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ARTICLE INFO ABSTRACT

The nickel processing industry has always been related with

Article History: the issue of carbén dioxide emission. The production of carbon dioxide occurs at different

Received 23 December 2023 phases of nickel processing, from pretreatment to smelting and refining. In addition to offgas,
Revised 28 February 2024 the nickel processing sector also produces solid waste known as slag, which is a byproduct
Accepted 03 April 2024 of both smelting and refining processes. One of the slags in the nickel industry is known to

contain iron, which is dominant compared to other elements. The primary objective of this

study is to investigate the process of carbon dioxide capture by utilizing iron-rich slag derived
Keywords: from the nickel processing industry. The aim is to assess the feasibility of applying iron-rich
Carbon dioxide (CO.) slag from nickel smelters in the solid carbonation gas process for carbon dioxide capture,

) 2 focusing on chemical reactions and overall kinetics.

Iron oxide carbonation The iron-rich slag analyzed in this study contains a significant amount of
Sequestration iron oxide. It is theoretically anticipated that the iron oxide content in iron-rich slag could
Sustainable process potentially sequester carbon dioxide. The study commenced by preparing the materials,
Waste utilization undergoing the carbonation process, and then conducting various characterizations including

X-ray diffractometer analysis and thermal gravimetric analysis. Additionally, calculations were
performed to determine the percentage of carbon dioxide in the sample and the efficiency
of carbonation. The kinetics analysis was also carried out using several models, such as mass
transport, chemical reaction, and diffusion-controlled model to estimate the carbdn dioxide
capture mechanism that occurs.

The carbon dioxide capture capacity of the iron-rich slag from the ferronickel
industry is somewhat limited, albeit still relatively modest. Iron-rich slag was effectively
utilized to capture carbon dioxide after thorough analysis. After undergoing a carbonation
process for a duration of 4 hours, the percentage of carbon dioxide in the slag witnessed a
significant increase, rising from an initial value of 0.28 percent to 1.12 percent. The capture of
carbdn dioxide gas is due to the reaction between silicate with carbén dioxide gas and water
vapor to form siderite. The iron-rich slag operates under the diffusion-controlled model when
it comes to capturing carbon dioxide.

Iron-rich slag is reported to capture carbdn dioxide at 175 degrees celsius
with carbdn dioxide and water vapor condition, which is proven both from thermodynamic
calculations and experiments. Iron(ll) carbonate is a carbonate compound generated by the
carbon dioxide capture reaction by iron-rich slag. However, the stability of iron(ll) carbonate
in carbon dioxide and water vapor atmosphere is something that needs to be considered in
future research. Further investigation can be conducted in the future to explore the potential
of utilizing iron-rich slag for capturing carbon dioxide gas, building upon the findings of this
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Carbon dioxide (CO,) is one of the greenhouse
gases that contribute to climate change (Hassan, et
al., 2021). The nickel/ferronickel industry, like many
others in the industrial sector, contributes to the
emission of CO, into the atmosphere. The nickel/
ferronickel smelter industry is one of the industries
that produces high CO, emissions. The emission of
CO, varies significantly based on the type of nickel
smelter process and technology utilized. For instance,
a nickel smelter utilizing Blast Furnace technology to
manufacture nickel pig iron (NPI) will release 7 tons of
CO, for every ton of NPI produced. On the other hand,
a nickel smelter that uses the rotary kiln-electric
furnace (RK-EF) technology will produce 6 tonnes
of CO, per tonne of ferronickel product (Wei et al.,
2020). In the processing of ferronickel from lateritic
ore, the primary extraction stage is responsible
for the majority of CO, emissions, accounting for
approximately 65%. On the other hand, stages like
mining and ore preparation contribute only 35%
to the overall emissions (Mistry et al., 2016). In
comparison to iron and steel smelters, the emission
of CO, from iron smelters amounts to approximately
1.89 tonnes per tonne of crude steel produced (World
Steel Association, 2021). This shows that the nickel
smelter industry produces a significant amount of
CO, gas. This could be caused by several factors. First,
mineralogically, nickel ore contains small nickel and
moderate iron content. In nature, nickel ores contain
only about 1.25 percent (%) nickel (Ni) (Widyartha et
al., 2020; Pintowantoro et al., 2021). The conversion
of iron in nickel ore to metallic iron is not entirely
complete. Moreover, the presence of numerous
impurities in nickel ore, along with the elevated
melting temperature of the impure compound,
contributes to a higher specific energy demand for
the production of ferronickel in comparison to steel.
To produce 1 tonne of ferronickel, it is estimated that
110 giga joule (GJ) of energy is required (Wei et al.,
2020). Conversely, the production of 1 tonne of steel
requires approximately 20 GJ of energy (Sun et al.,
2020; Sun et al., 2022). Moreover, in contrast to the
iron and steel industry which spends a lot of research
and massive programs to reduce CO, emissions, such
as CO, Ultimate reduction system for cool earth 50
(COURSES0), Ultra-low CO, steelmaking (ULCOS),
Hydrogen breakthrough ironmaking technology
(HYBRIT), American iron and steel Institute (AISI)

program, and SAlzgitter Low CO, Steelmaking
(SALCOS) (Liu et al., 2021), the nickel smelter industry
is relatively less aggressive implementing programs
to decrease its CO, gas emissions. It is also possible
to reduce CO, gas production in the nickel smelter
industry by capturing CO, gas or through carbon
capture and storage (CCS) technology. CCS itself is an
effective technology in reducing the release of CO,
into the atmosphere (Liu et al., 2022). It would be
even better if the CO, gas capture product could be
reused. Thus, the idea of mineral carbon capture and
utilization (MCC and U) technology emerged (lizuka
et al., 2017; Ho et al., 2020). Mineral carbonation
involves the utilization of oxide compounds that
have the ability to react with CO,, resulting in the
formation of carbonated products. Various raw
materials, such as steel slag, can be employed for
mineral carbonation (Chen et al., 2021), fly ash (Ho et
al., 2021a), concrete waste (Ho et al., 2021b), etc. This
MCC and U technology is a suitable technology for
centralized and localized application in every industry
that releases CO, gas, including the nickel smelter
industry. The slag from nickel smelting is recognized
foritscomposition of alkaline earth metal compounds,
including magnesium oxide (MgO) and calcium oxide
(Ca0) present in silicate or alumino silicate forms. This
means that nickel smelter slag has the potential to be
utilized as a material in the MCC and U process. Nickel
slag generally contains 0.50-2.40% CaO and 30.58 —
31.11% MgO as well as other compounds such as
silicon dioxide (SiO,), ferrous oxde (FeO), aluminium
oxide (ALO,), etc. (Nuruzzaman et al., 2022; Kuri et
al., 2022; Wu et al., 2022). So that nickel slag has a
theoretical CO, capture capability of around 29.63-
33.95% (Abdul, et al., 2023; Kuri et al., 2021; Li et al.,
2022; Tang et al., 2022). Mineralogically, ferronickel
slag has dominant minerals of forsterite (Gao et al.,
2021), olivine (Shang et al., 2021), and clinoenstatite
(Zulhan et al., 2021). Nevertheless, it should be
acknowledged that there are specific byproducts
originating from the nickel sector that exhibit a
significant concentration of iron, while containing
minimal quantities of magnesium and calcium. This
type of slag is likely to be obtained at the converting
stage (Wang et al., 2018; Kasikov et al., 2022). The
direct gas-solid carbonation method is reported to be
applicable for CO, capture using industrial waste. Fly
ash has the potential to be utilized in the gas-solid
carbonation process under conditions of 600 °C and



1 bar pressure (Liu et al., 2018). According to reports,
the direct gas-solid carbonation technique was
employed to utilize steelmaking slag for CO, capture.
This process was conducted at ambient temperature
and under 10 bar pressure, resulting in a carbonation
efficiency of 3.7% (Revathy et al., 2016). The capture
of CO, by Redmud has been documented through
direct gas-solid carbonation. Remarkably, it achieves
a carbonation efficiency value of 9.9% under specific
operating conditions, including a temperature of 60
°C, a pressure of 45 bar, and the utilization of pure
CO, (Revathy et al., 2021). Thus, Fe-rich slag obtained
from nickel smelter is not only a waste that is
thrown away but can also be used to reduce CO, gas
produced by the nickel smelter industry. Slag from
the ferronickel industry has also been reported to
affect the health of nearby residents. Some diseases,
such as rhinitis, pruritus, and dermatitis, are reported
to increase with the operation of the ferronickel
industry (Han and Hong, 2018). The aim of this study
is to investigate the absorption of CO, by Fe-rich slag
derived from nickel smelting, with a focus on the lack
of existing literature on this topic. Furthermore, a
preliminary examination will be carried out to assess
the potential of iron-rich nickel smelting slag as a
viable material for CO, absorption through the semi-
dry carbonate method. Utilizing slag can also reduce
the amount of slag dumped on the land. This study
(experiment and its analysis) was conducted in 2022-
2023 in Indonesia.

Materials

This study uses slag obtained from a nickel
processing industry in Indonesia. Table 1 shows the
slag composition used in the current study based on
X-ray fluroscence (XRF). Based on Table 1, it appears
that nickel slag has a high FeO content, reaching
75.25%. The slag has a low CaO content, which is only
0.14% and no MgO. Thus, the carbonation process
that occurs will be only influenced by the content of
FeO.

Judging from its content, it appears that the nickel
slag in this study is not the primary slag generated
during the smelting procedure. Typically, nickel slag

is known to have elevated levels of Mg and Si, as
indicated in previous studies (Pintowantoro et al.,
2022; Abdul et al., 2023; Abdul et al., 2024). The
nickel slag in this study is believed to originate from
the refining or converting stage following the smelting
of ferronickel. Based on its chemical content, the
element that may bind CO, is iron oxide given the very
low Ca content in the slag. In this study, to simplify the
analysis, all SiO, is assumed to bind with FeO in the
form of fayalite (Fe,SiO,). Hence, approximately 27%
of the FeO present in the slag is in the form of oxide,
while the remaining 73% is Fe2SiO4. Considering the
FeO content and the existing CO, value in the slag
prior to carbonation, the maximum possible CO,
content in the slag is 31.27%. Given that iron is the
prevailing mineral in this nickel slag, the term Fe-rich
slag is employed in this study for subsequent analysis.
High purity N, and CO, gas used in this study are high
purity gases with a minimum purity of 99% obtained
from Karina gas, Surabaya, Indonesia. In order to
create water vapor, demineralized water obtained
from Bratachem in Surabaya, Indonesia was utilized

Methods

The Fe-rich slag obtained was then taken at random
and then crushed and sieved to pass the size of 50
standard mesh. The Fe-rich slag underwent a drying
process in an oven for a duration of 3 hours under
a nitrogen (N2) atmosphere. Subsequently, the dried
slag was subjected to characterization using XRF
and X-ray diffractometer (XRD). Following this, each
dried slag sample was weighed, with a weight of 15
grams. Finally, the slag was transferred to a porcelain
dish without a lid and placed back into the oven for
further processing. Before initiating the carbonation
process with CO, gas flow, the oven underwent a
3-hour N, feeding period for purging purposes. The
flow rate for CO, and N, gases was set at 1 and 4 liters/
minute, respectively. Subsequently, demineralized
water was consistently introduced into the container
within the furnace to avoid any water shortages.
The supplementary water is supplied at a rate of 0.8
milliliters (mL) per minute.The experimental setup is
shown in Fig. 1. The carbonation process was carried
out with several variations in time, including a pre-

Table 1: Chemical composition of nickel slag (%, mass)

Al,03 SiO2 P20s SOs Cao

Cr203 MnO FeO NiO CuO

0.20 8.50 0.26 0.67 0.14

0.20 0.05 75.25 0.61 0.22
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Fig. 1: The study eperimental setup

carbonation control sample, 2 hours of carbonation
time (Sample A), 4 hours (Sample B), 6 hours (Sample
C), 12 hours (Sample D), and 24 hours (Sample E) with
temperature setting value of 200 degrees Celsius (°C).
The inside temperature of carbonation chamber is
about 175 °C. Following the conclusion of the process,
the slag samples were removed from the ovenin order
to undergo additional examination through thermal
gravimetric analysis (TGA) and X-ray diffraction (XRD).
The TGA test was carried out to determine the CO,
sequestration capacity. On the other hand, XRD was
carried out to analyze the compounds formed during
the Fe-rich slag carbonation process. For this reason,
the TGA test was carried out using an N, atmosphere
with a room temperature range of up to 1000°C.
TGA heating speed is 100°C/minute (min). The
TGA test was carried out at the Energy Laboratory-
ITS, Surabaya, Indonesia. While XRD testing was
carried out at the Department of Materials and
Metallurgical Engineering-ITS, Surabaya, Indonesia
using PAN Analytical equipment and CuKa radiation
of 1.54056 at 20 of 5-90°. Because iron is the
dominant element contained in the Fe-rich used in
this study, the calculation of %CO, in the slag sample
after the carbonation process is carried out based
on the temperature range between 438-540°C. The
temperature range is the decomposition temperature
range of siderite (FeCO,) in accordance with previous
research (Luoetal.,2016). Thetemperature of438°Cis
the initial temperature of FeCO, decomposition, while
the temperature of 540°C is the final temperature of
the FeCO, decomposition process or reaction. Eq. 1
(Abdul et al., 2023) shows the calculation for %CO, in
the slag sample after the carbonation process. Mass
data at 438 and 540°C were obtained from the TGA

test. On the other hand, carbonation efficiency is
calculated using Eq. 2 (Wang et al., 2021):

M y350c — Mygpec %100 (1)

CO, in sample (%, mass)=
m]()S“C

Carbonation eff. (%)= o)

Difference of %CO, before and after carbonation in sample 100

Maximum theoretical CO, content

CO, concentration in Fe-rich slag

Fig. 2(a) shows the CO, content in the sample both
before and after the carbonation process (2-24 h)
at 200 °C (Inside furnace temperature was about
175 °C), CO, flow of 1 L/min, N, flow of 4 L/min, and
make-up water of 0.8 mL/min. After the carbonation
process, it is evident that all samples labeled A-E or
those subjected to the carbonation process for a
duration of 2-24 hours exhibit the presence of CO,. All
slag samples after the carbonation process contained
more CO, than the pre-carbonation slag samples.
Prior to the carbonation process, Fe-rich slag was
also known to contain CO,. The CO, is believed to
be produced as a result of the slag reacting with
the ambient air while in storage. The subsequent
section will detail the chemical reactions that could
take place during the CO, capture process involving
iron minerals in the slag. If reviewed in more detail,
Sample A (carbonation process for 2 hours) has a CO,
content of 0.99%. After 4 hours (Sample B), %CO,
in slag increased to 1.12%. Then, after 6 hours of
carbonation process (Sample C), %CO, was reduced
to 0.66%. After the carbonation process ran for 12
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and 24 hours, the %CO, in the slag sample gradually
decreased to 0.59% and 0.56%. The evidence points
towards a limited amount of CO, being captured in
the surrounding area of the slag. The decrease in CO,
after 6 hours in the sample may have been caused
by the unstable bonding of iron oxide and CO, under
experimental condition. It is highly probable that
this phenomenon occurs when the process exceeds
a duration of 4 hours, as observed in this study.
The presence of water vapor during this extended
period causes the instability of FeCO,, leading to the
subsequent release of CO,. Based on calculations
using Fact-Web (Bale, et al., 2016), it appears that
at 175 °C, FeCO, and water vapor will react to form
Fe,O,, CO,, and water vapor (see Fig. 3). From Fig.
3, it appears that FeCO, is increasingly unstable
with more water vapor present in the system. In
contrast, Fe O, tends to form more easily with more
water vapor. Nonetheless, further study needs to be
done to validate the results and conclusions of this
preliminary study. On the other hand, Fig. 2(b) shows

the mass ratio vs. temperature graph obtained from
the TGA test. Based on the TGA graph, it appears that
sample C (4 hours) has the most reduction in sample
mass compared to other samples. Additionally, it
can be inferred that the carbonation time of 4 hours
yields the highest CO, capture rate when compared
to other time frames. This is also in accordance with
the calculation results shown in Fig 2(a). Typically, the
low CO, content in slag can be attributed to the iron
silicate compounds present in the slag. This condition
makes the reaction between CO, and slag more
difficult. CO, captured by the slag’s surface indicates
that iron-based compounds, including iron oxides
and silicates, are involved in the capture of CO, gas.
This is in accordance with a previous study (Hakim
et al., 2016) which found that iron oxide is able to
capture CO, gas, although the role is not greater than
calcium-based or magnesium-based compounds.
This is because FeCO, has a lower thermodynamic
stability than CaCO,. CaCO, itself has a decomposition
temperature of around 700°C (Karunadasa et al.,



2019). The temperature exceeds the decomposition
temperature of FeCO,, which is approximately 438°C.

Compounds and phases formed after carbonation
process

To compare the XRD pattern of the Fe-rich slag
sample before and after the carbonation process, XRD
testing was conducted for the slag sample prior to the
carbonation process, as depicted in Fig. 4. According
to Fig. 4, iron silicate is the primary compound found
in slag. The formation of this compound in Fe-rich
slag occurs when impurities in the raw material
bond together during the smelting or converting
process. These bonds are formed at temperatures
above the melting point of the impurities. The slag
XRD graph shows that the slag has a fairly high glass
phase (Liu et al., 2015). The glassy phase in the slag
may result from the quick cooling of Fe-rich slag in
the manufacturing process. Based on XRD results,
the slag sample contains three compounds, namely
Fe,SiO, with PDF number 96-900-0558 and Nickel
iron (Ni,Fe) with PDF number 01-088-1715. Fayalite
is the dominant compound in Fe-rich slag. This is in
accordance with the XRF test results which have been
shown previously in Table 1. The existence of nickel
iron compounds signifies the loss of nickel within
the slag. Subsequent to the carbonation process,
specifically after 6 hours (Sample C), iron carbonate or
siderite (FeCO,) in the form of carbonate compounds
is detected, as indicated by PDF number 96-901-
5686. The existence of iron carbonate compounds
points to a chemical reaction between iron oxide
and CO, gas resulting in FeCO, formation. Although

(6 hours)

(0 hours)

Intensity (a.u)

10 20 30 40

Fe-rich slag before the carbonation process already
contains CO, (based on Fig. 1(a), siderite peaks are
still difficult to detect because of the low CO, content
in the slag before the carbonation process. The
reaction between iron oxide and CO, gas in producing
iron carbonate is shown in Eq. 3 (Barker, et al., 2018):

FeO(s) + CO,(g) = FeCO,(s) (3)

Reynes et al. (2021) reported that Fe,SiO, might
react with CO, and H,0 in the wet carbonation
process based on Eq. 4 (Reynes et al., 2021).
However, if both sides of H,O eliminate each other,
the carbonation reaction of Fe_SiO, can be formulated
according to Eq. 5 (Ayub et al., 2020). Fig. 5 shows the
thermodynamic analysis for the carbonation reaction
of FeO and Fe SiO, according to Egs. 3 and 5. Based
on Fig. 5, it appears that both reactions are feasible at
the experimental conditions (i.e., 175 °C).

Fe SiO,(s) +2CO,(g) + 2H,0(g) a 2FeCO,(s) + SiO,(s) +
2H,0(g) (4)

Fe,SiO,(s) + 2CO,(g) a 2FeCO,(s) + SiO,(s) (5)

The FeCO, peak which has a small intensity
indicates that qualitatively or in general, the amount
of the FeCO, compound is very small. This is in
accordance with the results of the CO, content in Fig.
1(a). Kinetic factors seem to be the main cause for
the low CO, capture efficiency of FeO and Fe2SiO4
in the slag under the experimental conditions of this
study. Although FeO and Fe_SiO, can react with CO,

FyFy

Fy : Fayalite (FsZS\OA)
8 : Siderite (FeCO,)
I Nickel iron (Ni,Fe)

50 60 70 80 90

2 Theta (*)

Fig. 4: Comparison between the slag sample after the carbonation process for 6 hours (Sample B) with the slag sample before the carbon-
ation process



.
oY -
o .
>
x ~
. Ko o
_40 /WRVO ,".
Qv L’
— X A
2 80 < Q‘X
o § B
‘0-' » o 1 /}e“
-] 57 ©
< F o
-120 » &
.
-160
200 400 600 800

Temperature (°C)

Fig. 5: Standard Gibbs energy plot as temperature increases. Thermodynamic calculations performed using Factweb (Bale, et al., 2016)

thermodynamically, the reaction kinetics is very slow.
The slow reaction rate is attributed to the fact that
the active sites of fayalite are obstructed by a silicate
structure, hindering the entry of CO, to these sites.

The findings of this experiment suggest that it
is imperative to have a technique in place to free
Fe cations from the fayalite lattice. To achieve
this, pretreatment becomes necessary to release
Fe cations from the silicate structure. One viable
method for pretreatment is alkali fusion (Abdul, et
al., 2024). Consequently, the utilization of aqueous
carbonation for mineral carbonation of iron minerals
in Fe-rich slag is deemed superior to dry or semi-dry
carbonation, based on this premise. The pretreatment
process through thermal activation with alkali fusion
or alkali roasting followed by washing and aqueous
carbonation is an interesting option for further
research.

Kinetic and possible mechanism of CO, capture
process using Fe-rich slag

A kinetics analysis was conducted to estimate
the reaction mechanism, with the assumption that
the gas-solid carbonation process using Fe-rich slag
followed the shrinking core model (SCM). For that,
three SCM equations were used which are shown in
Egs. 6 to 8 (Wang et al., 2019). Eg. 6 assumes that the
carbonation reaction is controlled by mass transport.
Conversely, Egs. 7 and 8 propose that the carbonation
reaction is regulated by both chemical reaction and
diffusion. Where, k is the apparent reaction speed
constant. & is carbonation efficiency and ¢ is time
(h).

kt=a

(6)

1

kt=1-(1-a)s (7)

2 2
ktzl—ga—(l—a)3 (8)
Fig. 6a shows that carbonation will occur in the time
range of 0-4 hours. Conversely, decarbonation occurs
between 6 to 24 hours, while the kinetics analysis was
conducted solely within the 0 to 4 hour timeframe. The
outcomes of the kinetics analysis are detailed in Fig.
6b to d. Based on Fig. 6b to d, all models fit well with
the experimental data, with R? values of more than 0.9
(Senthilkumaar et al., 2006; Blackburne et al., 2007).
When the three models are compared, the diffusion
model has the closest R? value to 1, so the rate-
determining step for the CO, capture process by Fe-
rich slag is the diffusion of CO, through the carbonation
product layer (FeCO,). With an apparent reaction
rate constant value of only 3x107 /min, it appears
that the gas-solid carbonation process of Fe-rich slag
proceeds very slowly even though thermodynamically,
the CO, capture process is feasible. Similar to other
kinetic models, this particular model is applicable
solely to Fe-rich slag with a composition specified in
Table 1, and under conditions of 150 °C. Nevertheless,
this study has brought forth novel findings indicating
that Fe-rich slag derived from the nickel/ferronickel
industry has the potential to capture CO,to a certain
extent, a phenomenon that has not been previously
reported by other researchers. Fig. 7 shows the
possible mechanism of CO, gas binding by Fe-rich slag
with a high iron oxide content. Process of capturing
CO, by Fe-rich slag with high iron oxide content may
have been caused by the reaction between FeO,
Fe,SiO, and CO, (Egs. 3 and 5). The occurrence of
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Reactions:

FeO(s) + CO,(g) = FeCOs(s)
Fe,Si0,(s) + 2C0,(g) = 2FeCO5(s) + Si0y(s)

Carbonation product layer
(FeCO;, SiOy)

Fe-rich Slag

& :HO
oo :CO,

Fig. 7: Possible mechanism of CO, gas binding by Fe-rich slag

Table 2: Comparison of the current research with other similar studies

Carbonation €O uptake
Year Materials tvpe Operating parameters (gC0O2/kg Sources
yp samples)

Steelmaking slag (28.27% CaO, . B . _
2016  24.25% Fe;0s, 15.4% SiO;, D'r:‘gltigas T 'mcb/'egt; igzb;rloo 11.1 Revathy et al., 2016

7.88% MgO) Sl

= o, [

2018 ALOs, 27.67% SOz, 1.68% & e e 60 Liu et al, 2018

Fes0s) solid vol.% Na

e P=1bar
Red mud (27.91% Fe20s, .
D t - T= °C,CO; =1 1.9

2021 21.91% Al,0s, 14.48% SiO, 'rjgnjas &0 ; _225 ba‘r)o vol%, 9.06 Revathy et al., 2021

10.65% Na>0, 1.95% Ca0) -

Fe-rich slag from nickel smelter .

. Direct gas- T=175°C, CO; = 50 vol.%, .
0, 0, 0,

2024 (75.25% FeO, 8.5% Si0O», 0.14% solid H0 ~ 50 vol.%, P = 1 bar 11.22 This study

Ca0)




carbonation on the slag’s surface is facilitated by the
formation of a thin interface layer, which is a result
of water vapor. Both equations and water film layer
produce a carbonate compound product in the form
of FeCO,. The carbonation reaction, specifically the
formation of FeCO,, is predominantly influenced by
diffusion within the FeCO, product layer. Subsequently,
the iron carbonate compound evolves into a passive
layer, impeding the surface interaction between CO,
gas and the fresh slag. Conversely, an excessively
prolonged presence of iron-rich slag in the water vapor
flow condition can lead to decarbonation, thereby
reducing the efficiency of carbonation. Hence, in order
to prevent decarbonation, it is essential to decrease
or control the exposure of Fe-rich slag to water vapor
after achieving the maximum carbonation efficiency.

Table 2 shows a comparison between the results
of this study and other previous research. It appears
that in terms of CO, uptake, Fe-rich slag in this study
is comparable to red mud and steelmaking slag.

Fe-rich slag obtained form nickel smelter can be
used to capture CO, gas by direct gas-solid mineral
carbonation. The capture of CO, gas by the slag is due
to the reaction between iron compounds (either in the
form of iron oxide or iron silicate) with CO, gas to form
siderite (FeCO,) which is thermodynamically feasible at
175 °C. The CO, content in Fe-rich slag has been found
to be higher after undergoing the carbonation process
compared to its initial state. Within a 4-hours period,
the %CO, in the slag increased from 0.28% (before
carbonation process) to 1.12%. The findings indicate
that CO, capture can be achieved using Fe-rich slag.
The highest carbonation efficiency value that can be
achieved is only about 2.7%. The diffusion process is
the key factor in controlling the CO, capture reaction
by Fe-rich slag. Essentially, the important role is played
by the diffusion of CO, gas into the surface layer of Fe-
rich slag. During the initial 2-4 hours of carbonation,
there is an observed increase in efficiency. However,
after 4 hours (specifically 6 hours), the rate begins to
slow due to the formation of a carbonate layer on the
slag surface. As the duration of carbonation increases,
efficiency decreases. The decrease may be due to the
unstable FeCO, under the experimental conditions
(temperature of 175 °C with CO, and water vapor
atmosphere). CO, that has been mineralized in the form
of FeCO, will be released back into the environment

around the slag. Once the highest level of carbonation
efficiency is achieved, it is crucial to swiftly convert the
CO, and water vapor atmosphere back to the ambient
air or atmosphere. This early indication highlights the
necessity for prompt conversion. Thus, the CO, that
has been mineralized in FeCO, remains stable. Despite
the current low levels of CO, captured, the findings
indicate that Fe-rich slag could be a feasible option
for CO, capture. When Fe-rich slag from nickel smelter
is blended with hot slag containing a significant
amount of sensible heat, the potential for utilization
becomes quite promising. In the future, it is important
to carry out further research to study in more detail
the potential for CO, gas capture using this material.
Efforts to increase the reaction speed of the Fe-rich
slag carbonation process need to be made in future
studies. In order to address the challenges posed by
the increasing positive Gibbs energy of the CO, capture
reaction by FeO and Fe,SiO, at higher temperatures,
as well as the instability of FeCO, in a water vapor-
rich atmosphere, it is crucial to explore the wet/
aqueous carbonation method in future research. This
method offers the advantage of operating at lower
temperatures, usually below 90 °C, while ensuring that
water remains in its liquid form instead of being in the
form of gas/vapor.
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°C Degree Celcius

AlSI American iron and steel Institute
AlLO, Aluminium oxide

CaO Calcium oxide

Cccs Carbon capture and storage

co, Carbon dioxide

COURSE50  CO, ultimate reduction system for

cool earth 50

10

Cr,0, Chromic oxide

Cuo Copper oxide

Fe Iron

Fe,SiO, Fayalite

FeCO, Siderite

FeO Ferrous oxide

GJ Giga joule

HYBRIT Hydrogen breakthrough ironmaking
technology

MgO Magnesium oxide

MnO Manganese oxide

MCCand U Mineral carbon capture and
utilization

min Minute

mL Milliliter

Ni Fe Nickel iron

NiO Nickel oxide

N, Nitrogen

NPI Nickel pig iron

PO, Phosphorus pentoxide

RK-EF Rotary kiln-electric furnace

SALCOS SAlzgitter low CO, steelmaking

SCM Shrinking core model

TGA Thermal gravimatery analysis

SO, Sulfur trioxide

ULcos Ultra-low CO, steelmaking

XRD X-ray diffractometer

XRF X-ray fluroscence
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