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A B S T R A C T   

The possibility of utilizing non-ferrous slags for CO2-mineralization is explored in this study by investigating their 
dissolution behaviors in CO2-environments, since dissolution is usually considered as a major rate-limiting step 
during CO2-mineralization. Dissolution of two copper slags and a lead slag are studied at the liquid to solid ratio 
(w/w) of 1000 at combinations of two temperatures (30 and 60 ◦C) and two CO2-pressures (1 and 10 barg) with 
time (30, 60, 120, and 240 min). Among the systems in which the slags are dissolved in CO2-environments, the 
lead slag exhibits Fe-dissolution of up to 10%, and the copper slags up to 5–6% within four hours. The solution- 
pH were between 4 and 5 in almost all the observations. The dissolution rates of the slags are found to be in the 
range of 10− 7-10− 9 mol/m2/s which are comparable with the dissolution of natural fayalite in (in)organic acids. 
Following the dissolution during the initial 30–60 min, the systems at a higher temperature (at constant CO2- 
pressure) and higher CO2-pressure (at constant temperature) exhibit higher (or comparable) [Ca], [Fe], [Si], and 
solution-pH. Moreover, even though the systems at higher temperature and CO2-pressure exhibit higher solution- 
pH following the initial 30–60 min of dissolution, they continue to exhibit higher dissolution rates throughout 
the study. Since the residues like non-ferrous copper and lead slags are readily available compared to the 
analogous natural minerals (like olivines) that usually need to be pre-processed before carbonation, they are 
proposed as promising sources for CO2-mineralization.   

1. Introduction 

CO2-mineralization is considered to be one of the major strategies to 
accomplish the future atmospheric-CO2 concentration targets [1], [2]. 
Accordingly, natural minerals and industrial residues can both be used 
as alkaline sources which can be used to mineralize CO2 [3]. While often 
discussed simultaneously, it is usually noted that the industrial residues 
have much higher reactivities towards carbonation than their natural 
analogues [3], [4]. It must, however, be noted that most of the studies 
which elicit such observations have focused on direct aqueous carbon-
ation of relatively reactive alkaline sources like ferrous metallurgy slags, 
residues from cement production and its end-of-life concrete products, 
residual ashes etc. [5], [6]. However, while such generalizations may be 
applicable for a set of sources, they are not applicable across different 
industrial residues. In particular, copper and lead slags have not 
received much interest as sources for CO2-mineralization. This lack of 
interest can be attributed to their low reactivities, which can also be 

observed from the results of the attempts to utilize them as supple-
mentary cementitious materials [7–9]. Therefore, in this study, as a first 
step towards extending the realm of mineral carbonation to non-ferrous 
metallurgical slags (NFMS), three NFMS are studied for CO2-induced 
dissolution: two from copper production, and one from lead production. 

CO2-sequestration using direct aqueous carbonation in systems 
containing dissolved-CO2 (without additives) and parent minerals usu-
ally involves two main steps: (a) dissolution of parent minerals to release 
cations (Ca/Mg/Fe) (Reaction 1), and (b) precipitation of these cations 
as low-solubility carbonates (Reaction 2-Reaction 3) [4], [10]. During 
the carbonation of most of the natural minerals, dissolution (Reaction 1) 
is usually considered to be the rate-limiting step. To this end, the acidic 
species resulting from CO2-dissolution (H+/H2CO3/HCO−

3 ) are consid-
ered to be of prime importance for Reaction 1 [4], [10]. However, the 
role of these acidic species has received little attention from the 
perspective of direct aqueous carbonation of industrial residues. One of 
the main reasons for this lack of interest appears to be that even the 
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hydrolytic dissolution of most of such residues could lead to relatively 
high native pH of the solutions (pH > 11) [11], [12]. Since CO2−

3 is the 
dominant species in such pH ranges (Bjerrum plot in [13]), the main 
focus therefore shifts to precipitation of carbonates [3], [11]. While 
Reaction 1 has received little attention from the perspective of direct 
aqueous carbonation of alkaline residues; from the perspective of 
carbonation of NFMS, due to their reportedly low reactivities, the effi-
cacy of Reaction 1 needs to be investigated in detail. This is the main 
objective of this work.  

Reaction 1: (Ca/Mg/Fe) − Silicates + 2H+→ (Ca/Mg/Fe)2+
+ SiO2 +

H2O                                                                                                     

Reaction 2: (Ca/Mg/Fe)2+
+ HCO−

3 →(Ca/Mg/Fe) − CO3 + H+

Reaction 3: (Ca/Mg/Fe)2+
+ CO2−

3 →(Ca/Mg/Fe) − CO3                      

While not from the perspective of accelerated carbonation, 
numerous studies have investigated the dissolution behavior of NFMS as 
functions of pH [14], [15]. While such studies have mainly focused on 
the dissolution behavior of Si from parent minerals, they have clearly 
observed that slag dissolution, in general, increases in slightly acidic 
environment (pH ≤6) [15], [16]. The pH of the CO2-H2O solutions in 
which NFMS dissolution is studied in this work are expected to be in 
such ranges (3.5–4.2) [17], [18]. From a different perspective, in the 
studies focused on enhanced weathering and ocean alkalinity 
enhancement using natural minerals, significant attention is given to 
increase in solution pH due to mineral dissolution by Reaction 1 [19], 
[20]. From such studies, it can be understood that, in a closed system, 
the solution pH could increase with an increase in the degree of mineral 
dissolution, and that the accompanying change in solution composition 
can also influence the reaction processes. Therefore, while studying the 
carbonation of industrial residues, the influence of such an evolution of 
the solution composition with mineral-dissolution needs to be consid-
ered. If ignored, this could lead to contradictory observations since the 
systems with the highest CO2-solubilities are expected to have the 
highest dissolution rates, and thereby highest degrees of the evolution of 
the solutions. Therefore, this study also discusses the change in solution 
composition as the dissolution proceeds. 

With combined availabilities of > 80 Mt/y, copper and lead-slags can 
be voluminous sources for CO2-mineralization [9], [14]. Presently, if at 
all utilized, they are used for low-value applications such as aggregates 
for concrete production or civil works, for grit blasting, and for ceramic 
production [7–9]. While the utilization pattern of lead slag is hard to 
find, according to an estimate of the EU utilization pattern of copper 
slags provided by the Copper Institute (personal communication, 2020): 
(a) 58% is used as aggregate, roads, and filling, (b) ~29% for abrasive 
blasting, (c) 4% as aggregate for concrete, (d) and 8% as raw material 
and SCM in cement. According to another ballpark estimate in the FIS-
SAC H2020 project, only 15–20% of the copper slags are utilized and the 
rest are landfilled [21]. Several efforts have also been made to use 
different pyrometallurgical, hydrometallurgical, and beneficiation to 
extract several target metals present in these slags [22]. However, it 
must be noted that such target metals do not constitute more than 10% 
of the total slag, and bulk residues of such processes can still be used for 
high-volume applications like CO2-mineralization and construction 
materials. 

Most of the recent attempts at their functional utilization have 
focused on chemical/mechanical-activation to utilize their silicate 
constituent in alkali-activated binder development [23]. Moreover, their 
application as Supplementary Cementitious Materials (SCM) in Ordi-
nary Portland Cement (OPC) is also being explored [24]. Since such 
applications rely on the Si-dissolution from slags in alkaline environ-
ments to form Si-based binders, recent attempts to study the dissolution 
of copper slags were focused on Si-dissolution at a highly alkaline pH 
relevant to such systems [25]. However, in case of mineral dissolution in 
acidic environment, incongruent dissolution leads to the preferential 

dissolution of the elements like Ca, Mg, Fe, etc, leaving behind a Si-rich 
residue [26]. Such a process has also been proposed recently to use CO2 
as an activator for steel/stainless steel slags such that the newly formed 
calcite and the leached Si-rich layers can both participate in cement 
hydration reaction when the carbonated slags are used as SCM [27]. The 
fundamental understanding developed in this work will also contribute 
to the research on CO2-induced activation of fayalitic copper and lead 
slags such that both – the newly formed leached Si-rich layer and Fe-rich 
carbonates can participate in cementitious reaction. 

In case of Ca-rich residues (e.g. steel slags), the Ca-rich carbonates 
precipitating during the accelerated carbonation of slags can be bene-
ficially used as a carbonate cement [28]. Recently, Fe-rich carbonate 
binders have also been produced by accelerated carbonation of F(0) 
[29–31]. Similarly, CO2-mineralization of the Fe and Ca present in 
NFMS can also offer a viable route to its utilization in Fe, Ca-rich car-
bonate binders [32]. The long-term objective of this study is to 
contribute towards such utilization of NFMS. The present lack of interest 
in this topic can be attributed to: (a) their low hydrolytic solubilities, (b) 
need to understand the ability of dissolved-CO2 to induce their solubil-
ity, (c) need to understand the cementing abilities of Fe-carbonates, if it 
could form in such systems. In this, the dissolution of NFMS is usually 
hypothesized to be the rate-limiting step, and the objective of this study 
is to develop a clearer understanding of the CO2-induced dissolution of 
NFMS as a first step towards their utilization for CO2-mineralization. To 
this end, it must be noted that recent works have shown both, the ability 
of dissolved-CO2 to dissolve as insoluble a source as Fe(0) [17], as well 
as the cementing ability of Fe-carbonates [30], [32]. Furthermore, since 
fayalite (the mineral form of Fe2SiO4) is considered as a major compo-
nent of NFMS, it is worthwhile to mention that there have also been a 
few studies on the dissolution behavior of natural fayalite in CO2-en-
vironments [33–35]. Therefore, it is expected that the carbonation of 
NFMS can also offer insights into the carbonation of natural fayalite. 

2. Materials and methods 

2.1. Materials 

Slags from three different sources are studied in this work. One slag 
from secondary lead production (NFMS-1), and two slags from two 
different copper production processes (NFMS-2 and NFMS-3) are 
investigated. For homogeneity of observations across different systems, 
an extensive preparatory process was followed. All the as-received slags 
were ground in a Retsch planetary ball mill with Tungsten carbide jars 
and balls, at a rotation speed of 400 rpm till the whole of the powder 
sample passed through a 63 µm sieve when wet-sieved using iso-
propanol. Furthermore, to remove the ultrafine particles present as ag-
glomerates, the sieved powder was ultrasonicated in ethanol for 5 min. 
Thereafter, the ultrasonicated solution was allowed to stand for 2 min 
before it was decanted. This ultrasonication-decantation process was 
repeated multiple times till the supernatant appeared clear. Following 
the final decantation, the bottom residue was washed with distilled 
water and vacuum filtered using a Buchner flask and a Whatman 589/3 
filter. The residue was dried in an oven at 40 ◦C until a constant weight 
was reached. The dried residue was used for the dissolution 
experiments. 

2.2. Characterization of the powdered samples 

2.2.1. Chemical composition 
The oxide and elemental compositions of the slags were determined 

by ED-XRF (Energy dispersive X-ray fluorescence)1 using Spectro XEPOS 

1 It must be noted that the representation of elements as oxides is a matter of 
convention, and does not represent presence of the respective elements as 
actual oxides in the respective source 
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HE model XEP03. The samples were prepared as melts using Li2B4O7 as 
flux. The oxide compositions and the corresponding elemental compo-
sitions of the respective slags are shown in Table 1. In the second from 
last column of Table 1, the ‘average ± standard-deviation’ values of the 
oxides reported based on the review of more than 160 publications on 
copper slags is provided for comparison with the literature [9]. 
Furthermore, in the last column of Table 1, the ranges of the elemental 
compositions of the secondary lead slags based on another review are 
provided [36]. From the table, it can be observed that NFMS-2 and 
NFMS-3 are quite good representatives of the copper slags studied in the 
literature. Furthermore, while the composition of the secondary lead 
slags can be highly variable, the oxide compositions of NFMS-1 are 
within the representative ranges observed in the literature. From the 
table, the peculiarity of NFMS-1 can be observed compared to the other 
slags: it has ~10% lower Fe-oxide content, ~10% higher Ca-oxide 
content, and ~6% lower Si-oxide content compared to the other slags. 

2.2.2. Phase composition 
The mineral compositions of the powdered slags (<63 µm) were 

determined using XRD (PANalytical Empyrean diffractometer, Cobalt 
anode). For this, the powdered slags were back-loaded into the sample 
holders, and introduced into the instrument. Subsequently, the data 
were collected over an angular range of 5–120◦ 2θ with a total mea-
surement time of 30 min. During the measurement, the samples were 
spun around the vertical goniometer axis to improve particle statistics. 
The phase identification and Rietveld analyses on the collected data 
were performed using X′Pert Highscore Plus v 4.7a software (PAN-
alytical). A rutile external standard was separately measured and used to 
quantify the amorphous contents [37]. For the quantification of amor-
phous contents, mass absorption coefficients were calculated using the 
oxide compositions which were analyzed by XRF. The XRD patterns of 
the slags can be observed from the supplementary information (S2). 

The phase compositions of the raw materials are shown in Table 2. 
Among the copper slags, NFMS-2 can be observed to be > 70 wt% 
amorphous, and NFMS-3 can be observed to be almost completely 
amorphous. Furthermore, among the crystalline phases, fayalite is the 
major constituent of NFMS-2 (~24 wt% of total). In copper slags, the 
dominance of fayalite among the crystalline phases is quite well-known, 
while high amorphous contents indicate that they have been prepared 
by quenching [9]. The lead slag (NFMS-1, Table 2) is composed of 
several crystalline phases in addition to ~24 wt% amorphous content. 
Among the crystalline phases, in addition to fayalite (Fe2SiO4), silicate 
minerals like monticellite and hardystonite are also present as major 
constituents. Moreover, a significant amount of Fe is present as 
magnetite (7.6%), wustite (6.9%), and fayalite (11.6%). Quantification 
of mineral phases in lead slags is considered to be very challenging [38]. 
However, the phases identified in this study match quite well with those 
identified in the earlier studies [36], [38]. 

2.2.3. Specific surface area 
The SSA (specific surface area) was determined using BET (Brunauer- 

Emmett-Teller) specific surface area measurement. The measurements 
were performed using a Quantachrome Autosorb iQ. Nitrogen was used 
as absorbent gas and the measurement was performed at the boiling 
point of nitrogen (77 K). The BET-SSA of the slags were found to be: (a) 
NFMS-1: 0.677 m2/g, (b) NFMS-2: 0.436 m2/g, and (c) NFMS-3: 
0.41 m2/g. 

2.2.4. Particle size distribution 
The particle size distribution measurements were conducted by a 

laser particle size analyzer (Horiba LA-350) in isopropanol medium. For 
the analysis, 200 – 400 mg of the powder sample was dispersed in 20 mL 
isopropanol, ultrasonicated for 2 min, and then introduced into the in-
strument. The instrument conducts three measurements, and reports the 
average. Fig. 1(a) shows the cumulative volume distribution as a func-
tion of particle diameters, and Fig. 1(b) shows the distribution of vol-
umes as a function of particle diameter. From Fig. 1(b), it can be noted 
that while NFMS-2 exhibits a normal distribution of mass, the mass 
distributions in NFMS-1 and NFMS-3 are relatively bimodal. This should 
especially be noted while normalizing the rates of dissolution of the slags 
based on their specific surface area. 

2.3. Dissolution experiments 

2.3.1. Experimental setup 
A titanium batch reactor (Parr model A2230HC5EE) with a 

maximum volume of 0.45 l, maximum temperature of 135 ◦C, and a 
maximum pressure of 13.5 barg was used for the dissolution studies. For 
each experiment, the reactor was filled with 400 g of ultrapure deion-
ized water and was preheated to the desired reaction temperature. Once 
the water was preheated, 400 mg of powder sample was introduced into 
the reactor. This resulted in the w/w liquid to solid ratio (l/s) of 1000. 
Such a high l/s was maintained to avoid supersaturation of the solutions. 
The time-stopper was started at the moment of addition of the powder 
sample. The reactor was immediately closed and flushed with N2(g) or 
CO2(g) (depending on the experiment). The reactor is shown in the 
Supplementary information document. Thereafter the stipulated gas- 
pressure was applied into the reactor. The whole process takes about 
5 min. For all the experiments, the solution was stirred at 400 RPM 
during the dissolution studies. 

2.3.2. Experimental conditions 
The main objective of this work was to study the influence of tem-

perature and CO2-pressure on the dissolution behavior of non-ferrous 
metallurgical slags. First, as a benchmark study, dissolution of the 
respective slags under 1 barg pressurized-N2(g) at 30 ◦C was studied. 
The combined influence of the same sets of temperatures (30 and 60 ◦C) 
and CO2-pressure (1 and 10 barg) was studied for all three slags (NFMS 
1, 2, and 3). The nomenclature used to address a combination of slag and 
reaction conditions was: Sx-tC-pB, where x is the slag number (NFMS 1, 

Table 1 
Oxide and elemental compositions of the slags (ED-XRF), and their comparisons 
with the average values observed in the literature.  

%-composition NFMS- 
1 

NFMS- 
2 

NFMS- 
3 

Copper slag: 
Avg. ± st.dev. 
[9] 

Sec. Lead 
slag: ranges 
in %[36] 

Fe2O3  35.2 46.3  43 45.4 ± 13.9  
CaO  14.2 1.84  3.72 4.77 ± 5.08  
SiO2  23.9 29.8  31.1 30.4 ± 9.51  
Al2O3  6.4 5.07  9.95 5.93 ± 9.42  
MgO  1.4 < 1  1.75 1.85 ± 2  
Fe  24.6 32.4  30.1  20.1–55.7 
Ca  10.1 1.31  2.66  1.3–22.4 
Si  11.2 13.9  14.5  2.6–20.6 
Al  3.4 2.68  5.27  < 2.75 
Mg  0.8 0.533  1.05  < 1.2  

Table 2 
Mineral compositions of the slags.   

NFMS-1 NFMS-2 NFMS-3 

Ca,Mg,Al,Fe-Silicate  17     
Magnetite  7.6    0.7 
Wustite  6.9     
Monticellite  15.6     
Sphalerite  1.6     
Hardystonite  11.5     
Iron silicate  11.6  23.7   
Periclase    1.2   
Spinel, Ferroan    4.3   
Sanidine  3.6     
Zn, Fe-oxide      1.7 
Amorphous  24.3  70.5  97  
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2, or 3), t is the temperature in ◦C, and p is CO2-pressure in barg. For 
instance, S1-60C-10B would mean NFMS-1 at 60 ◦C and 10 barg CO2- 
pressure. 

2.3.3. Sampling and evaluation 
During the experiment, the liquid samples were collected at 30, 60, 

120, and 240 min. The instrument has a tap which allows sampling 
without stopping the experiment. To collect the liquid samples, the so-
lution was allowed to drip through the sampling tap into a 20 mL plastic 
syringe fitted with a disposable syringe filter (Chromafil AO-45/25, 
Macherey-Nagel, pore diameter of 0.45 µm), which was used to filter 
the solution. ~14 mL of the solution was filtered in this way for each 
sampling time. About 10 mL of the filtered solution was kept for 
elemental analysis using ICP-AES (Inductively coupled plasma atomic 
emission spectroscopy), and the rest of the 4 mL solution was used to 
measure the pH of the solutions. 

To preserve the samples for ICP-AES, they were added with 0.5 mL of 
HNO3 (Fisher scientific, optima grade, 67–69% assay). For the analysis, 
a 100 times diluted sample, a 10 times diluted sample, and a non-diluted 
sample were measured. The ICP-AES was performed using PerkinElmer 
Avio 500 instrument. The pH of the filtered liquid samples was 
measured using a Mettler Toledo Seven multi dual meter immediately 
after the liquid sample was taken from the reactor and filtered. The 
measured pH values were temperature corrected. The instrument was 
calibrated every day using commercial buffer solutions (pH 4.01; 7.00 
and 9.21), and an extra check was performed by measuring the pH of a 
buffer solution of pH 11. 

Efforts were made to measure the pH of the solutions as quickly as 
possible after being removed from the reactor. However, it must be 
noted that depressurization may have some influence on the exact pH of 
the solution. However, based on the observations from different systems 
investigated in this work and other works by the authors [17], the trends 
are quite reliable. The observations made in this study are made based 
on these trends. 

3. Results 

3.1. Dissolution behavior of Lead slag: NFMS-1 

The dissolution behavior of NFMS-1 is especially interesting from the 
perspective of accelerated carbonation. According to the elemental 
composition of NFMS-1 (Table 1), Fe (24.6%), Ca (10.1%), and Si 

(11.2%) are its main constituents. Therefore, the dissolution behaviors 
of these elements are discussed in detail in this section. Fig. 2 shows the 
concentrations of Fe (Fig. 2(a)), Ca (Fig. 2(c)), and Si (Fig. 2(e)) in the 
solutions as functions of temperatures, CO2-pressures, and durations .2 It 
can be observed from the figures that in N2-H2O environments, there is 
hardly any dissolution of Ca, Fe, and Si; while the introduction of dis-
solved-CO2 can be observed to have led to a significant increase in their 
dissolutions. This increase can be attributed mainly to the decrease in pH 
of water on introduction of CO2. According to the modelling of the CO2- 
H2O systems under the reaction conditions studied in this work [17], 
[39], the pH of the respective CO2-H2O systems are: (a) 30C-1B: 3.79, (b) 
30 C-10B: 3.41, (c) 60C-1B: 3.92, (d) 60C-10B: 3.53. The influence of 
temperature, CO2-pressure, and duration are separately discussed in the 
following sub-sections. 

3.2. Influence of temperature 

From Fig. 2, it can be observed that at 1 barg CO2-pressure, the in-
crease in temperature from 30 ◦C to 60 ◦C has negligible influence on 
the dissolution of Fe (Fig. 2(a)), Ca (Fig. 2(c)), and Si (Fig. 2(e)) from 
NFMS-1. The comparable slag dissolutions in these systems offers a 
fortuitous opportunity to observe that the solution pH is simultaneously 
the function of process conditions (thereby CO2-solubility and specia-
tion) and slag dissolution. This can be observed by comparing systems 
S1–30 C-1B and S1–60 C-1B: both have similar degrees of slag dissolu-
tion, but the solution pH (Fig. 2(f)) of the 30 ◦C system remains lower. 
While the lower solution-pH at 30 ◦C can be attributed almost twice the 
amount of the dissolved-CO2 (and therefore H2CO3) compared to 60 ◦C 
[17], [18], the inability of this relatively lower pH in increasing the slag 
dissolution rate (Fig. 2(j-k)) must be noted. Therefore, lower pH in the 
systems prepared at lower temperature can be attributed simultaneously 
to: (a) higher CO2-solubility, and (b) lower slag dissolution due to slower 
dissolution kinetics, and thereby lower Ca, and Fe concentrations. As far 
as the Fe/Si and Ca/Si ratios are concerned, at 1 barg CO2-pressure, 
increasing the temperature does not influence the Fe/Si ratio (Fig. 2(b)), 
while the Ca/Si ratio is slightly higher (1.15 compared to 1.05) at 60 ◦C 
(Fig. 2(d)). Finally, Fig. 2(g) ([Fe]60 ◦C/[Fe]30 ◦C-1 barg), and Fig. 2(h) 
([Ca]60 ◦C/[Ca]30 ◦C-1 barg) show that, at 1 barg CO2-pressure, their 
molar ratios in the systems prepared at 60 and 30 ◦C are ~1: this in-
dicates that increasing the temperature has negligible influence on Fe 
and Ca release due to slag dissolution. For Si (Fig. 2(i)), this ratio is 
~0.9, indicating a slightly lower Si-dissolution observed in the systems 

Fig. 1. (a) cumulative volume distribution as function of particle diameter, (b) volume distribution as function of particle diameter.  

2 The observation at 120 min in S2–30C-10B is ignored in this discussion for 
its outlying behavior. 
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prepared at 60 ◦C compared to 30 ◦C. 
At 10 barg CO2-pressure, an increase in temperature from 30◦ to 

60◦C leads to an increase in the dissolutions of Fe (Fig. 2(a)), Ca (Fig. 2 
(c)), and Si (Fig. 2(e)). From their ratios in Fig. 2(g) ([Fe]60 ◦C/[Fe]30 ◦C- 
10 barg), Fig. 2(h) ([Ca]60 ◦C/[Ca]30 ◦C-10 barg), and Fig. 2(i) ([Si]60 ◦C/ 
[Si]30 ◦C-10 barg), this increase in their dissolution can be observed to be 
in the range of 1.3–1.6 times. It can further be observed that temperature 
increase at 10 barg CO2-pressure also has negligible influence on Fe/Si 
(Fig. 2(b)) and Ca/Si (Fig. 2(d) ratios. At the same time, the combined 
behavior of solution pH (Fig. 2(f)) and slag dissolution rates (Fig. 2(j)) in 
10 barg systems is also interesting: while the solution pH in the systems 
at 30 ◦C remains lower, the slag dissolution remains rate higher in the 
systems prepared at 60 ◦C. Based on the comparison of the systems at 30 

and 60 ◦C, it can be observed that increasing the CO2-pressure at 60 ◦C is 
much more efficient in increasing the slag dissolution compared to the 
equivalent increase at 30 ◦C. 

3.3. Influence of CO2-pressure 

At both 30 and 60 ◦C, the systems at 10 barg CO2-pressure exhibit 
higher degrees of the dissolution of NFMS-1 – as can be observed from 
[Fe] (Fig. 2(a)), [Ca] (Fig. 2(c)), and [Si] (Fig. 2(e)). It can also be 
observed from Fig. 2(g) (for Fe), Fig. 2(h) (for Ca), and Fig. 2(i) (for Si) 
that 10-times increase in CO2-pressure is more efficient for dissolution at 
60 ◦C (1.7–2.1-times for Fe; 2–2.6 times for Ca; 2–2.6 times for Si), than 
at 30 ◦C (1.3–1.5-times for Fe; 1.5–1.6-times for Ca; 1.3–1.5-times for 

Fig. 2. Dissolution behavior of NFMS-1 (lead slag) as functions of temperature, CO2-pressure, and durations: (a) % Fe dissolution, (b) Fe/Si ratios in the solutions, (c) 
% Ca dissolution, (d) Ca/Si ratio, (e) % Si dissolution, (f) solution-pH, (g) Molar ratios of [Fe] across reaction conditions, (h) Molar ratios of [Ca] across reaction 
conditions, (i) Molar ratios of [Si] across reaction conditions, (j) rates of Fe-dissolution, (k) rates of Ca-dissolution.,. 
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Si). This observation must be seen in conjunction with the observation 
from the previous section that the systems at 60 ◦C were already more 
efficient at Fe and Ca dissolution. Moreover, as can be observed from 
Fig. 2(b) (for Fe/Si) and Fig. 2(d) (for Ca/Si), change in CO2-pressure 
does not significantly influence the Fe/Si and Ca/Si ratios. 

The observations regarding the solution-pH Fig. 2(f) as functions of 
CO2-pressure are also quite interesting. In the previous section, the 
consistently lower pH in the systems at 30 ◦C was attributed to higher 
CO2-solubility. To this end, it must be noted that while lowering the 
temperature from 60 ◦C to 30 ◦C can at-maximum double the CO2-sol-
ubility at a given CO2-pressure, increasing the CO2-pressure by 10-times 
can increase the CO2-solubility at a given temperature by ~10-times 
[17], [18]. However, Fig. 2(f) shows that, at a given temperature, the 
systems at 10 barg CO2-pressure are consistently (and almost parallelly) 
at higher pH than the systems at 1 barg CO2-pressure. Simultaneously, 
as can be observed from Fig. 2(a), Fig. 2(c), and Fig. 2(e) respectively, 

the Fe, Ca, and Si concentrations in the systems at 10 barg are signifi-
cantly higher than the systems at 1 barg, at a given temperature. 
Therefore, at higher CO2-pressure, while the higher CO2-solubility can 
lead to higher slag dissolution, it cannot keep the solution-pH lower: this 
is unlike the influence of temperature in which higher CO2-solubility at a 
lower temperature kept the solution-pH lower, but could not increase 
the slag-dissolution. 

3.4. Influence of durations 

As can be observed from Fig. 2(j) (for Fe) and Fig. 2(k) (for Ca) 
respectively, the rate of dissolution of NFMS-1 is highest for the first 
30 min, followed by a continuous decrease up to 240 min. Furthermore, 
as can be observed from Fig. 2(f), the pH of the solutions show an 
increasing trend with an increase in time. This increase can be attributed 
to the increase in the [Ca] and [Fe] in the solutions as the study proceeds 

Fig. 2. (continued). 
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Fig. 3. Dissolution behavior of NFMS-2 and NFMS-3: (a) % Fe dissolution in NFMS-2, (b) % Fe dissolution in NFMS-3, (c) % Si dissolution in NFMS-2, (d) % Si 
dissolution in NFMS-3, (e) Fe/Si ratios in the NFMS-2 solutions, (f) (e) Fe/Si ratios in the NFMS-3 solutions, (g) Molar ratios of [Fe] across reaction conditions in 
NFMS-2, (h) Molar ratios of [Fe] across reaction conditions in NFMS-3, (i) solution-pH in NFMS-2, (j) solution-pH in NFMS-3 (k) rates of Fe-dissolution in NFMS-2, (k) 
rates of fE-dissolution in NFMS-3.,. 
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in duration. The continuously decreasing rates of dissolution can be 
attributed to this change in solution composition due to increased de-
gree of slag-dissolution. At the same time, the Fe/Si molar concentration 
ratios (Fig. 2(b)), and Ca/Si molar concentration ratios (Fig. 2(d)) in all 
the systems can be observed to have remained relatively constant 
throughout the four hours of the study. It must be noted that slags are 
complex systems that constitute several mineral forms, as can be 
observed from the mineral compositions shown in Table 2. Therefore, 
while the relatively constant Fe/Si and Ca/Si ratios over time indicate 
possible congruent dissolution of the Ca-Si and Fe-Si mineral-sources in 
NFMS-1 from which Ca and Fe are dissolving, it is difficult to corrobo-
rate from this work. Moreover, assuming they are dissolving from their 
respective Si-sources, this study cannot validate if both – Fe and Ca – are 
dissolving from the same (Ca,Fe-Si) mineral, or from separate Ca-Si and 
Fe-Si minerals present in NFMS-1. Since ΔpH is too low for the accuracy 
of the system and the material is too complex, no attempt is made to 
explore the relationship between ΔpH and Fe-concentrations. However, 
in the case of dissolution of particulate Fe(0) in a similar setup, some 
interesting observations based on this relationship have been made in 
another study [17]. 

3.5. Dissolution behaviors of copper slags: NFMS-2 and NFMS-3 

The Ca-concentrations in NFMS-2 and NFMS-3 are only 1.3% and 
2.6% respectively (Table 3). Therefore, the behavior of only Fe and Si, 
which are the major components of these copper slags, are discussed. 
Similar to NFMS-1, an increase in CO2-pressure and temperature also 
leads to a significant increase in Fe-dissolution in NFMS-2 (Fig. 3(a)) and 
NFMS-3 (Fig. 3(b)), compared to the N2-H2O system. The major differ-
ence between the dissolution behaviors of NFMS-2 and NFMS-3 appears 
to be that Si-dissolution in NFMS-2 (Fig. 3(c)) exhibits trends similar to 
Fe-dissolution; on the other hand, there is hardly any Si-dissolution in 
NFMS-3 (Fig. 3(d)). As argued in the “discussion” section of this article, 

this difference in Si-dissolution can tentatively be attributed to the lower 
solubility of amorphous Si-layers since NFMS-3 is ~97% amorphous 
[40], [41]. 

3.6. Influence of temperature 

In NFMS-2 (Fig. 3(a)) as well as in NFMS-3 (Fig. 3(b)), at a given CO2- 
pressure, the systems at 60 ◦C exhibit higher Fe-dissolution than the 
systems at 30 ◦C. As far as Si-dissolution is concerned, Si-dissolution 
from NFMS-2 (Fig. 3(c)) shows similar trends as Fe-dissolution; how-
ever, in NFMS-3, Si-dissolution (Fig. 3(d)) is too low to make a reliable 
observation. Furthermore, it can be observed from the ratios of [Fe] 
([Fe]60 ◦C/30 ◦C-1 barg and [Fe]60 ◦C/30 ◦C-10 barg) for NFMS-2 (Fig. 3(g)) 
and for NFMS-3 (Fig. 3(h)) that increasing the temperature from 30◦ to 
60◦C at 10 barg CO2-pressure (solid red line) is more efficient in Fe- 
dissolution than at 1 barg CO2-pressure (solid black line). For NFMS-2 
(Fig. 3(g)), this increase is 1.1–1.45-times at 1 barg CO2-pressure and 
1.6–1.75 times at 10 barg CO2-pressure; on the other hand, for NFMS-3 
(Fig. 3(h)) this difference is 1–1.7 times at 1 barg and 2.75–4 times at 
10 barg CO2-pressure. However it must be noted that, in NFMS-3, the Fe- 
dissolution till 60 min are too low (<0.6%) to give reliable ratios for 
discussion. Therefore, in the copper slag systems, similar to NFMS-1, it is 
clear that increasing the temperature from 30 ◦C to 60 ◦C is much more 
efficient in slag-dissolution at 10 barg than at 1 barg. 

Furthermore, at a given CO2-pressure, the pH of the systems at 30 ◦C 
constantly remain lower than those at 60 ◦C, both for NFMS-2 (Fig. 3(i)) 
and NFMS-3 (Fig. 3(j)). It must be noted that there is an outlier in 
S3–30 C-10B at 30 and 60 min (Fig. 3(j)) which needs to be re- 
evaluated, especially since the degree of dissolution is negligible in 
this system for the first 60 min (Fig. 3(b)). The consistently lower pH in 
the NFMS-2 and NFMS-3 systems at a lower temperature is similar to the 
observation in NFMS-1, and can therefore be similarly attributed to 
higher CO2-solubility at 30 ◦C than at 60 ◦C. Moreover, it is also 

Fig. 3. (continued). 
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worthwhile to note that, similar to NFMS-1, the lower solution-pH due 
to higher CO2-solubility at lower temperatures does not result in higher 
slag dissolution. 

3.7. Influence of CO2-pressure 

At a given temperature, an increase in CO2-pressure almost always 
leads to an increase in Fe-dissolution both from NFMS-2 (Fig. 3(a)) and 
in NFMS-3 (Fig. 3(b)). This is similar to the behavior exhibited by NFMS- 
1. It must be noted that the first 60 min in NFMS-3 exhibits negligible Fe- 
dissolutions and is therefore not reliable for comparisons. It can be 
observed from the dotted lines in Fig. 3(g) (for NFMS-2) and Fig. 3(h) 
(for NFMS-3) that a 10-times increase in the CO2-pressure at 60 ◦C is 
more effective in Fe-dissolution: in NFMS-2, the increase in Fe- 
dissolution is 1.1–1.8 times at 30 ◦C and 1.6–2.2 times at 60 ◦C; in 
NFMS-3 this increase is 0.8–1.4 times at 30 ◦C and 2.3–2.8 at 60 ◦C. 

The pH in these systems are especially interesting to observe. In 
NFMS-2 (Fig. 3(i)), at a given temperature, the pH in the systems pre-
pared at 10 barg CO2-pressure remain lower than those prepared at 
1 barg for the first 60 min, following a crossing-over at 120 min, and 
thereafter they become higher than those at 1 barg CO2-pressure. In 
NFMS-3 too (Fig. 3(j)), while at 60 ◦C, the significantly higher pH of the 
system prepared at 10 barg is quite clear; at 30 ◦C, the system at 10 barg 
remains at a lower pH than the system prepared at 1 barg for the first 
120 min, and becomes higher at 240 min. The lower pH at higher CO2- 
pressure in NFMS-2 and NFMS-3 is unlike the behavior exhibited by 
NFMS-1, in which (at a given temperature) the pH of the systems at 
10 barg were always higher than those at 1 barg. However, for NFMS-1, 
it was noted that the high pH in the systems at 10 barg were driven by 
the high [Ca] and/or [Fe]-concentrations driven by slag-dissolution. 
Moreover, in NFMS-2 and NFMS-3, the observations in which the sys-
tems at 10 barg CO2-pressure exhibit lower pH are also the systems in 
which Ca and/or Fe dissolution are quite low. Therefore, the observed 
evolution of solution-pH in NFMS-2 and NFMS-3 can be consistently 
explained by the earlier argument made for NFMS-1: the solution pH is 
the function of CO2-solubility/speciation and mineral dissolution. 

3.8. Influence of duration 

Similar to NFMS-1, in NFMS-2 (Fig. 3(k)) too, the rate of Fe- 
dissolution keeps on decreasing following the first observation at 
30 min. For NFMS-3, from 60 min onwards, the rate of Fe-release (Fig. 3 
(l)) remains quite low and relatively constant over time, for all the 
conditions except S3–60 C-10B in which it stays relatively high for the 
observations at 60 and 120 min, followed by a significant decrease for 
the observation at 240 min. The high rates of dissolution in S3–60 C-10B 
systems can be attributed to the combined positive influences of high 
temperature and CO2-pressure on the dissolution of NFMS-3. While 
evaluating the observations from NFMS-3 (Fig. 3(l)), it must be noted 
that the percent-Fe-dissolution for the first 30 min is < 0.7% in all the 
cases, and it remains relatively low (Fig. 3(b)) throughout the study. 
Therefore, the observations from 60 min onwards are more reliable. 

As discussed for NFMS-1, it must be noted while looking at Fe/Si of 
the slags that each slag is a complex material with several mineral/ 
amorphous constituents. For NFMS-2, the Fe/Si (Fig. 3(e)) remain 
relatively constant throughout the four hours of the study, indicating a 
dissolution behavior similar to NFMS-1. On the other hand, for NFMS-3, 
the Fe/Si ratio (Fig. 3(f)) keeps on increasing with time. This can be 
attributed to the combined influence of continuously increasing Fe- 

dissolution (Fig. 3(b)) and a negligible increase in Si-dissolution 
(Fig. 3(d)). 

4. Discussion 

In all the three NFMS studied in this work, negligible slag-dissolution 
was observed in the N2-environment, and the solution-pH (not shown) 
remained near neutral. This behavior is similar to the natural minerals, 
in which dissolution is usually found to be quite slow in near-neutral 
environments [3], [42], [43]. Moreover, this behavior is unlike the 
ferrous slags, even the aqueous dissolution of which can lead to solution 
pH> 10 [44]. Therefore, for CO2-mineralization using non-ferrous 
copper and lead slags, a perspective similar to natural minerals needs 
to be taken. 

In this study, slag-dissolution is observed to increase significantly in 
the presence of dissolved-CO2, compared to N2-environment. During the 
dissolution of natural minerals in acidic environments, rapid exchange 
of the cations (Ca2+/Fe2+/ Mg2+) present in the minerals with the H+

present in the solution leads to an increase in the concentrations of these 
cations in the solution [45–47]. Since dissolved-CO2 can increase solu-
tion acidity, the lowering of the solution-pH by CO2-dissolution is usu-
ally considered as the modus-operandi by which slag-dissolution occurs 
in the CO2-environments [48], [49]. In CO2-H2O systems (without 
slags), the reaction conditions studied in this work exhibit solution-pH 
< 4.2 [17], [18]. Such pH ranges are known to significantly increase 
the dissolution of non-ferrous slags [15], [16], [50], [51] as well as of 
natural minerals [43], [52]. Therefore, the initial objective of this work 
was to utilize this lowering of solution-pH in CO2-H2O systems to in-
crease the slag dissolution to release Ca and Fe, which can beneficially 
precipitate as carbonate in more saturated solutions for 
CO2-mineralization. 

Similar to the observation in this study, the positive influences of 
temperature and CO2-pressure have repeatedly been observed on the 
dissolution of inorganic industrial residues as well as for natural min-
erals [11], [53–55]. The consistently positive effect of the increase in 
CO2-pressure is usually attributed to the increase in dissolved-CO2 spe-
cies responsible for slag dissolution. The temperature has two, 
well-accepted, competing influences [11], [53–55]: (a) it increases 
mineral-dissolution kinetics, and (b) it reduces CO2-solubility, and 
thereby the available CO2-species. As can be observed from these ex-
planations, the influence of CO2-pressure and temperature on 
slag-dissolution are explained in terms of their influences on CO2-solu-
bility, and therefore the pH-decrease. However, as the slag-dissolution 
proceeds, the solution-pH increases with increase in [Ca], [Fe] etc., 
and the solution-pH evolve according to the respective reaction condi-
tion. Such change in solution compositions can also influence the min-
eral dissolution rate as the reactions proceed [54]. This effect is observed 
in the form of continuously decreasing rates of dissolution for all the 
three slags with time. Interestingly, while the dissolution-rates decrease 
with time, the systems at higher temperature and higher CO2-pressure 
relatively consistently continue to exhibit higher dissolution-rates. 
Moreover, it is noted that at a given CO2-pressure, the systems at 
30 ◦C simultaneously and consistently exhibit lower solution-pH and 
lower dissolution of all three NFMS throughout the study. At the same 
time, at a given temperature, as the CO2-pressure is increased from 1 to 
10 barg, the solution pH in CO2-H2O system is expected to be lower 
[17], [18]; however, due to higher slag-dissolution in such systems, and 
the resulting increase in [Fe], the solution-pH in the systems at 10 barg 
CO2-pressure become higher. This transition from lower to higher 
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solution-pH with increase in slag dissolution can especially be observed 
for copper slags (Fig. 3(i-j)). 

The comparison of the behaviors of different NFMS is also inter-
esting. In all the NFMS except NFMS-3, the Ca/Si and Fe/Si ratios remain 
constant throughout the 240 min of the study: in NFMS-3 (with ~97% 
amorphous), the ratios keep increasing with time as Si-dissolution is 
negligible. In general, dissolution of silicate minerals in acidic solutions 
is observed to proceed by rapid initial incongruent mineral-dissolution 
followed by congruent mineral-dissolution [56], [57]. In NFMS-1 and 
NFMS-2, as observed by the constant Ca/Si and Fe/Si ratios, the initial 
phase of the rapid increase in Fe/Si and Ca/Si ratio is not observed. 
However, based on the scope of this study, it is difficult to ascertain if 
this is because of the material properties and pre-treatment processes 
used in this study, or if the mechanism for slag-dissolution in dis-
solved-CO2 is different from the mechanism for mineral dissolution in 
strong acids. As far as the continuously increasing Fe/Si ratio in NFMS-3 
is concerned, it appears to have resulted from the passivating Si-layer 
due to its high amorphous content (~97%) [58], [59]. It is also noted 
that in Fe-rich systems, passivation can also occur by precipitation of Fe 
(OH)3, but mainly in oxygen-containing systems [60], [61]. While the 
rates of dissolution are observed to decrease over time in all the NFMS, 
the Fe/Si ratios do not decrease throughout the 240 min of the study for 
NFMS-1 and NFMS-2. Since the rates of dissolution are decreasing 
without the change in the ratios, and since slags are complex systems 
with several mineral constituents, the reduction in the rates can be 
attributed to the reduction in the dissolving Fe-Si phase. However, this 
study can neither identify the dissolving mineral phases nor prove this 
proposition conclusively. 

5. A context for CO2-mineralization using non-ferrous slags 

Globally, ~50 Mt of copper slag and ~30 Mt of lead slag are pro-
duced annually, and significant amounts are also available as legacy 
wastes [62], [63]. While these slags are quite rich in Fe and other 
alkaline elements, they have rarely been utilized for CO2-mineralization. 
On the other hand, numerous studies have focused on CO2-mineraliza-
tion using natural minerals like olivines [3], [64]. While the natural 
minerals offer huge potential for CO2-sequestration, the major chal-
lenges in their utilization are [65]: (a) in-situ mineral carbonation re-
quires CO2 to be captured, concentrated, pressurized and transported to 
the designated geographical location with suitable geochemistry, where 
it has to be pumped underground, (b) ex-situ carbonation of natural 
minerals requires the minerals to be mined, processed, and transported 
for CO2 mineralization, while still creating massive wastes in the form of 
carbonated minerals. On the other hand, slags are already beneficially 
pre-processed by several companies for metal extraction or to be sold for 
applications like construction aggregates or grit blasting. These slags are 
also available in the industrial clusters that are also point sources for 
CO2, thereby reducing the need for transportation of CO2 or of mineral 
sources to be carbonated. Moreover, as discussed in this work, mineral 
carbonation of these slags can, not only use them for CO2-sequestration, 
but can also improve their value to be used as construction materials. 

For the co-utilization of Fe-rich slags and CO2 to produce construc-
tion materials, applicability of at least two approaches can be consid-
ered. Similar to the preparation of FeCO3 binders by accelerated 
carbonation of particulate metallic iron [30], [32], accelerated 
carbonation of Fe-rich copper and lead slags also needs to be pursued to 
produce FeCO3 binders. In another approach, similar to the CO2-induced 
activation of ferrous slags [27], presence of both – the FeCO3 and Si-rich 
residue – resulting from accelerated carbonation of non-ferrous slags can 
increase the overall reactivity of such slags to be used as SCM. Both these 
applications need to be studied in more detail. 

While carbonation of non-ferrous slags has not generally been 
attempted in the earlier literature, there have been a few studies on 
quantitative determination of kinetic parameters for the dissolution of 
natural fayalite using inorganic and organic acids [33], [66], [67]. Their 

dissolution-rates in these studies have been found to be in the range of 
10− 11-10− 14 mol/cm2/s [66], [67]. Among the slags studied in this 
work, Fe from lead slag (Fig. 2(j)) and copper slags (Fig. 3(k-l)) exhibited 
dissolution rates in the range of 10− 11-10− 12 mol/cm2/s with pH is in the 
range of 4–5: these are relatively comparable with those observed for 
natural fayalite. This efficacy of dissolved-CO2 towards slag-dissolution 
needs to be extended further towards CO2-mineralization using the 
non-ferrous slags from copper and lead production. Of the total Fe in the 
slags studied in this work, > 10% (for lead slag) and > 5% (for copper 
slags) can be dissolved within four hours of dissolution at 60 ◦C and 
10 barg CO2-pressure. It must be noted that this study was performed 
using deionized water as aqueous solution, which is similar to the initial 
studies performed on carbonation of natural minerals using, what is 
referred to as, carbonic acid systems [68]. However, as the research in 
carbonation of natural minerals progressed, it was realized that use of 
additives like NaHCO3 and NaCl can increase the rate of carbonation of 
the natural minerals manifold [54], [68]. For instance, with all the 
conditions constant, equivalent degree of carbonation of forsteritic ol-
ivines required 1/4th of the time using NaHCO3 solution compared to 
the distilled water solution [54]. Therefore, there is a need to study the 
use of such additives for the dissolution of non-ferrous slags. 

In this study, it is observed that the solution-pH in the CO2-H2O 
systems is initially < 4.2, and that it increased with increase in slag 
dissolution. Therefore, the initial lower-pH can assist in enhanced slag 
dissolution, and the resulting increase in [Fe], [Ca], and solution-pH will 
promote carbonate precipitation. For ferrous slags and other alkaline 
industrial residues, CO2-mineralization has been utilized for the pro-
duction of low-carbon and environmentally friendly construction ma-
terials [2]. If high degrees of carbonation of non-ferrous slags can be 
achieved, as suggested by the observations in this study, such slags can 
also be utilized for the production of low-carbon and environmentally 
friendly construction materials. 

Based on the analysis of hundreds of publications, it was found that 
both copper and lead slags contain, on average, ~5% CaO and ~36% 
FeO [9], [39]. Other major components in these slags are not considered 
for CO2-mineralization and include SiO2, Al2O3 etc. The stoichiometric 
CO2-mineralization capacities of the Ca and Fe present in these slags can 
be calculated by using the commonly accepted approach used to derive 
the Steinour formula [69]. Accordingly, calculations in Equation 1 and  
Table 3 indicate that the total annual global stoichiometric CO2-se-
questration potentials of Ca and Fe present in these slags is ~21 Mt/y 
CO2. In the formula, 0.7857 and 0.6128 are respectively the ratios of the 
molar mass of CO2 to that of CaO and FeO. It must, however, be noted 
that stoichiometric potentials per unit mass of minerals are over-
estimated, and that more detailed experiments are required to estimate 
the carbonation efficiencies of individual slags [69,70]. On the other 
hand, it must also be noted that this estimation does not include the 
thousands of tones of legacy slags that are readily available for mineral 
carbonation. Moreover, utilization of carbonated minerals as construc-
tion materials is usually assumed to offer indirect CO2-reduction that is 
multiple times higher than the direct CO2-mineralization potential of the 
minerals [71]. In a detailed study, this reduction will also be needed to 
be considered.   

Table 3 
Approximate global annual availabilities of CaO and FeO in the form of copper 
and lead slags, and their respective CO2-sequestration potentials.   

Total 
slag (Mt/ 
y) 

Mt/y CaO 
(=5% of 
total) 

Mt/y FeO 
(=36% of 
total) 

CO2 sequestration 
potentials of CaO and 
FeO 

Copper 
slag  

50  2.5  18  13 

Lead slag  30  1.5  10.8  7.8 
Total CO2-sequestration potential 20.8  
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