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Abstract Steel slag is a major industrial waste in steel indus-
tries, and its dissolution behavior in water needs to be charac-
terized in the larger context of its potential use as an agent for
sequestering CO2. For this purpose, a small closed system
batch reactor was used to conduct the dissolution of steel slags
in an aqueous medium under various dissolution conditions.
In this study, two different types of steel slags were procured
from steel plants in India, having diverse structural features,
mineralogical compositions, and particle sizes. The experi-
ment was performed at different temperatures for 240 h of
dissolution at atmospheric pressure. The dissolution rates of
major and minor slag elements were quantified through
liquid-phase elemental analysis using an inductively coupled
plasma atomic emission spectroscopy at different time inter-
vals. Advanced analytical techniques such as field emission
gun-scanning electron microscope, energy-dispersive X-ray,
BET, and XRD were also used to analyze mineralogical and
structural changes in the slag particles. High dissolution of
slags was observed irrespective of the particle size distribu-
t ion, which suggests high carbonation potential .
Concentrations of toxic heavy metals in the leachate were
far below maximum acceptable limits. Thus, the present study
investigates the dissolution behavior of different mineral ions

of steel slag in aqueous media in light of its potential applica-
tion in CO2 sequestration.

Keywords CO2 sequestration . Slag carbonation . Slag
dissolution . Silica film . Slag stabilization . Incongruent
dissolution

Introduction

There is a growing interest in mineral CO2 sequestration, also
called mineral carbonation, especially in regions where there
is a scarcity of natural resources or feasibility issues for geo-
logical sequestration (Koljonen et al. 2004; Sipilä et al. 2008).
The majority of mineral CO2 sequestration research is focused
on the carbonation of natural alkaline earth minerals.
However, significant success has also been achieved in car-
bonation with other solid alkaline waste materials (Lekakh
et al. 2008; Gunning et al. 2010; Sanna et al. 2014). There
are different types of solid alkaline waste materials available
with a high composition of calcium (Ca) and magnesium
(Mg). Municipal solid waste (MSW), industrial by-products
such as steel slags, coal fly ash and cement-based waste ma-
terials possess high concentrations of Ca and Mg and are
therefore potential sequestration raw materials (Huijgen and
Comans 2005; Revathy et al. 2015; Ghacham et al. 2016).

The steel industry produces a huge quantity of slags which
accounts for 10 to 15% of the weight of the manufactured steel
(Proctor et al. 2000). Global steel production is at
1.65 × 103 Mt/year, with Asia and Europe being the largest
producers accounting for 1.12 × 103 and 2.05 × 102 Mt, re-
spectively (Costa et al. 2016). The total iron and steel slag
produced is roughly about 480 to 620 Mt/year which can be
used for CO2 sequestration (van Oss 2015). The storage po-
tential of the steel slag is estimated to be 96–145 Mt CO2/year
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(Teir et al. 2007). Also, the carbonate end product has other
industrial benefits as well (Sipilä et al. 2008).

Steel slag production is reasonably constant throughout the
year and across the country. Steel slag is also economical and
of reliable quality. Besides, steel slag demonstrates high reac-
tivity due to chemical instability caused by the industrial pro-
cess of high-temperature production followed by rapid
cooling (Huijgen and Comans 2005; Huijgen et al. 2006;
Baciocchi et al. 2009). Further, due to its relatively porous
structure, steel slags possess high surface area than natural
alkaline earth minerals. All these advantages make steel slag
a suitable feedstock for CO2 sequestration.

Over the past few years, extensive studies have been con-
ducted on the CO2 sequestration methods to assess or increase
the sequestration potential and/or accelerate the reaction rate.
These studies include changing reaction parameters such as
temperature and pressure conditions (Huijgen et al. 2005;
Bonenfant et al. 2008; Bobicki et al. 2012). It also includes
studies that have explored the effect of additives usage or
changes to the reaction medium composition (Bao et al.
2010; Gunning et al. 2010; Chang et al. 2013). Furthermore,
there have been studies conducted on the use of the resultant
product of carbonation (Eloneva et al. 2012; Santos et al.
2012; Sorlini et al. 2012), landfilling (Diener et al. 2010),
and their environmental impact (Huntzinger and Eatmon
2009; Pan et al. 2013; Xiao et al. 2014).

Slag carbonation has been extensively investigated for
both direct and indirect aqueous carbonation routes. Direct
aqueous carbonation can be conducted either as slurry
phase carbonation (Bonenfant et al. 2008; Lekakh et al.
2008) or as wet phase carbonation (van Zomeren et al.
2011). The major challenge in direct aqueous mineral car-
bonation is the slow reaction kinetics. However, the use of
several additive chemicals increases the carbonation reac-
tion rate (O’Connor et al. 2000; Huijgen and Comans
2003; O’Connor et al. 2005). Though indirect aqueous car-
bonation has sufficient reaction rate, additive chemicals are
used to extract the reactive compounds from the steel slag
at a low pH level in the first step followed by the carbon-
ation reaction at a high pH level in a separate second step
(Park and Fan 2004; Teir et al. 2007).

Additive chemicals enhance the carbonation process, but
they tend to increase the dissolution of toxic mineral ions
during the reaction, which may pose an environmental hazard
in disposal and re-use (Kasuura et al. 1996; Hong and
Tokunaga 2000; Quina et al. 2008). Similarly, complete re-
covery and recycling of the additive chemicals are necessary
to make this process economically feasible. There are no data
to support the argument that the use of additives can be
energy-efficient and economical. This suggests that carbon-
ation process simply using an aqueous suspension of slag
without any additives may have enormous sequestration
potential.

The interaction between the steel slag and the CO2 is de-
scribed by the following reactions:

CO2 gð Þ þ H2O⇌2H
þ þ CO2−

3 ð1Þ
Ca;Mg; Fe½ �2SiO4 þ 4Hþ→2 Ca2þ;Mg2þ; Fe2þ

� �

þ SiO2 aqð Þ þ 2H2O ð2Þ
Ca2þ;Mg2þ;Fe2þ
� � þ CO2−

3 ⇌ CaCO3;MgCO3; FeCO3½ � aqð Þ ð3Þ
CaCO3;MgCO3;FeCO3½ � aqð Þ→ CaCO3;MgCO3;FeCO3½ � sð Þ ð4Þ
H2O⇌H

þ þ OH− ð5Þ

The carbonation process involves the reaction of the three
constituents which are water, steel slag, and CO2. The com-
plete carbonation reaction takes place simultaneously in three
steps as explained in Eqs. 1–4. They are (i) dissolution of CO2

and steel slag within the water (Eqs. 1 and 2), (ii) the reaction
between dissolved steel slag and CO2 present in the aqueous
solution (Eq. 3), and (iii) the precipitation of products obtained
from the carbonation reaction (Eq. 4). Among these, the dis-
solution of steel slag (Eq. 2) is the rate-determining step of the
CO2 sequestration process (Daval et al. 2009; Bonfils et al.
2012).

It, therefore, becomes relevant to study the dissolution of
steel slag under different conditions. The base or reference
study is the dissolution of the slag in water just by itself with-
out anything else being present. Subsequent studies can then
be carried out in the presence of CO2. Considerable literature
is available on the chemically enhanced dissolution of steel
slag, where additives such as acetic acid, nitric acid, and hy-
drochloric acid are used to increase dissolution rate (Bao et al.
2010; Olajire 2013; Sanna et al. 2014). However, only limited
literature is available on pure aqueous dissolution of slag with-
out the use of any additives (De Windt et al. 2011; Li et al.
2012). The former study investigated the dissolution of steel
slag, using different concentrations of slag, at ambient condi-
tions; the effects of particle size and temperature were not
studied. The latter study investigated the leaching characteris-
tics of Ca, Si, and Al and their effects on cementitious prop-
erties of steel slag using a fixed bed reactor and did not explore
the effects of temperature, particle size, and concentration of
steel slag. Subsequently, Pan et al. also studied dissolution and
carbonation of basic oxygen furnace slag (BOFS) but in sep-
arate reactors. In their experiment, a part of carbonated slag
recycled to the dissolution reactor (Pan et al. 2013). However,
in this study, due to the mixing of fresh and carbonated slag in
the dissolution process, individual kinetic of leaching of slag
cannot be accurately estimated. In the present study, the dis-
solution rate of the slag is measured in an aqueous phase at
different temperatures, particle sizes, and solid to liquid (S/L)
ratios. The objectives include understanding dissolution
mechanisms and the effects of the dissolution process on the
mineralogical changes in the dissolved slag. This study
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essentially explores how Beasily^ slag releases its components
into an aqueous phase and which species dissolve relatively
faster than others.

Materials and methods

Sample preparation

Experiments were conducted in batch reactors to quantify the
dissolution rate of steel slags within an aqueous medium. The
materials used in the experiment were basic oxygen furnace
(BOF) slags sourced from two different Indian steel plants.
Initially, samples of steel slags were hammer crushed and with
the help of a ball mill were ground into fine powder.
Depending on the size, the samples were separated using sieve
agitator. Accordingly, samples of three ranges of size were
selected for the study: 25–37, 37–53, and 53–75 μm. For the
experiment, samples were prepared by an acetone wash and
10-min sonication, which removed fine particles from the
sample. In order to cleanse and clarify the material, acetone
was removed from the sample, and the acetone wash was
repeated. The entire process was repeated five times to ensure
the removal of all fine particles. Further, the samples were
cleansed with water and then dehydrated in an oven for 24 h
at a temperature of 105 °C to ensure complete dehydration.
The washed samples were analyzed with field emission gun–
scanning electron microscope (FEG–SEM) in tandem with
EDX technology, which revealed that most of the fine matters
were removed and only small traces, on the surface of large
particles, remained. The specific surface area (SSA) and po-
rosity were calculated through BET analysis.

Mineralogical characterization

An XRF device (PANalytical PW-2404) was utilized along
with an X-ray diffractometer (XRD) (SMART APEXII) to
analyze the mineral and chemical composition of the solid
slag samples as shown in Tables 1 and 2. The XRD patterns
were determined in the 2θ from 10° to 90°. An FEG–SEM
instrument (JEOL JSM-7600F) was used in the analysis for
the morphological and chemical composition of the precipi-
tates. The JEOL JSM-7600F is a high-resolution, 3-D imaging
device with energy-dispersive X-ray (EDX) capabilities.
During analysis, samples were coated with gold to eliminate

the charging effect. The PSD analyzer used was Malvern
Mastersizer 2000, which utilizes lazar diffraction technique.
It was used to measure particle size distribution as well as the
average size of the slag particles. Inductively coupled plasma
atomic emission spectroscopy (ICP–AES) was employed to
evaluate the elemental composition of the liquid samples.

Each type of slag is a heterogeneous material defined by its
crystalline phase blend. The XRD analysis identifies solid
crystalline phases which are given in Table 2. Additional
phases were found but could not be identified due to the low
intensity of their diffraction lines and the complex nature of
the diffractogram.

Experimental method

The experiments were conducted in an air-tight batch reactor
with joints sealed by silicon grease and Teflon tape for added
protection against leakage. The reactor was immersed in a
heating bath which used silicon oil as a heating medium as
shown in Fig. 1. Silicon oil was selected due to its high ther-
mal conductivity and boiling point. The reactor allows a high
level of temperature control and provides continuous pHmea-
surement via a pH meter. The maximum heat range of the
controller was 250 °C. The reactor contained 300 ml of
Millipore water. When the desired temperature was attained,
the slag was placed inside the reactor. A magnetic stirrer with
a speed range of 0 to 2200 rpm was used to control mixing of
the material and hold the solids in a suspended state. The time
standard used throughout the experiments was 240 h of dis-
solution at various S/L ratios which were obtained by mixing
0.5, 2, and 5 g of slag in 300 ml water. The experiments were
conducted at atmospheric pressure, and the reaction tempera-
tures were 25, 50, and 90 °C.

Slurry samples were collected from the reactor at specific
intervals in order to quantify the total amount of minerals dis-
solved in the solution. The suspended solid particles were

Table 1 Mineral composition of fresh steel slag based on XRF analyses (wt%)

Sample Al2O3 CaO Cr2O3 FeO P2O5 SiO2 TiO2 SO4 V2O5 MgO MnO

Slag-1 6.113 34.287 0.091 31.579 1.183 16.055 0.707 0.168 0.124 6.334 0.672

Slag-2 5.661 45.761 0.098 20.928 1.918 15.08 0.777 0.643 0.035 6.026 0.702

Table 2 Mineral composition of fresh steel slag based on XRD
analyses

Materials Minerals

Slag-1 CaO, MgO, FeO, Fe2O3, Ca(OH)2, Mg(OH)2, SiO2, Al2O3,
Fe3O4, Ca2SiO4, Ca2MgSi2O7, Mg2SiO4, Ca2FeAlO5

Slag-2 CaO, MgO, Fe2O3, Ca(OH)2, Mg(OH)2, Ca2SiO4, CaCO3,
SiO2, Al2O3, Ca2Fe2O5, CaAl2Si2O8, Ca2Fe2O5, MgCr2O4
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extracted from the sample with a filter having an opening size
of 0.2 μm. The filtrates which contained dissolved elements
were diluted with nitric acid as a preventive measure against
precipitation. Further, vaporization of the filtrate was also
arrested by containing it in air–sealed bottles. The samples from
filtrate were analyzed for elemental analysis using ICP–AES to
evaluate the concentration of numerous mineral ions, such as
Fe, Ca, Si, Mg, Mn, Zn, Al, V, Cd, Sb, As, Se, Hg, Pb, Cu, Mo,

Co, S, Br, P, Sn, Cr, Sr, Ba, and Ni, which is indicative of the
dissolution characteristics of the slag. The separated solid sam-
ples were oven dried for 24 h, stored in air-tight bottles and
were examined using morphological and compositional analy-
sis instruments, namely, XRD, FEG–SEM, and BET.

Results and discussion

Dissolution behavior of slag

In the present study, the effects of particle size, slag composi-
tion and solution temperature on the dissolution rate were
investigated. Among major elements, such as Ca, Fe, Si, Al,
Mg, Mn, Ti, and P, Ca leached the most and Al the least.
Figure 2 depicts the variation in concentrations of the Ca ions
with time for different slag compositions, solution tempera-
tures, and particle size distribution. Steel slag consisted of two
types of minerals: (i) easily dissoluble (e.g., CaO, MgO, and

Fig. 1 Schematic diagram of the reactor
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Fig. 2 Change in concentration of Ca in the leachate with time. The
symbols representation are as follows: i slag-1, 25–37 μm (empty
diamond); ii slag-1, 37–53 μm (empty square); iii slag-1, 53–75 μm

(empty triangle); iv slag-2, 25–37 μm (multiplication sign); v slag-2,
37–57 μm (empty square), slag-2, 53–75 μm (empty circle)
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Ca(OH)2) and (ii) difficult to dissolve (e.g., Ca2Fe2O5,
Ca2SiO4, Ca3Mg(SiO4)2, and Ca2MgSi2O7) (Lackner et al.
1997; Huijgen and Comans 2005; Bao et al. 2010). The rate
of dissolution varied hugely between the slags that were pro-
cured from two different sources. Slag-2 was found to have a
much higher Ca dissolution rate across all slag compositions,
solution temperatures and particle size distribution. Ca disso-
lution from slag-2 increased rapidly for over 48 h under all
conditions due to the presence of highly soluble minerals (e.g.,

CaO and Ca(OH)2) within the steel slag. The rate of Ca dis-
solution in slag-2 then decreased gradually and became stag-
nant after about 168 h under all conditions. However, in slag-
1, the Ca dissolution showed a flatter trajectory over time
under all conditions compared to slag-2 as is evident from
Fig. 2. It can also be seen that the Ca concentration under
similar conditions is considerably lower for slag-1 compared
to slag-2 due to the low initial Ca composition in slag-1. From
Figs. 2 and 3a, b, it can be observed that dissolution rate of Ca
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Fig. 3 Change in concentration of Si, Mg, Fe, Al, K, and Na in the
leachate with time. The symbols representation are as follows: i slag-1,
25–37 μm (empty diamond); ii slag-1, 37–53 μm (empty square); iii slag-
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is higher compared to Si, which can be attributed to increased
resistance in the latter as the dissolution of slag forms a new
silica-rich layer on the surface of the slag particles because of
incongruent dissolution. A peculiar leaching behavior was
observed for Al as shown in Fig. 3g, h in which concentration
increases during the first 6 h at 90 °C and 24 h at 25 °C and
then starts gradually declining and reaches a minimum level
by the end of 240 h. This trend indicates the precipitation of
secondary compounds such as H4Al2O5.

Morphological and compositional changes

Morphological and compositional changes in the slag after
240 h of dissolution were investigated by advanced analytical
techniques such as XRD and SEM/EDS. Figures 4 and 5 depict
the scanning micrographs of the steel slag after 240 h of disso-
lution. During the dissolution, the soluble minerals in the slag
were dissolved whereas the insoluble minerals formed a resid-
ual layer on the surface of the particle. In Fig. 4, evidence of
incongruent dissolution can be seen due to the highly porous
surface of undissolved minerals (primarily SiO2). Figure 4a de-
picts the outer surface of the particles at 50 μm magnification
and Fig. 4b a closer view of the outer surface of a single particle
at 20 μm magnification, respectively. Figure 4c shows that
some particles start to crack during dissolution process and post
240 h of dissolution, slag particles become highly porous as
shown in Fig. 4d. This incongruent dissolution was also con-
firmed by elemental analysis of the slag after dissolution reac-
tion using SEM–EDS and, similarly, compositional analysis by
XRD, which confirmed the formation of silica (SiO2).

In the unreacted fresh slag particle, the fraction of Ca was
high. Once the dissolution process starts, Ca is significantly
leached from the slag particles. Due to leaching of Ca, the Ca–
silicate core was reduced and enclosed by a Ca-depleted undis-
solved residue layer. Figure 5 depicts this silica-rich surface that
is formed due to the incongruent dissolution. It is evident that the
residue layer which mainly comprised of SiO2 further retards the
diffusion of Ca fromwithin the particle, which causes a reduction
in the rate of dissolution. Simultaneously, the thickness of the
undissolved residue layers increased with time, which caused an
increase in resistance to mass transfer causing an even further
reduction in the dissolution rate of slag with time.

Fragile precipitate layers were also formed on the surface
of slag particle as a result of the precipitation of secondary
compounds which were formed during the dissolution process
as shown in Fig. 4c. These precipitate layers provide added
strength to the solid particle, which makes them even more
resistant to breakage and combined with Ca-depleted residue
layers cause further resistance to the release of mineral ions
from slag particles to bulk liquid (Butt et al. 1996). However,
SEM images reveal that the precipitate layer was still fragile. It
grows to a certain thickness and then fractures appear on the
surface of the layer. New surfaces for solid–liquid interaction

are therefore spawned when attrition force fragments these
fragile precipitate layers. Similar behavior was observed by
Squires and Wolf (2006) where fracture and exfoliation of
carbonate layer were observed due to particle shattering.

It can therefore be concluded from the aforementioned be-
havior that the dissolution of steel slag resembles the shrinking
core model. In this model, steel slag dissolves into the solution
leaving behind undissolved residue layer. As reaction pro-
ceeds, the interface between unreacted slag and residue starts
moving towards the center of the particle. Therefore, the thick-
ness of the residue layer increases, and unreacted slag core
shrinks with time. A thin layer of precipitates also forms on
the surface of slag particle, as shown in Fig. 4. This model
observed two diffusion resistances, one due to the residue
layer, and another due to the precipitate layer. Therefore, the
evidence shows that the rate of change in the dissolution of
mineral ions is controlled by the thicknesses and resistivities
of these layers during reaction time.

Influence of reaction parameters

The following section reports the experimental results of steel
slag dissolution involving changes to the parameters: temper-
ature, S/L ratio, and particle size. This study also investigates
the effect of these parameters on the leaching behavior of steel
slag and identifies the most influencing parameter for steel
dissolution.

Influence of temperature

Temperature was found to be the critical experimental condi-
tion for slag dissolution which has more influence than other
parameters. The experiments were performed at three temper-
atures, 25, 50, and 90 °C, to study the effect of temperature on
the dissolution of the slag. Figures 2 and 3a, b illustrate the
variation in concentrations of Ca and Si with time at different
temperatures. Ca and Si show high dissolution rates at higher
temperatures regardless of the S/L ratio. High concentration is
also due to the fact that some compounds such as Ca2SiO4 and
Ca2FeAlO5 start dissolving only at higher temperatures.
Similar behavior was also described by Pan et al. in their
experiments where the dissolution of CaSiO3, Ca2SiO4, and
Ca2Fe1.014Al0.986O5 did not take place at room temperature
but at much higher temperatures (Pan et al. 2013).
Figure 3c–h illustrates the variation in concentrations of Mg,
Fe, and Al (other potential elements to form carbonates) with
time. Despite having a significant concentration of Fe and Al
in the slag composition, the concentration of Fe and Al was
found to be negligible in the solution at all temperatures.
However, in the case of Mg, the post-dissolution concentra-
tion was substantially more than that of Fe and Al. It was
observed that the final concentration of Mg increased from
5.4 to 9.6 mg/L with an increase in temperature from 25 to
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90 °C, which indicates significant influence of temperature on
Mg dissolution. Figure 3i–l depicts the concentrations of mi-
nor constituents such as Na and K in the solvent with time. As
can be noted, temperature significantly impacts Na dissolution
as the final concentration of Na was found to be 11.3 mg/L at
90 °C compared to 1.2 mg/L at 25 °C. Similarly, the dissolu-
tion of K was also starkly influenced by the increase in
temperature.

Influence of S/L ratio

Figure 6a, b demonstrates the typical variation in the final
concentration (Cfinal) of various elements (Ca, Mg, and Si)
of the solute present in the solvent with the S/L ratio.
Figure 6a shows the relationship for the experiment conducted
with various particle sizes (25–37, 37–53, and 53–75 μm) and
Fig. 6b illustrates the relationship for the experiment conduct-
ed at different temperatures (25, 50, and 90 °C). It can be
observed that final concentration of the elements increased
with the increase in S/L ratio. Further, the trend in variation
in final concentration of the solute with S/L ratio was found to
be identical for all the mineral ions. However, Cfinal of the Ca
was observed to be highest at the S/L ratio equal to 0.016,
which can be attributed to its higher solubility characteristics
in the aqueous medium. Further, a higher final concentration
of the elements at the 90 °C in comparison to 25 °C suggests
the use of higher temperature during the dissolution, even
though increase is not proportional.

Influence of particle size

Figure 6a illustrates the variation in the final concentration
(Cfinal) of mineral ions in the solution with S/L ratio for the
slags having three different ranges of particle size (25–37, 37–
53, and 53–75 μm). Figure 6 shows that increase in the parti-
cle size causes a decrease in the final concentration of the
mineral ions, which can be attributed to hindrance in the dis-
solution of the bigger particles due to their lesser total surface
area. Figure 6 also reveals that the effect of particle size is
more for Ca concentration than for other mineral ions, and
also, the effect is more pronounced at higher S/L ratios. It
can be noted that for each particle size range, dissolution of
the slag particles increased with the increase in the S/L ratio,
but the increase is not proportional.

Significance of dissolution of ions in CO2 sequestration

In the present study, the dissolution behavior of different min-
eral ions of steel slag in aqueous media was investigated to
predict their potential in the CO2 sequestration. Carbonates
formed by each mineral ion have unique chemical properties.
Mineral ions, like Ca, Mg, Fe, and Al, present in significant
amount in both the slags, have the property to form chemically
stable carbonates (Huijgen and Comans 2003; Teir 2008).
Similarly, Na, K, and Li present in small quantities also form
bicarbonates when they react with CO2 (IPCC 2005).
However, carbonates of these mineral ions are reported to be
chemically unstable and prone to decomposition into primary

Fig. 4 SEM images of slag-2 af-
ter 240 h of dissolution. a outer
surface of the particle. b cracks
observed in the magnified image
of the particle. c fragmented par-
ticle. d porous particle after dis-
solution reaction
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ions in the aqueous environment (Teir 2008; Pan et al. 2012).
Despite the tendency of Fe and Al to form stable carbonates
and their initial large slag composition availability, their con-
centration in solution was found to be negligible. This under-
lines their low dissolution capacity and highlights the reduced
potential to form carbonates and subsequently contribution in
CO2 sequestration. Likewise, Ti and Mn, which also have the
potential to form stable carbonates and present in a noticeable
amount in the initial slags, their concentration in the leachate
was negligible. Though K, Na, and Li display dramatically
higher dissolution rates at higher temperatures, their propen-
sity to form unstable carbonates as mentioned earlier makes
them prone to CO2 leakage quite easily (IPCC 2005). Their
instability, despite their dissolution performance, makes them
unsuitable for sequestration. Ca and Mg showed significant
dissolution even at low temperatures, suggesting their poten-
tial use for CO2 sequestration. These results suggest that Ca
and Mg are the only candidates that have the capability to
form stable carbonates and have sufficient dissolution rates
to be considered for CO2 sequestration. Though precipitation
of calcium carbonate is possible under atmospheric pressure,
magnesium carbonate precipitates only under high pressure
(Huijgen et al. 2005). Hence, based on the above results, it
can be stated that CO2 sequestration can be accelerated by
using slag containing a high fraction of Ca and Mg provided
the necessary condition of high pressure is used. However,
maintaining a high-pressure condition in field applications
may not be economically viable. Hence, conclusively, usage

of steel slag having high Ca fraction is the only viable option
to enhance the potential to form stable carbonates and suffi-
cient dissolution of mineral ions even under normal reaction
conditions for effective CO2 sequestration.

Presence of heavy metals

Dissolution of steel slag in aqueous media and the subsequent
CO2 sequestration involves the dissolution of various minerals
including heavy metals in the process. Since dissolution of
toxic heavy metals is an environmental concern due to grow-
ing environmental awareness, steel slag dissolution process is
investigated from that perspective as well. The concentration
of these heavy metals, which are minor elements, was quanti-
fied at different time intervals and their values were compared
with the maximum permissible limits, as defined by the
Central Pollution Control Board (CPCB) (CPCB 2006). At
25 °C, the concentration of these mineral ions remains lower
than the maximum permissible value. However, the concen-
tration increased at higher temperatures. But, the recorded
values for all the elements still remained well within the
CPCB standards. This shows that CO2 sequestration methods
without the use of additives have a lower leaching rate of toxic
metals compared to those with the use of additives, even
though some studies suggest that the carbonated steel slag
has a higher leaching rate for some of the heavy metals
(Morone et al. 2016).

Fig. 5 SEM images of Slag―1 after 240 hours of dissolution
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Stabilization of steel slag

The presence of highly reactive components such as mineral
oxides and leachable toxic heavy metals in the steel slag
makes it unsuitable for direct discharge into landfills or usage
in construction materials (Johnson et al. 1995; Yan et al.
1997). The pH of the solution increased sharply from 9 to
9.5 for both slags within 30 min, as compared to the initial
pH value of 7, observed before addition of slag. This sudden
increase in pH of the solution can be attributed to high disso-
lution of the mineral ions through steel slag in the initial stages
of the reaction. However, the dissolution rate was found to
decline and almost cease after the duration of 120 h. The
sudden increase in pH also highlights its hazardousness for
direct disposal into landfills which can severely affect living
organisms and disrupt their ecosystem (Bertos et al. 2004).
This suggests that minimum 120 h of carbonation is required
under standard operating conditions to stabilize the steel slag
before its usage in landfills. Additionally, when the untreated
steel slag is disposed as a waste material in open space, it
undergoes the natural weathering process (Yan et al. 1997).
During this process, reactive components present within the
slag, such as mineral oxides, are converted into minerals car-
bonates (Yuen et al. 2016). The change in composition of the
steel slag leads to change in the volume of slag with time
which in turn makes it unsuitable for use in construction in-
dustry. However, carbonation process can be employed for
neutralizing the reactive oxides and converting them into ther-
modynamically stable carbonates (Johnson et al. 1995; Bertos
et al. 2004) which improve their physical properties making
the carbonated slag suitable both for landfills and for industrial
applications (Sahu et al. 2010).

Conclusion

The dissolution of slags was studied using a batch slurry re-
actor, containing steel slag and water. The concentration of
mineral ions in the solution during the dissolution experiments
was used to explore the influence of the various parameters
such as type of the slags, temperature, particle size, and S/L
ratio. Further, advanced analytical techniques such as SEM–
EDX, XRD, and ICP were also used to investigate the mor-
phological, structural, and chemical compositions of the slag
at various time intervals.

High dissolution was observed irrespective of the particle
size distribution. Selective dissolution was shown to cause an
increase in the thickness of the undissolved residue layer that
is formed on the surface of slag particle. Precipitate layers of
the resultant products were also observed on particle surfaces.
These precipitates and residue layers caused increased resis-
tance to diffusion from slag into the bulk solution. This type of
selective dissolution that leaves behind undissolved residue

layers suggests a shrinking core mechanism. The nature of
the dissolution in terms of mineralogical changes, e.g., forma-
tion of a residue layer, incongruent dissolution, and different
extents of dissolution of different elements can indicate what
could be the pros and cons of using a given slag for CO2

sequestration. In our study, slag-2 shows high concentrations
of dissolved mineral ions and less residue layers were ob-
served which suggests a higher CO2 sequestration potential
than slag-1.

Initially, the concentration of dissolved ions grew, and
eventually, it stabilized which revealed that there was a high
dissolution rate during the first few hours of reaction; further-
more, significant quantities of Ca andMgwere extracted from
the slag, compared to other minerals which indicate their high
carbonation potential. Though Fe and Al can produce stable
carbonates and were present within the slag in substantial
quantities, their concentrations within solution were insignif-
icant, which suggest that they do not contribute much to the
carbonation process. The limited solubility of Fe and Al com-
bined with the high pressure requirements of Mg carbonation
supports the conclusion that Ca is the only element with sub-
stantial potential for carbonation under ambient conditions.
The study also enables the identification of preferable slags
for CO2 sequestration through pure dissolution experiments.
For instance, in this study, slag-2 is a better candidate for CO2

sequestration simply because Ca contained in it dissolves
faster than that in slag-1. The reduction of particle size in
any sample yielded an increase in the rate of dissolution. It
was observed that increasing the operating temperature from
25 to 90 °C yielded vast improvements in the rate of dissolu-
tion. Concentrations of toxic heavymetals in the leachate were
found to be far below maximum acceptable limits as specified
by CPCB.

These experiments provide a useful base case regarding the
dissolution behavior of the slag into an aqueous medium. The
dissolution rate without the presence of CO2 will serve as a
quantitative reference with respect to any study in which CO2

is present, so that it can be estimated how much faster slag
dissolves in the presence of CO2 relative to the case when it is
absent.
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