observed, indicating a lack of sufficient car-
bonate formation (Fig. 4). However, the high compressive strength in 
the systems prepared at 10 barg CO2-pressure and the accompanying 
observation regarding the formation of dolomite-group carbonates in-
dicates sufficient carbonate supersaturation. While no compressive 
strength was observed in the systems prepared at 1 and 5 barg CO2- 
pressure, accelerated carbonation resulted in the release of significant 
amounts of Ca2+ under these conditions, as observed from their leaching 
behaviors (Fig. 5(c-d)). Such an increase in leachable Ca, along with the 
significant decrease in pH to ~ 7 indicates the dissolved-CO2 was also 
involved in the primary-dissolution of the minerals present in NFMS-1. 
This dissolution is attributed, directly or indirectly, to the sulfide sour-
ces present in NFMS-1. It is proposed that in the systems prepared at 1 
barg CO2-pressure, Ca2+ leaching was insufficient for Ca-carbonate 
precipitation. And that at 10 barg CO2-pressure, this leaching was 

sufficient to form sufficient Ca-carbonate to form a carbonate bonded 
block. However, the mineral compositions and transformations could 
not be identified using XRD due to the high amorphous contents of the 
reactants and products. More detailed studies are needed in this regard. 

Accelerated carbonation of NFMS-1 led to a significant reduction in 
Pb leaching, which was very high in non-carbonated NFMS-1. However, 
significantly increased leaching of Co, Zn, and Mn, especially when 
carbonated at lower CO2-pressures(Fig. 7). On the other hand, from the 
discussion above, it is clear that accelerated carbonation of FMS offers a 
significantly superior environment for long-term solidification/stabili-
zation of solid waste. The high alkalinity of FMS, as indicated by the pH 
of the carbonated mixes of FMS with all the NFMS (Fig. 5), offers an 
excellent opportunity to solidify NFMS in the carbonate-bonded blocks. 
In such mixes, the leaching of elements like Co, Zn, and Mn, which 
resulted from the accelerated dissolution of NFMS-1 can be avoided by 
the formation of carbonates. Moreover, the positive influence of NFMS-1 
in reducing Cr-leaching from FMS was also noted from the carbonated 
mixes of FMS and NFMS-1 (Fig. 8). This is attributed to synergy between 
sulfide oxidation (from NFMS-1) and Cr-reduction (from FMS). This 
could also mean that mixing FMS with sulfidic mine tailings could also 
lead to such synergetic reduction, especially since such tailings are 
available in huge quantities [61]. 

Among the NFMS, while the lead slag (NFMS-1) was quite reactive 
towards carbonation, the copper slags (NFMS-2 and NFMS-3) showed 
almost complete inertness towards carbonation. Irrespective of the un-
derlying cause, against secondary dissolution, preparation of carbonate 
bonded monoliths of mixed FMS-NFMS offers the advantage of: (a) 
physical encapsulation of the particles at the block level as well as at 
particle level, and (b) a more desirable range of leachate pH for 
immobilization of certain hazardous elements. 

Fig. 9. mg/kg of initial solid leaching from the different systems carbonated under different reaction conditions for (a) Cr, (b) Pb, (c) Zn, and, (d) Co, along with the 
current and proposed VLAREMA limits. (Green < present limit; present limit < Blue < proposed limit; Red > proposed limit). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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5. Conclusions 

During any solidification/stabilization (s/s) process, leaching of el-
ements can occur in two stages: (a) from the starting material during the 
s/s process itself, and (b) from the solidified/stabilized product during 
its life and in its afterlife. During carbonation to produce clinker-free 
carbonate-bonded monoliths, the slags are subjected only to a mild 
reactant in the form of dissolved-CO2; and the reaction products offer 
several physico-chemical benefits, and are mainly composed of rela-
tively stable products like carbonates. To utilize these advantages, in this 
study, carbonate bonded monoliths are prepared at combinations of 
different temperatures (30 and 60 ◦C) and CO2-pressures (1 and 10 
barg). It is observed that:  

• For the stainless steel slag (FMS) carbonated individually, the 
carbonate-bonded monoliths exhibit compressive strengths of > 40 
MPa and pH < 10.5. Cr-leaching is significantly reduced in individ-
ually carbonated compared to non-carbonated FMS. However, they 
may not always be below the legislative (VLAREMA) limits. The 
chemical synergy between sulfide-rich non-ferrous slags (NFMS) and 
Cr-rich FMS can lead to a disproportionally significant decrease in 
Cr-leaching. 

• Among the two copper slags studied (NFMS-1 and NFMS-2), accel-
erated carbonation does not seem to have much influence.  

• Individually carbonated Lead slag (NFMS-3) shows the formation of 
monoliths only when carbonated at 10 barg CO2-pressures (both 30 
and 60 ◦C). Carbonation leads to a significant decrease in Pb- 
leaching, an increase, and then a decrease in Co, Zn, and Mn leach-
ing with an increase in CO2-pressure. s/s of NFMS-3 with FMS 
significantly reduces leaching of micro-elements to below VLAREMA 
limits. 
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dependent leaching of inorganic contaminants from secondary lead smelter fly ash, 
J. Hazard. Mater. 167 (1–3) (Aug. 2009) 427–433, https://doi.org/10.1016/j. 
jhazmat.2008.12.136. 

[15] L.R.P. de Andrade Lima, L.A. Bernardez, Characterization of the lead smelter slag 
in Santo Amaro, Bahia, Brazil, J. Hazard. Mater. 189 (3) (2011) 692–699. 

[16] V. Ettler, Z. Johan, 12years of leaching of contaminants from Pb smelter slags: 
Geochemical/mineralogical controls and slag recycling potential, Appl. Geochem. 
40 (Jan. 2014) 97–103, https://doi.org/10.1016/j.apgeochem.2013.11.001. 

[17] A. Schmukat, L. Duester, E. Goryunova, D. Ecker, P. Heininger, T.A. Ternes, 
Influence of environmental parameters and of their interactions on the release of 
metal(loid)s from a construction material in hydraulic engineering, J. Hazard. 
Mater. 304 (Mar. 2016) 58–65, https://doi.org/10.1016/j.jhazmat.2015.10.026. 

[18] A. Schmukat, L. Duester, D. Ecker, P. Heininger, T.A. Ternes, Determination of the 
long-term release of metal(loid)s from construction materials using DGTs, 
J. Hazard. Mater. 260 (Sep. 2013) 725–732, https://doi.org/10.1016/j. 
jhazmat.2013.06.035. 

[19] A. Schmukat, L. Duester, D. Ecker, H. Schmid, C. Heil, P. Heininger, T.A. Ternes, 
Leaching of metal(loid)s from a construction material: Influence of the particle 
size, specific surface area and ionic strength, J. Hazard. Mater. 227-228 (2012) 
257–264. 

[20] S. Srivastava, R. Snellings, P. Cool, Clinker-free carbonate-bonded (CFCB) products 
prepared by accelerated carbonation of steel furnace slags: A parametric overview 
of the process development, Constr. Build. Mater. 303 (Oct. 2021), 124556, 
https://doi.org/10.1016/j.conbuildmat.2021.124556. 

[21] P. Librandi, P. Nielsen, G. Costa, R. Snellings, M. Quaghebeur, R. Baciocchi, 
Mechanical and environmental properties of carbonated steel slag compacts as a 
function of mineralogy and CO2 uptake, J. CO2 Util. 33 (2019) 201–214. 

S. Srivastava et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.conbuildmat.2022.128630
https://doi.org/10.1016/j.conbuildmat.2022.128630
https://doi.org/10.1016/j.resconrec.2019.03.036
https://doi.org/10.1016/j.jenvman.2016.11.037
https://doi.org/10.1016/C2015-0-00465-8
https://doi.org/10.1016/C2014-0-03995-0
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0025
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0025
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0025
https://doi.org/10.1016/j.jenvman.2016.05.052
https://doi.org/10.1016/j.jenvman.2016.05.052
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0035
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0035
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0035
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0035
https://doi.org/10.1016/j.gexplo.2016.03.015
https://doi.org/10.1007/978-1-4471-4540-0_4
https://doi.org/10.1016/j.wasman.2004.07.014
https://doi.org/10.5276/JSWTM.2012.17
https://doi.org/10.1016/0008-8846(96)00121-4
https://doi.org/10.1016/j.jhazmat.2008.12.136
https://doi.org/10.1016/j.jhazmat.2008.12.136
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0075
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0075
https://doi.org/10.1016/j.apgeochem.2013.11.001
https://doi.org/10.1016/j.jhazmat.2015.10.026
https://doi.org/10.1016/j.jhazmat.2013.06.035
https://doi.org/10.1016/j.jhazmat.2013.06.035
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0095
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0095
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0095
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0095
https://doi.org/10.1016/j.conbuildmat.2021.124556
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0105
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0105
http://refhub.elsevier.com/S0950-0618(22)02287-5/h0105


Construction and Building Materials 348 (2022) 128630

13

[22] W.J.J. Huijgen, R.N.J. Comans, Carbonation of Steel Slag for CO 2 Sequestration: 
Leaching of Products and Reaction Mechanisms, Environ. Sci. Technol. 40 (8) (Apr. 
2006) 2790–2796, https://doi.org/10.1021/es052534b. 
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