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Abstract. Anthropogenic emissions of greenhouse gases (GHG) have increased 
tremendously in recent years and has thus brought global attention towards 
mitigation of GHG emissions. Landfill emissions like methane (CH4) and carbon 
dioxide (CO2) are one of the major contributors of anthropogenic greenhouse gases. 
In recent years, various innovative landfill biocovers have been developed to 
mitigate the emissions of methane (CH4) from Municipal Solid Waste (MSW) 
landfills. However, the problem of CO2 emissions (which constitutes about 50% 
(v/v) of landfill gas (LFG)) from MSW landfills still remains unresolved. An 
innovative cover system which consists of steel slag with biochar amended soil is 
being developed to mitigate CH4 and CO2 emissions from landfills. The biochar 
amended soil is effective in mitigating CH4 emissions by microbial oxidation 
whereas, BOF slag is effective in sequestering CO2 emissions by carbonation 
mechanisms. However, the properties of BOF slag vary based on several factors 
such as mineralogical composition of slag, particle size, moisture content and 
temperature. In this study, batch experiments were conducted with BOF slag at 
different temperatures (7ºC to 54ºC) exposed to a synthetic landfill gas mixture 
(50% CH4: 50% CO2) to analyze the CO2 removal potential of BOF slag. The results 
show that there is significant uptake of CO2 by BOF slag whereas, there is no 
significant trend in CO2 uptake within the range of temperatures tested. 

Keywords. CO2 sequestration, BOF slag, slag type, temperature, biochar, 
carbonation, MSW landfills, landfill cover, landfill gas. 

1. Introduction 

Municipal solid waste (MSW) landfills are one of the major sources of anthropogenic 

greenhouse gas (GHG) emissions. In the year 2016, MSW landfills accounted for 81% 

of the total GHG emissions from the waste sector in the USA amounting to 

approximately 87 million metric tons of CO2 equivalent [1]. Furthermore, MSW landfills 

are the third largest source of anthropogenic methane (CH4) emissions in the USA [2]. 

Global Warming Potential (GWP) of CH4 is 28-36 over 100 years which means it is 28-

36 times more potent than CO2 in trapping heat. Owing to the high GWP and higher 

emission rates of CH4 from MSW landfills, substantial emphasis has been given to the 
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mitigation of landfill CH4 emissions in the recent years. In this regard, various types of 

biocovers incorporating organic rich materials like compost, sewage sludge, peat, etc. 

have been developed to facilitate methanotropic CH4 oxidation [3]. Biochar amended 

soil covers have been successful in enhancing methane oxidation in MSW landfill [3].  

Landfill gas (LFG) is comprised of about 50% CH4 and 50% CO2 [2]. Although 

profuse amounts of work have been done to mitigate landfill CH4 emissions, most of this 

work does not alleviatelandfill GHG emissions as CO2 , which continue are being emitted 

without much attention to mitigation. The concept of using a biogeochemical soil cover 

which incorporates steel slag and biochar-amended soil cover has been introduced to 

mitigate both CO2 and CH4 from MSW landfills [4]. Studies have shown promising CO2 

sequestration potential in steel slag [5-7] under optimized conditions.  

CO2 sequestration by steel slag is governed by various process variables like particle 

size, reaction time, gas pressure, stirring rate, etc. [5]. A varying trend for the effect of 

temperature on CO2 sequestration of steel slag has been reported by various studies. 

Huijgen et al. [5] reported an increasing trend for an increase in temperature from 25 to 

200°C and a decreasing trend at a temperature above 200°C. Ko et al. [8] also reported 

similar observations in their study. Chang et al. [9] observed an increase in degree of 

carbonation of basic oxygen furnace (BOF) slag with increase in temperature from 30 to 

60 °C and then a decrease in carbonation from 60 to 80 °C. In contrast, Quaghebeur et 

al. [10] observed a decreasing trend in carbonation of BOF slag with increase in 

temperature from 20 to 140 °C. Hence, a particular trend with temperature could not be 

established for the carbonation of BOF slag. On the other hand, in all of these studies, 

carbonation conditions were different (e.g., gas composition, gas pressure, moisture 

content, particle size, etc.). 

Landfill covers are subjected to wide variations of temperature due to the seasonal 

variations and heat generation from the anaerobic decomposition of MSW and other 

inorganic exothermic chemical reactions within the landfill. Landfill temperatures as 

high as 60-80ºC has been reported in the literature [11-12]. The purpose of this study was 

to analyze the effect of temperature on the CO2 sequestration capacity of the BOF slag 

under LFG conditions (50% CO2 and 50% CH4 (v/v)). Batch experiments were 

conducted on BOF slags at different temperatures (23 to 54°C) that may prevail in landfill 

covers.  

2. Materials and methods 

2.1. Materials 

The BOF slags used in this study were obtained from the Indiana Harbor East (IHE) and 

Riverdale Steel Mills in Indiana and Illinois, respectively. The IHE BOF slag was 

sampled in March, 2015 and the Riverdale BOF slag was sampled in September, 2017. 

The slag samples were received in a crushed granular form with top sieve size of 10 mm 

(3/8 inch). The BOF slag from IHE steel mill is denoted as IHE and from the Riverdale 

steel mill as Riverdale. A gas mixture of 50% CH4 and 50% CO2 by volume (Praxair 

Distribution, Inc., Illinois) was used as simulated LFG for all the experiments performed 

in this study. 
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2.2. Characterization of slags 

Specific gravity, grain size distribution, hydraulic conductivity, loss on ignition, pH, 

electrical conductivity and carbonate content tests were conducted as per the respective 

ASTM standards as shown in Table 1.  

Mineralogical composition of the two slag samples was determined by X-ray powder 

diffraction (XRD) and Rietveld quantification analyses. 

2.3. Batch experiments 

Batch experiments were performed on each as-received BOF slag under synthetic landfill 

gas conditions under controlled temperatures. A 1 gram sample of each BOF slag was 

mixed with 20% (w/w) water in a 125 ml glass vial and purged with the synthetic LFG 

mixture. Immediately after purging, the vials were closed with rubber septa and secured 

with crimp caps to prevent any loss of gas. The vials were shaken rigorously by hand to 

ensure proper mixing of the slag and gas. The vials were then placed in an incubator at 

controlled constant temperatures of 7 ºC (44.6 ºF), 23 ºC (73.4 ºF) and 54 ºC (129.2 ºF) 

for 24 hours. The temperatures were selected to account for seasonal variations plus the 

additional heat due to microbial decomposition of landfill waste. Three samples of each 

slag for each temperature was prepared and tested to ensure repeatability. A control vial 

with just synthetic LFG was also analyzed to check the loss of gas due to any other 

processes like leakage.  Gas samples from each vial were analyzed by gas 

chromatography (GC) using SRI 9300 GC equipped with a thermal conductivity detector 

(TCD) and CTR-1 column capable of simultaneous analysis of CO2 and CH4. A 1 ml gas 

sample from each vial was extracted by syringe which was then reduced to 0.5 ml before 

analyzing the gas sample to eliminate the effects of pressure on the gas concentrations 

detected by GC. The experiments were performed in triplicate to ensure repeatability. 

3. Results and discussion 

3.1. BOF slag characterization 

The physical, geotechnical and chemical properties of the BOF slags are summarized in 

Table 1. The grain size distributions of the two slags are shown in Figure 1. Both of the 

slags had a majority of sand-sized particles. The IHE slag had the most fines which 

contributed to an average particle size (0.47 mm) nearly three times smaller than the 

Riverdale slag. The specific gravity of the IHE slag was lower than the Riverdale slag 

which may be attributed to the higher carbonate content or aging of the slag. The IHE 

slag showed higher LOI value than the Riverdale sample, which is indicative of aging in 

the IHE slag. 

Mineralogically, the slag composition in terms of major oxides and the mineral 

phases are presented in Table 2 and Table 3, respectively. The IHE slag had lower Fe 

content and higher LOI than the Riverdale slag which could be the reason for the lower 

specific gravity. The major oxides present are consistent with the ranges given by Shi 

[13]. However, the amount of Al2O3 (11.6%) in Riverdale exceeds the range (1-6%) 

given by Shi [13]. The major mineral phases were free lime (CaO), portlandite [Ca(OH)2], 

larnite (Ca2SiO4 or C2S), and calcium ferrite (Ca2Fe2O5 or C2F). The IHE slag had higher 
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amounts of [CaO + Ca(OH)2] (~12%), nearly 3.5 times that of the Riverdale slag. The 

IHE slag contained calcite and vaterite (~5.5%), suggesting the occurrence of aging in 

the slag. The Riverdale slag showed significant amounts of calcium aluminate (Ca3Al2O6 

or C3A) and tetra-calcium aluminoferrite (Ca4Al2Fe2O10 or C4AF) which contributes to 

the hydration properties of the Riverdale slag. 

Table 1. Physical, geotechnical and chemical properties of the BOF slags. 
Properties ASTM Method IHE-3/15 Riverdale 

Specific Gravity D854 3.04 3.46 
Grain Size Distribution: 

Gravel (%) 
Sand (%) 
Fines (%)

D422  
0 
90.5 
9.5

 
15.7 
80.9 
3.4 

D50 (mm) 
Cc 
Cu 

0.47 
0.55 
11.92

1.5 
1.1 
11.6 

Atterberg Limits: 

Liquid Limit (%) 
Plastic Limit (%) 
Plasticity Index (%) 

D4318 Non-Plastic Non-Plastic 

USCS Classification D2487 SP-SM SW 
Hydraulic Conductivity (cm/s) D2434 4.2 x 10-4 4.1 x 10-4 

Loss on Ignition (%) D2974 2.5 0.8 
pH (L/S = 1:1) D4972 12.4 12.1 
Electrical Conductivity (mS/cm) D4972 6.68 14.2 
Carbonate content (%) D4373 17 8 

 

Figure 1. Grain size distribution. 

Table 2 Chemical composition (major oxides) of BOF slag. 

BOF 
slag 

CaO 
(wt %) 

SiO2 
(wt %) 

Al2O3 
(wt %) 

Fe2O3 
(wt %) 

MgO 
(wt %) 

SO3 
(wt %) 

LOI 

IHE 33.7 13.35 3.6 15.4 3.1 0.3 8.6 
Riverdale 40.3 10.9 11.6 28.3 10.8 0.6 0.55 

Note: Analyzed by PMET, Inc., PA 

3.2. Batch experiments 

Figure 2 shows the CO2 removal by the two BOF slags as a function of temperature. 

Figure 2a shows a decreasing trend of CO2 removal for the IHE slag when the 
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temperature was increased from 7 to 54 ºC. In contrast, the Riverdale slag showed an 

increasing trend with increase in temperature. The IHE slag had significantly higher 

amounts of [CaO + Ca(OH)2] (~12 wt%), which are the major mineral phases responsible 

for carbonation in steel slag and hence could be the reason for the decrease in carbonation 

with increase in temperature because the solubility of hydroxides (Ca(OH)2 and 

Mg(OH)2) decreases with increase in temperature [10]. Similarly, the solubility of CO2 

decreases with increase in temperature (0.009, 0.017 and 0.028 mol/L at 54, 25 and 6 °C, 

respectively), possibly limiting the availability of aqueous CO2 for carbonation [5, 10]. 

On the other hand, the Riverdale slag had lower amounts of [CaO + Ca(OH)2] (~3.5 wt%) 

but significantly higher amounts of larnite (~16 wt%). The increase in CO2 uptake of the 

Riverdale slag with temperature can be attributed to the higher silicate content. After 

CaO and Ca(OH)2, calcium silicates are considered to be the most reactive phase for 

carbonation, according to Quaghebeur et al. [10], and the solubility of silicate minerals 

increases with increasing temperature. The increase in solubility of silicates could have 

compensated for the decrease in solubility of CO2 at higher temperatures resulting in a 

net increase of carbonation in Riverdale slag.  

Table 3. Mineralogical composition of the BOF slags (Note: Analyzed by PMET, Inc., PA). 

Mineral Formula IHE  
(wt %) 

Riverdale 
(wt %) 

Lime CaO 2.0-2.2 1-1.2 
Portlandite Ca(OH)2 9.4-9.5 2-2.3 

Larnite Ca2SiO4 9.5-11.4 14.5-16.6 
Calcite CaCO3 2.8-2.9 0.9-1.3 
Vateriate CaCO3 1.8-2.7 - 

Srebrodolskite Ca2Fe2O5 6.6-7.8 - 
Brownmillerite Ca4Al2Fe2O10 - 9-10.4 

Calcium Aluminate (C3A) Ca3Al2O6 - 6.2-6.4 
Bredigite Ca7Mg(SiO4)4 - 2.6-1.9 

Magnesioferrite MgFe2O4 3.3-3.8 4.6-4.9 
Iron Magnesium Oxide Fe0.76Mg0.24O 1.4-1.7 3.5-3.8 

Wuestite FeO 2.5-2.7 1.7-2.2 
Periclase MgO 0.4-0.6 2.7-2.8 
Brucite Mg(OH)2 0.3-0.6 - 

Mayenite Ca12Al14O33 2.7-2.9 3.1-3.3 
Akermanite Ca2MgSi2O7 0.0-6.4 - 
Merwinite Ca3Mg(SiO4)2 0.9 - 

Katoite Ca3Al2(OH)12 3.8-4.3 1.3-1.5 
Amorphous Material 41.7-50.1 40.6-46.1 

 

Figure 2b shows CO2 removal at different points of time over a period of 24 hours 

by the IHE and Riverdale slags. The three triplicate samples were kept for each slag at 

each temperature and the gas concentrations were analyzed at different points of time (0, 

1, 3, 5 and 24th hour). The errors bars show the standard deviation in the CO2 uptake 

between those three samples for each slag and each temperature tested. The control was 

analyzed at each time interval for each temperature tested to see any effect of sampling 

on the concentration of CO2 due to suspected change in partial pressure. The control did 

not show any significant changes over the time of sampling as shown in Figure 3 which 

means there was no significant change in partial pressure of CO2 due to sampling event 

which could be attributed to very small volume (1 mL) being withdrawn from the system 

at each sampling event. Both of the BOF slags showed an increase in CO2 removal with 

increase in reaction time. However, the first three hours showed faster reaction rate 

followed by a reduced rate of removal as shown by the change in slope of the curves in 
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Figure 2b. The IHE slag showed similar CO2 removal up to first 3 hours irrespective of 

the reaction temperatures. The reason could be the presence of higher Ca(OH)2 which 

dissolves rapidly at higher pH. It can be hypothesized that in the beginning of carbonation 

reaction the rapid dissolution of Ca(OH)2 could have suppressed the effect of 

temperature. As the reaction progresses, the effect of temperature dominates the 

dissolution rates of hydroxides and CO2 thereby slowing down the reaction rates. 

 

Figure 2. Removal of CO2 by BOF slags (IHE and Riverdale) a) in 24 hours and b) at different times in 24 
hours as a function of temperature when exposed to synthetic LFG (50% CO2:50% CH4 (v/v)) at an initial 
moisture content of 20% and atmospheric pressure. 

The IHE slag showed notably higher CO2 removal than the Riverdale slag at all 

temperatures tested, which can be attributed to the presence of higher CaO and Ca(OH)2 

content, as these two minerals are considered to be the most reactive mineral phases 

during carbonation in steel slag [5, 9]. On the other hand, lower CO2 removal in the 

Riverdale samples could be attributed to lower CaO and Ca(OH)2 content and higher C2S 

content as calcium silicates are considered to have slower reaction kinetics [5] thus, 

resulting into lower carbonation rates. The Riverdale slag showing lower CO2 removal 

than the IHE slag could also be attributed to the relatively greater mean particle size of 

Riverdale (3 times that of IHE). The average surface area of IHE and Riverdale slag 

based on their mean particle size are 0.44 and 14.14 mm3, respectively and the average 

CO2 removal of Riverdale slag (30. 39 mg/g) is nearly 2.3 times less than that of IHE 
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slag (68.72 mg/g). It shows that there could be an effect of particle size on the CO2 

removal capacity of steel slag which is also shown by other researchers [5, 14]. 

 

Figure 3. Concentration of blank sample at different points of time at room temperature (23 °C). 

The effect of temperature in carbonation of BOF steel slags is a complex 

phenomenon and is dependent on various parameters like mineralogy, solubility of 

minerals and CO2 partial pressure. All of these factors need to be assessed carefully when 

using steel slag for CO2 sequestration applications. 

4. Conclusions 

The following conclusions can be drawn from the current study: 

• BOF slag showed significant CO2 sequestration potential under landfill gas 

conditions at different temperatures.  

• CO2 sequestration potential of BOF slag is a function of mineralogy and particle 

size of the slag. 

• A particular trend for the effect of temperature on CO2 sequestration of BOF 

slag could not be established. Both of the slags in the study showed different 

trends of CO2 removal with temperature. 

• Effect of temperature on CO2 sequestration potential of BOF slag is a complex 

phenomenon. It is a function of solubility of minerals and CO2, and the type of 

minerals present in the BOF slag.  
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