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Abstract 

 

Growing interest in coal seam sequestration has prompted researchers to measure the 

amount of CO₂ adsorption in coal as a potential long-term solution to global warming. 

Low-rank coal is capable of adsorbing CO₂, but most of the time it contains high 

moisture levels, which can make it difficult to adsorb CO₂. The crushing and drying of 

low rank coal was conducted in the laboratory in order to enhance its CO₂ adsorption 

capacity. The purpose of this study was to evaluate CO₂ adsorption capacities and the 

effect of CO₂ adsorption on low rank coal under different coal conditions. CO₂ 

adsorption experiments were conducted at 318.15 K and 0.5 MPa to 3 MPa using a 

volumetric adsorption apparatus. Low temperature nitrogen adsorption (LTNA) and 

scanning electron microscopy (SEM) were used to investigate the effect of CO₂ 

adsorption in this study. 

 

Coal samples of low rank were collected from three coalfields located in the South 

Sumatra Basin, namely West Banko (WB), East Banko (EB), and North Muara Tiga 

Besar (NMTB). All coal samples have similar fixed carbon and volatile matter, but the 

WB area has a lower moisture content. Comparing CO₂ adsorption in samples from 

other countries, samples with lower moisture content showed higher CO₂ adsorption 

capacity, proving moisture is an important factor in CO₂ adsorption. Experimental 

studies showed CO₂ adsorption capacity was greatest in the WB area with the lowest 

moisture content, followed by the EB area with a lower moisture content than the 

NMTB area. Under raw conditions, CO₂ adsorption capacity varies at higher pressures 

(2-3 MPa). Under raw conditions, CO₂ adsorption on both powdered coal and block 

coal from the WB area varies 1.1 times at low pressures (0.5-2 MPa), and 1.4 times at 

high pressures (2-3 MPa). Despite no significant differences in CO₂ adsorption on coal 

blocks under raw conditions, CO₂ adsorption at 3 MPa indicated that samples from the 

WB area exhibited the highest of CO₂ adsorption. According to a comparison at 3 MPa, 
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crushed coal can improve CO₂ adsorption capacity by 1.2 times. In dry conditions at 3 

MPa, CO₂ adsorbed on powder increases by 1.9 to 2.2 times. Coal blocks absorbed 

significantly less CO₂ under dry conditions than coal powder, which increased by only 

1.7 to 1.8 times. Using the fitted curves and correlation coefficients between 

experimental data and Langmuir, Freundlich, and Temkin isotherms, Langmuir and 

Freundlich fit the data the most closely, indicating that CO₂ can be absorbed in a 

monolayer or multilayer. When the adsorption of CO₂ on coal samples from three 

different areas of the South Sumatra Basin is compared, it has been found that the coal 

samples from WB have a greater potential for CO₂ storage due to their lower moisture 

content than those from EB or NMTB. 

 

Adsorption of CO₂ has been studied on coal from five coal seams in West Banko, South 

Sumatra. Due to their lower moisture content and higher fixed carbon, seam B1 and 

seam C resulted in higher CO₂ adsorption than other coal seams. CO₂ adsorption at 3 

MPa was increased by 1.6 to 1.8 times by drying blocks, while CO₂ adsorption was 

increased by 1.9 to 2.1 times by drying powder. The SSE and ARE statistical 

evaluations were used to validate Langmuir and Freundlich are the most accurate 

adsorption models, as they show CO₂ adsorption in both monolayers and multilayers. 

KH values were determined for powder dry coal > block dry coal > powder raw coal > 

block raw coal based on the results of the experiment. The KH value of dry coal is 

higher than that of raw coal because the drying process increases the availability of 

micropores that are capable of adsorbing CO₂. In addition to increasing micropore 

availability, the drying process also increases surface potential and Gibbs free energy. 

CO₂ adsorption on coal is feasible and spontaneous under all conditions. The drying 

process facilitated and enhanced the adsorption of CO₂ into low rank coal. In spite of 

the similarity of coal samples under all conditions, moisture is not the only factor 

affecting CO₂ adsorption in this chapter. There is more moisture in seam B1 than in 

seam C, but there is more fixed carbon in seam B1 than in seam C, resulting in a similar 
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capacity for adsorption of CO₂. As a result of the coal properties of seams B1 and C, 

they are better suited to storing CO₂. 

 

There are different effects that are caused by CO₂ adsorption under different conditions. 

Huminite exhibits a strong correlation with CO₂ adsorption, especially when conditions 

are dry. The adsorption of CO₂ by liptinite is weak in all conditions. There is a negative 

correlation between inertinite and CO₂ adsorption on coal and drying did not affect this 

correlation. LTNA and SEM were used to analyze the change in pore structure 

characteristics associated with CO₂ adsorption under varying conditions. The swelling 

caused by CO₂ adsorption resulted in the reduction of micropores. The presence of 

micropores can still be seen in dry coal after CO₂ adsorption due to the shrinkage of 

coal during the drying process. By SEM analysis, mineral dissolution on coal pores due 

to acidic environments from CO₂ adsorption can be analyzed. Mineral dissolution 

results in a rise in mesopores. For safe CO₂ storage in low-rank coal, CO₂ injection into 

dry coal has a lower chance of swelling than CO₂ injection into raw coal, However, the 

drying process results in shrinkage, which plays a crucial role in considering dry coal's 

potential.   

 

The results of this study could help understand how significant CO₂ adsorption occurs 

at low-rank with different sample preparations and the impact of CO₂ adsorption. 

Furthermore, the results of the study may provide insight for future research. 
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CHAPTER I 

1. Introduction 

 

1.1 General Introduction 

Policies and regulations encourage cleaner energy sources, resulting in a decline in 

long-term coal consumption estimates (Miller, 2017). Most policymakers have a 

consensus that global temperatures should not rise by more than 2 degrees Celsius by 

2050, and more than 80% of the world's coal reserves cannot be exploited (McGlade 

and Ekins, 2015; Meinshausen et al., 2009). Developing energy-efficient and low-

carbon technologies is essential to addressing climate change and meeting the growing 

demand for affordable energy. Despite reducing greenhouse gas emissions associated 

with coal consumption, this energy source can still be efficiently utilized by capturing 

CO₂ that otherwise would be released into the atmosphere and injecting it into deep 

geological formations. 

Low-rank coals are one of the most abundant fossil fuel sources worldwide (Dong, 

2011). Low-rank coal is usually used for electricity generation, hot water production, 

low-grade steam, or other applications (Schobert, 2017). Low-rank coal emits more 

CO₂ than other fuels, such as natural gas, due to its low rank, usually high moisture, 

and low heating value (Agraniotis et al., 2017). Furthermore, low-rank coal energy-

producing facilities, like power plants, will consume more coal but generate less power 

(Lee et al., 2017).  In the near future, there will be fewer opportunities to mine coal, 

and an abundance of unmined coal will be a significant concern, especially for low-

rank coal. Manufacturing coal absorbent for carbon capture and storage represents one 

solution for low-rank utilities. The injection of CO₂ into low-rank coal may serve as a 

carbon storage system and enhance coal bed methane recovery (Ranathunga et al., 

2017). The proven CBM resources in China are primarily concentrated in low-rank 

coals, which account for more than 40% of the total proven CBM resources (Yu and 

Wang, 2020). The presence of a large number of micropores is capable of adsorbing 
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large amounts of methane (Yang et al., 2021). Low-rank coal contains more micropores, 

so it has a greater probability of diffusing CH₄ (Laxminarayana and Crosdale, 1999; J. 

Zhao et al., 2018). This potential value makes CO₂ an attractive prospect for enhanced 

coal bed methane. 

In order to gain a better understanding of CO₂ storage in low-rank coal, it is 

necessary to gain a basic understanding of the process. Adsorption is the mechanism 

by which carbon dioxide is stored in coal seams since bonds are formed between the 

molecules of an adsorbate and an adsorbent. The adsorption of CO₂ on low-rank coal 

is complex in some studies. Low-rank coal generally absorbs the least amount of CO₂ 

compared to other coal ranks (Goodman et al., 2004). The cause of this phenomenon 

can be attributed to the fact that low-rank coal is more affected by moisture than high-

rank coal (Day et al., 2008). For laboratory-scale CO₂ adsorption, CO₂ is typically 

adsorbed in a dry and powdery form to minimize the effects of moisture and maximize 

the available surface area. Nevertheless, this situation differs from natural conditions 

in which underground coal is always saturated with water and deposits in a massive 

form. A challenging gap in the adsorption capacity measurement of low-rank coal 

exists since the samples for the experiment have yet to be prepared under natural 

conditions. 

The purpose of this study is to utilize a volumetric approach to measure the 

adsorption capacity of low-rank coal in various sample preparations. In this study, low-

rank coal samples are taken from different areas and coal seams of Indonesian coal 

field. The adsorption capacity of these samples was determined at 318.15 K and 

pressures up to 3 MPa in steps of 0.5 MPa. Further analysis should be conducted to 

confirm the relationship between adsorption capacity, the available space for molecules 

to adhere, and the effect of CO₂ adsorption on low-rank coal. 
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1.2 Hypotheses and objectives  

This study evaluated CO₂ adsorption capacities on low rank coal under different 

coal conditions and its effect on CO₂ adsorption. Low-rank coal known has the 

potential to serve as an effective and economical source of carbon sequestration. Many 

researchers have studied the adsorption capacity of coal-containing moisture and 

massive coal samples to find similar results to those measured in the field. Research on 

a different method of data preparation and comparison of data from a coal basin with 

different areas and seams remains to be done. Thanks to PT Bukit Asam and the 

Unconventional Geo-Resources Research Group at Universitas Gadjah Mada provided 

low-rank coal from various areas and seams. Furthermore, preparing different 

conditions of coal samples and measuring adsorption capacity with a volumetric 

apparatus were conducted at Kyushu University. The purpose of this research is to 

address the following questions: 

a. What are the effects of different coal preparations on the CO₂ adsorption 

capacity of low-rank coal? 

b. How does CO₂ adsorption capacity affect different areas and coal seams? 

c. What is the effect of CO₂ adsorption in low-rank coal under different 

conditions?  

The adsorption capacity of low-rank coal was measured in order to resolve this issue 

and address several discrepancies. Moreover, different characterization tests are 

conducted to determine the influence of CO₂ adsorption on low-rank coal. 

 

1.3 Outlines 

Chapter 2 presents an overview of CO₂ adsorption in coal and reviews studies 

conducted to assess the effect of various influencing parameters. It also provides a brief 

overview of the methods used for measuring adsorption factors. In addition, recent 

studies on the adsorption of CO₂ in low-rank coal are discussed to demonstrate the need 

for this research. 
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In Chapter 3, an experiment was conducted to examine the adsorption capacity of CO₂ 

in coal seams from different areas. In order to determine the results, coal samples were 

divided into four categories: block-raw, block-dry, powder-raw, and powder-dry. 

Experimental results of volumetric adsorption at pressures ranging from 0.5 MPa to 3 

MPa were observed. The CO₂ adsorption capacity of different areas is analyzed based 

on various conditions and the adsorption isotherm. 

 

It was discussed in Chapter 4 how much CO₂ could be absorbed in potential coal seams 

from a potential area. CO₂ adsorption capacity from different coal conditions was 

analyzed following adsorption affinity and different adsorption isotherm models. It is 

presented and discussed that a thermodynamic analysis of CO₂ adsorption surface 

potential and Gibbs free energy change has been conducted. 

 

The purpose of Chapter 5 is to examine the effect of CO₂ adsorption under different 

coal conditions. This chapter discusses organic petrography and surface analyzer 

apparatus specifications. In addition, a scanning electron microscope analysis was 

presented to enhance the results. 

 

In Chapter 6, a summary of the research is provided, and recommendations are made 

for possible future research. 
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CHAPTER II 

2. Literature review 

 

2.1 History of CO₂ adsorption on coal 

The extraction of coal bed methane (CBM) from coal seams has been 

undertaken for many years with great success (Alexis et al., 2015). Evidence shows 

that gas injection can provide maximum recovery of up to 90% of methane (Zarrouk 

and Moore, 2009). The extraction process comprises gas injection into the CBM 

reservoir, followed by the selective adsorption of the gas on the coal surfaces and in 

the coal pores, methane desorption from the coal matrix, and methane flow along 

fractures in the bed based on Darcy’s Law (Godec et al., 2014; Harpalani and 

Schraufnagel, 1990; Mukherjee and Misra, 2018; Qi et al., 2017; Vishal et al., 2018) 

(Figure 1). Adsorption and gas injection rates in the coal bed play a crucial role in 

helping determine the extent to which methane is recovered from the coal (Hol et al., 

2011; Kim et al., 2011; Mukherjee and Misra, 2018; Pan and Connell, 2007). Accurate 

predictions of gas adsorption must also consider the possibility of sequestration of the 

injected gas (Godec et al., 2014). CO₂ is an acidic gas (Zhou et al., 2019a) that has been 

widely used for methane recovery from ECBMs due to its high extraction efficiency 

(Shimada et al., 2005). There is a high adsorption affinity between coal and CO₂, which 

results in the gas being adsorbed rapidly and seeping into micropores of the coal  

(Beamish and Crosdale, 1998; Busch et al., 2007, 2004; Cui et al., 2004; Karacan and 

Mitchell, 2003; Yamazaki et al., 2006; Zheng et al., 2013). Additionally, the CO₂ 

molecule is small in diameter and can replace the methane that was originally present 

in the micropores (Bhowmik and Dutta, 2013; Oudinot et al., 2017; Shimada et al., 

2005).  The storage capacity of CO₂ may be affected by temperature and pressure, both 

of which may result in a change in the coal structure and permeability (Battistutta et 

al., 2010; Charrière et al., 2010; Fang et al., 2019; Li et al., 2018; Merkel et al., 2015; 

Wang et al., 2020; J. Zhao et al., 2018). 
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Figure 1. The ECBM extraction process based on gas injection. Adapted from (Godec et al., 2014; 

Harpalani and Schraufnagel, 1990; Mukherjee and Misra, 2018; Qi et al., 2017; Vishal et al., 2018) 

 

2.2 Parameters affecting adsorption capacity 
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condition, moisture content, maceral content, and pore distribution. 
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adsorption studies is in the range of 100-60 mesh (A. Busch et al., 2003; Mastalerz et 

al., 2004), whereas coal block samples are typically 2 cm (Kim et al., 2019). In 

comparison to coal blocks, crushed coal exhibits greater diffusivity and requires less 

measurement time to reach equilibrium (Battistutta et al., 2010; Ozdemir et al., 2004; 

Pone et al., 2009). Although crushed coal is an effective adsorbent, it has several 

harmful effects. As an example, this material will have damaged pores with opened 

pores. Thus, the sample surface area will be increased in such a way as to increase the 

adsorption capacity (Olajossy, 2017) artificially. The crushed coal is relatively 

challenging to observe shrinkage or swelling because of adsorption, compared with 

trials using coal block (Skoczylas et al., 2019). 

 

2.2.2 Moisture Effects 

Moisture is an influential factor in adsorption because water molecules are highly polar 

(Švábová et al., 2012), altering the gas adsorption kinetics, mechanisms, and capacities 

(Battistutta et al., 2010). For the purpose of predicting optimal carbon storage and 

production of ECBM, there are two possible scenarios. In the first scenario, CO₂ will 

be injected along with CBM production, while in the second scenario, CO₂ will be 

injected after CBM production (Figure 2) (Van Bergen et al., 2011). The first scenario 

was based on coal in its natural state, while the second scenario made optimal use of 

dewatering and degassing methane to make coal drier. Thus, it becomes interesting to 

investigate the adsorption of coal both raw and dry. An ECBM extraction trial using 

moist and dry coals found that the adsorption efficiency of the coal was significantly 

better under drier conditions when compared to moist coals (Hao et al., 2018). Gas 

adsorption occurs when moisture-occupied adsorption sites become available for gas 

adsorption  (Chen et al., 2018; Laxminarayana and Crosdale, 1999). Previously, it was 

mentioned that dry coal possesses the highest adsorption capacity for coal gas; however, 

because coal in the field contains natural moisture, this can result in a significant 

correction factor that has to be taken into consideration (Busch et al., 2004; Cai et al., 

2013).  
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Figure 2 CO₂ injection scenarios for ECBM modified from (Van Bergen et al., 2011) 

 

2.2.3 Maceral Effects 

In coal, organic matter is referred to as the maceral component, and it is this material 

that plays a significant role in the adsorption of gases (A. Busch et al., 2003). The 

feasibility of ECBM recovery is generally determined by evaluating the huminite 

content of the coal (Godec et al., 2014). As well as its intrinsic properties, huminite 

also affects the pore structure of coals (Bustin and Clarkson, 1998), and in particular 

the coal micropores and the pore distribution in coals (Shen et al., 2019). Several 

studies have shown that there is an association between a high huminite content and a 

substantial void volume (Rodrigues and Lemos De Sousa, 2002), a larger specific 

surface area (SSA) (Skoczylas et al., 2019) as well as an increase in adsorption capacity 

(Kumar et al., 2019). Due to the presence of huminite, coal reacts more effectively to 

CO₂ injections and swells more readily (Karacan and Mitchell, 2003; Larsen, 2004).  
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Liptinite is the second type of maceral that affects coal mesopores (Shen et al., 2019). 

It has been found that liptinite can allow the adsorption of CO₂ to occur due to its ability 

to promote surface diffusion and act as a medium for gas transportation while adsorbing 

CO₂ (Karacan and Mitchell, 2003). Huminite and liptinite differ from inertinite because 

they have more macropores than micropores (Unsworth et al., 1989). Inertinite reduces 

the apparent surface area of coal due to the presence of macropores (Shen et al., 2019), 

allowing equilibrium to be reached faster (Keshavarz et al., 2017), as well as causing 

significant swelling upon CO₂ injection (Larsen, 2004). 

 

2.2.4 Coal Pore Effects 

Figure 3 presents the nuclear magnetic resonance (NMR) analysis of pore size 

distribution curves for coal of various ranks (Qin et al., 2020). In low-rank coal, there 

are irregularly shaped and poorly connected primary epigenetic pores. Specifically, the 

pore structure of coal, including pore size distribution, pore volume, specific surface 

area, pore shape, pore connectivity, and porosity, is essential to fluid migration. Even 

though the dehydration of lignite to low-rank coal reduces the moisture content and 

oxygen-to-carbon ratios (Levine, 1993), low-rank coal exhibits a high degree of 

porosity and low pore compressibility (Oudinot et al., 2017).  

A number of studies have shown that the injection of CO₂ will likely cause coal to swell 

as a result of the CO₂ being injected (Busch and Gensterblum, 2011). Carbon dioxide 

dissolves in the coal structure and changes the coal pore structure (Battistutta et al., 

2010). Moreover, the experiment at low-rank illustrates the complexity of CO₂ 

injection, especially considering that different types of coal display varying swelling 

characteristics as a result of CO₂ injection (Anggara et al., 2014). It is crucial that 

research is conducted into the sorption and transport characteristics of CO₂ in low-rank 

coal in order to ensure that CO₂ is safely stored. 
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Figure 3 Pore-distributions in different coal ranks as determined using an NMR method. Modified from 

(Qin et al., 2020)  
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that can occur (Zhou et al., 2019a). As the temperature increases, the gas adsorption 

capacity of the coal matrix decreases, the residual force on the coal matrix surface is 

reduced, and the bonds between gas molecules and the coal matrix are broken 

(Abunowara et al., 2020). Therefore, it is detrimental to increase the temperature 

because it will result in gas desorption rather than adsorption (Hao et al., 2021). In 

addition, CO₂ injections over 4 MPa at 323 K have a marginal effect on the cumulative 

desorption of CH₄ gas (Wen et al., 2022).  

 

2.3 Adsorption measurement methods 

A volumetric approach is commonly used to calculate the CO₂ adsorption in coal 

(Romanov et al., 2006). Adsorption is assessed using volumetric methods employing 

variations in the pressure of the adsorbate gas in the sample (Day et al., 2005; Siemons 

and Busch, 2007; Sudibandriyo et al., 2003; White et al., 2005). A related equation is 

presented in (Sudibandriyo et al., 2003) 

∆𝑛𝑒𝑥 =  (
1

𝑅𝑇𝑚
) (𝑉𝑟𝑐 (

𝑃𝑟𝑐𝑖

𝑍𝑟𝑐𝑖
−

𝑃𝑟𝑐𝑓

𝑍𝑟𝑐𝑓
) − 𝑉𝑣𝑜𝑖𝑑 (

𝑃𝑠𝑐𝑓

𝑍𝑠𝑐𝑓
−

𝑃𝑠𝑐𝑖

𝑍𝑠𝑐𝑖
)) 

The value of Z is calculated using the equation (Abunowara et al., 2020) 

𝑍 = 1 + (0.083 −
0.422

𝑇𝑟
1.6 ) 

𝑃𝑟

𝑇𝑟
+ 𝜔 (0.139 −

0.172

𝑇𝑟
4.2

)
𝑃𝑟

𝑇𝑟
 

𝑃𝑟 =
𝑃

𝑃𝑐
 

𝑇𝑟 =
𝑇

𝑇𝑐
 

 

2.4 Adsorption Isotherms 

Isotherms of adsorption provide information about physical adsorption at equilibrium 

pressure. The Langmuir, Freundlich, and Temkin methods are commonly used to 

analyze coal adsorption isotherms. The three methods described above assess different 

types of adsorptions and generate different types of curves. 
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2.4.1 Langmuir isotherm model 

Based on dynamic equilibrium, the Langmuir method is used in conjunction with type 

I isotherms (Clarkson et al., 1997). According to this method, results are similar to 

those observed in experiments (Kumar et al., 2019) since the Langmuir pressure is 

generally reduced with an increase in moisture concentration (Guo et al., 2015). 

Langmuir's model has the disadvantage of involving only monolayer adsorption on 

solid surfaces (Adams, 2014; Montoya et al., 2014). The adsorption used in this method 

of calculation is (Langmuir, 1918) 

𝑉 =  
𝑉𝐿 𝑃

𝑃𝐿  + 𝑃
, 

 

2.4.2 Freundlich isotherm model 

The Freundlich model refers to the heterogeneity of coal surfaces due to the presence 

of distinct adsorption energies in the formation of multilayers (Mahmoud et al., 2019). 

𝑄𝑒 calculated with detailed as follows (Guarín Romero et al., 2018). 

𝑄𝑒 = 𝐾𝑓𝑃𝐶𝑂2

1
𝑛 

 

2.4.3 Temkin isotherm model 

An adsorption isotherm model is applied to evaluate the adsorption potential of CO₂ on 

the surface of coal using the Temkin model. Temkin's equation for the isotherm model 

can be expressed as follows (Mabuza et al., 2022). 

𝑞𝑒 =  
𝑅𝑇

𝑏𝑇
𝑙𝑛(𝐴𝑇𝑃𝑒) 

The linear form of this expression is: 

𝑞𝑒 = 𝐵𝑇𝑙𝑛𝐴𝑇 + 𝐵𝑇𝑙𝑛𝑃𝑒 

Where, 

𝐵𝑇 =
𝑅𝑇

𝑏𝑇
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2.5 Gibbs free energy and surface potential 

Adsorption on coal surfaces can be understood based on thermodynamic parameters, 

such as change in Gibbs free energy (∆G) and surface potential (Ω) (Du et al., 2021a). 

The energy released from the adsorbate attaching to the adsorbent surface, otherwise 

known as the surface potential (Ω) can be determined as (Hao et al., 2021). 

𝛺 =  −𝑅𝑇 ∫
𝑉

𝑃

𝑃

0

 𝑑𝑃 

The Gibbs free energy  (∆G) is an indicator of the reaction spontaneity and is calculated 

as (Hao et al., 2021). 

∆𝐺 =
𝛺

𝑉
 

 

2.6 Adsorption effects 

Low-rank coal's maceral content and pore size have a distinct correlation. Coal 

deposition significantly affects maceral content, whereas coalification has a more 

significant impact on pore size. Several internal and external factors affect the process 

of coal porous formation and evolution. The internal factors include coal quality as 

well as maceral composition. External factors include metamorphism and surface water, 

which can cause moisture to accumulate within the coal. External factors that affect the 

pore architecture of coal pore surfaces include their size, surface area, and internal pore 

structure (Mangi et al., 2020).  

Various additional measurement devices may be employed to assess the change in 

volume within an instant (Romanov et al., 2006). A pressure-based methodology can 

demonstrate early fracturing and indicate higher gas release levels than non-pressured 

methods (Pirzada et al., 2018). The increase in adsorption pressure promotes the 

expansion of the coal matrix, resulting in a reduction in cleat apertures and the closure 

of pre-existing fractures (Pone et al., 2009). As a preventative measure, this study 
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analyzes the effect of CO₂ adsorption on coal pores and surfaces under different coal 

conditions to prevent an error.  

Adsorption of nitrogen at low temperatures was used to evaluate the effect of 

adsorption on coal pores. Micromeritics Instrument Corporation manufactured the 

surface analyzer and pore-size distribution determiner used for determining the pore 

parameters of coal samples by nitrogen adsorption at low temperatures. Samples were 

pulverized into 0.5 mm and then vacuum dried for 6 hours in an oven at 80 Celsius. 

Following the drying of the coal sample, pressurized nitrogen injection was performed 

at 77 K. Porous volume and specific surface area was measured using the Brunauer, 

Emmet, and Teller (BET) method. BET equation to calculates adsorption as follows 

(Clarkson et al., 1997): 

1

V(
𝑃0

𝑃 − 1)
=

1

𝑉𝑚𝐶
+

𝐶 − 1

𝑉𝑚𝐶 
(

𝑃

𝑃0
) 

The total surface area (St, m
2/g) can be derived from (Anovitz and Cole, 2015). 

𝑆𝑡 =
𝑉𝑚𝑁𝐴𝑉𝐴𝑐𝑠

𝑀
. 

In contrast, porosity size distribution (PSD) was measured using the Barret, Joyner, 

and Halenda method (BJH). PSD curves can be analyzed qualitatively to determine 

dominant pore size, range of pore size, and PSD peak (Nie et al., 2015). The BJH 

calculation is expressed by (Li et al., 2019): 

𝑟𝑚 =
2𝛾𝑉𝑚

𝑅𝑇𝑙𝑛(𝑃 𝑃0⁄ )
, 

Coal surface adsorption was investigated using a scanning electron microscope (SEM). 

This technique is usually used to determine the porous structure of coal samples as well 

as the degree of pore-fracture (Li et al., 2012; Wan et al., 2015). As part of this study, 

SEM was employed to analyze pore connectivity as well as cracks with a width of 1-2 

μm (Ma et al., 2017).  Even though SEM can determine pore size, it has some 

limitations. Considering that SEM cannot identify uneven surfaces, the sample should 

be polished before SEM analysis (Harpalani and Schraufnagel, 1990).
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CHAPTER III 

3. CO₂ Adsorption on Low-Rank Coal from Different Area 

 

3.1  Introduction 

Carbon dioxide storage is one of the alternatives available for reducing carbon dioxide 

emissions to the atmosphere. In terms of its ability to store CO₂ over a long duration, 

geological storage is one of the most effective methods. Geological storage has been 

shown to contain large volumes of CO₂ while providing benefits such as reduced 

negative impacts and improved oil recovery (AlRassas et al., 2021; Khanal and 

Shahriar, 2022; Safaei-Farouji et al., 2022; Vo Thanh et al., 2019). Coal seams facilitate 

the geological sequestration of CO₂ since the carbon dioxide bonds with the coal, 

resulting in the CO₂ becoming physically trapped (Wahid et al., 2018). The primary 

mechanism for storing CO₂ in coal seams is adsorption, which accounts for 

approximately 95-98% of the total storage (De Silva et al., 2012). Moreover, CO₂ 

causes CH₄ to escape from the coal seam, thus leading to enhanced coal bed methane 

(ECBM) that is expected to reduce the costs associated with sequestration (Anggara et 

al., 2016, 2014; Day et al., 2010).  

The adsorption capacity of low rank coal can be higher than that of high rank coals 

(Kolak and Burruss, 2004; Sripada et al., 2018). However, low rank coal has the 

greatest capacity for water adsorption compared to higher rank coals (Liu et al., 2018). 

Identifying the possibility of increasing CO₂ storage in coal seams has become an 

exciting topic due to changes in moisture content (Abunowara et al., 2020; Gao et al., 

2019; Hao et al., 2018). It has been established in many studies that there is a difference 

in storage capacity of CO₂ between dry and wet coal due to moisture content (Chen et 

al., 2018; Pan et al., 2010; Švábová et al., 2012). 

Traditionally, coal powder samples have been used to study the effects of moisture on 

the adsorption of CO₂ (Abunowara et al., 2020; Gensterblum et al., 2013). Especially 

in low-rank coals, the powdering process has affected the porous structure (Mangi et 
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al., 2022). For adsorption experiments using coal powder samples, additional analysis 

is required due to physical changes causing variations in the amount of gas adsorbed 

(Anggara et al., 2010). However, a significant disadvantage of using coal powder is 

that it needs to properly represent the underground storage conditions that occur when 

coal is compacted. In order to resolve this problem, one possible method is to compare 

gas adsorption on coal powder and compact coal samples (Kim et al., 2019).  

Understanding CO₂ adsorption on coal is challenging not only due to coal conditions 

but also due to the way it occurs. The adsorption isotherm model describes CO₂ 

adsorption on coal. Adsorption isotherm models such as Langmuir, Freundlich, and 

Temkin are widely used to analyze adsorption capacity (Mabuza et al., 2022). There 

have been only a few publications that report isotherm parameters based on a various 

of coal sample conditions. 

South Sumatra coal has varying moisture contents (Sosrowidjojo, 2013) and is 

primarily low-rank coal (Amijaya and Littke, 2005). In Indonesia, the South Sumatra 

coal basin is one of the largest and most significant coal mining areas (Amijaya and 

Littke, 2005; Belkin et al., 2009). There is the potential for CBM resources from this 

area to amount to up to 40% of the total potential for coal reserves in Indonesia (Wahid 

et al., 2018). Researchers in the South Sumatra Basin has evolved from studying CBM 

to investigating ECBM recovery. Coal samples from the South Sumatra Basin were 

taken and are being studied for their potential for CO₂ geological storage as well as 

ECBM recovery (Anggara, 2017; Anggara et al., 2010). It has also been studied 

whether ECBM can be recovered from the South Sumatra CBM field using numerical 

simulations (Wahid et al., 2018). Further, South Sumatra coal exhibits heterogeneous 

coal characteristics, which may influence the adsorption of CO₂ into coal (Afikah et al., 

2018). In most of these studies, the adsorption characteristics of coal samples from non-

specific regions have been examined. According to the study, there is a significant 

value in increasing the accuracy of CO₂ adsorption predictions in South Sumatra. 

This study aims to comprehensively assess coal characteristics and sample preparation 

procedures for evaluating CO₂ adsorption capacity, along with an analysis of isotherm 
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parameters. The progress in identifying the CO₂ adsorption capacity of coal is shown 

in Figure 4. Three samples were taken from the thickest coal seam in the South Sumatra 

basin (seam B) from three separate locations (Figure 5). Then, samples were prepared 

from powdered coal and blocks of coal in dry and raw coal conditions. The study used 

samples under various conditions with CO₂ adsorption at the maximum pressure of 3 

MPa and 318.15 K to examine the possibility of CO₂ storage. CO₂ adsorption in coal 

in various forms and under different conditions has been studied using the volumetric 

method. This isotherm parameter was obtained using the Langmuir, Freundlich, and 

Temkin isotherm models. 

 

Figure 4 General sketch of CO₂ adsorption on coal with various conditions 
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Figure 5 The location of the research area in South Sumatra Basin, Indonesia 

 

3.2 Experimental preparation 

3.2.1 Coal characteristic measurements 

Several samples from the South Sumatra Basin, Indonesia, have been collected and 

selected coal seams from three areas, namely West Banko (WB), East Banko (EB), and 

North Muara Tiga Besar (NMTB). Coal samples collected from WB and EB were 

banded-dull, while coal samples collected from NMTB were dull (Figure 6). The 

moisture content of coal powder has been determined based on ASTM D3173-73 

guidelines by weighing an approximately 1 g of coal at room temperature, then heating 

it to 105 °C and reweighing the sample after it has cooled down. 

 

 

Figure 6 The lithotype of coal samples from (a) WB, (b) EB, and (c) NMTB 
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3.2.2 Adsorption measurements 

The coal samples used for the adsorption analysis were obtained by crushing into 

particles of 0.25 mm (60 mesh), and by creating coal blocks out of irregular-shaped 

coal and smoothing them with sandpaper to make them uniform in size (Table 1).  

Table 1 Coal sample from all coal fields in different coal forms 

Sample ID Coal powder Coal block 

WB 

 
 

EB 

  

NMTB 

 
 

 

The EB coal block sample was found to be more brittle and had more cleats than the 

other coal block samples. Adsorption experiments were conducted using coal blocks 
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and 5 grams of coal powder from all coalfields. To remove moisture from coal samples, 

samples were dried in a vacuum oven for 2-5 hours at 105 degrees Celsius until their 

weights remained constant. To avoid oxidation or moisture contamination after the coal 

samples had been dried, they were transferred abruptly to the sample cell. The 

flowchart below illustrates the steps of the experimental process for identifying CO₂ 

adsorption on coal (Figure 7). 

 

 

Figure 7 Flowchart of experimental process in this study 
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3.2.3 Experimental setups 

CO₂ adsorption on coal was determined by the volumetric method in this study. This 

study examined coal powder and coal blocks using different equipment. Since 

conventional equipment only allows a small volume to be analyzed, CO₂ adsorption on 

coal powder is commonly studied using conventional equipment. Newly manufactured 

equipment for analyzing CO₂ adsorption on coal blocks in large quantities. It is 

designed with a curved bottom to allow CO₂ to be absorbed on all sides of the coal 

block adsorption equipment. For coal powder, the 𝑉𝑟𝑐 was 40 cm3 and 𝑉𝑠𝑐 was 75 cm3 

(Figure 8a). The 𝑉𝑟𝑐 and 𝑉𝑠𝑐 were the same for the coal block, 201 cm3 (Figure 8.b). 

The entire setup was maintained at a constant temperature (318.15 K). The 𝑉𝑣𝑜𝑖𝑑 was 

calculated by subtracting sample volume from empty sample cell volume (Andreas 

Busch et al., 2003).  

 

Figure 8 Volumetric method for (a) coal powder and (b) coal block 
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3.3 Results and Discussion 

3.3.1 Coal characteristic 

In this study, low rank coal samples ranged in moisture content from 16.67% to 23.40% 

but showed similar fixed carbon content. In Table 2, details of the proximate analysis 

are presented.  

Table 2 Results of proximate analysis of coal samples from different area 

 

 

 

 

 

 

 

 

Samples from three different areas varied in moisture content, but the fixed carbon and 

volatile matter values were comparable (Figure 9a). Moisture has a greater degree of 

change than fixed carbon and volatile matter compared to the lowest values of moisture 

content, fixed carbon, and volatile matter (Figure 9b). The moisture content of coal 

from West Banko (WB) was lower (16%, a.r.) than coal from East Banko (EB) (22%, 

a.r.) and North Muara Tiga Besar (NMTB) (23%, a.r).  
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Figure 9 (a) The result of proximate analysis and (b) the differences coal samples with samples contained 

the lowest value of moisture, fixed carbon and volatile matter 

 

3.3.2 CO₂ adsorption measurement 

The adsorption of CO₂ over coal forms and moisture content of coal has been studied. 

The equilibrium time varies depending on the parameters that are being used. Raw coal 

blocks took the longest time to reach equilibrium, while dry coal powder took the 

shortest time to reach equilibrium. It is estimated that it takes about 12 hours for raw 

coal powder adsorption to achieve equilibrium at every pressure step, whereas dry coal 

powder adsorption takes about 6-10 hours.  

Observations have shown that raw coal blocks require 24-30 hours to reach equilibrium 

at every pressure step, while dry coal blocks require 14-16 hours at every pressure step, 

according to experimental data. In this study, the amount of gas that has been 

experimentally determined as adsorbed on coal is called excess adsorption. After 

adjusting the parameters for coal form and moisture content, it was observed that the 

adsorption of CO₂ followed a consistent pattern as a result of adjusting the parameters 

(Figure 10). 
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Figure 10 CO₂ adsorption on the difference between coal form and moisture: (a) powder samples under 

raw conditions, (b) powder samples under dry condition, (c) block samples under raw conditions, and 

(d) block samples under dry conditions. 

 

In comparison to coal samples that are powdered and dry, there is a significant 

difference in the amount of CO₂ adsorption that occurs between coal samples that are 

block coal and coal samples that are raw coal. Based on the results of the study, it can 

be concluded that the amount of CO₂ adsorption to coal was greater regardless of the 

method used for preparing the coal as well as the difference in air pressure under all 

circumstances. 
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It was found that under raw conditions of 0.5 to 2 MPa, CO₂ adsorption on coal powder 

was similar in all areas of the experiment. During increased pressure conditions, 

particularly between 2 and 3 MPa, the region of the WB that had the lowest moisture 

content exhibited the greatest CO₂ adsorption capacity, followed by the region of the 

EB that had a lower moisture content than the region of the NMTB when pressure 

conditions increased. 

It is noteworthy that the results obtained from block coal under raw conditions were 

similar to those obtained from powder coal under raw conditions. Although there was 

an increase in pressure, it was not as significant as that observed in powder coal. As a 

comparison, CO₂ adsorption on powder and block coal from the WB area is 1.1 times 

greater at lower pressures (0.5-2 MPa), and 1.4 times greater at higher pressures (2-3 

MPa). There were no significant differences between coal blocks adsorbing CO₂ under 

raw conditions, which made it difficult to determine whether they were different. In 

spite of this, CO₂ adsorption measurements at 3 MPa indicate that samples from the 

WB area have the highest CO₂ adsorption values. The capacity of crushed coal to 

adsorb CO₂, depending on the pressure at which it is crushed, can be increased by 1.2 

times at 3 MPa. 

There was no significant difference in the drying process between coal powder and coal 

blocks even though the pressure was increased. When CO₂ is adsorbed on powder 

under dry conditions at 3 MPa, it increases the capacity of the adsorption of CO₂ by 1.9 

to 2.2 times. The dry concentration of CO₂ absorbed by coal blocks was much lower 

than that absorbed by coal powder, which increased only by 1.7 to 1.8 times. 

 

3.3.3 Comparing low-rank coal with other countries in CO₂ adsorption 

Besides evaluating the adsorption capacity of the coal in the studied area, similar coal 

ranks from different coal fields in different countries were also evaluated (Table 3). 

The results of this analysis were compared against those of another sample, which 

showed a comparable trend. In comparison with other sources of low rank coal that 
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have been investigated, it can be said that South Sumatra coal has similar characteristics 

to low rank coal that comes from Malaysia.  

As a result of comparing the results at 3 MPa, Malaysian low rank coal has a higher 

CO₂ adsorption capacity as compared to South Sumatra low rank coal. In these cases, 

it can be attributed to the lower moisture content of low rank coal from Malaysia (11-

13%) (Abunowara et al., 2016) in comparison to coal samples from South Sumatra (16-

23%). Considering that drying coal will enhance its ability to adsorb CO₂, there may 

be a possibility of increasing the CO₂ adsorption capacity of the study's results through 

the reduction or elimination of moisture content.
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Table 3 Summary of the CO₂ adsorption on low rank under various conditions 

Coal sample Coal form Experimental 

temperature 

Experimental 

pressure 

Wet CO₂ 

adsorption 

capacity 

(mmol g-1) 

Dry CO₂ 

adsorption 

capacity 

(mmol g-1) 

Ref 

Bituminous Czech, 

Republic coal samples 

Coal powder 

(2 mm) 

318 K and 328 

K 

0.1-0.8 MPa 0.98 1.2 (Weniger et al., 

2012) 

High to low volatile 

bituminous Czech, 

Republic coal samples 

Coal powder 

(0.2 mm) 

318K  20 MPa 0.75 1.29 (Švábová et al., 

2012) 

Subbituminous US coal 

samples 

Coal powder (150-

500 μm) 

328 K 12 MPa 0.68 0.95 (Romanov et al., 

2013) 

Subbituminous 

Malaysian coal samples 

Coal powder (2.5-5 

cm) 

348 K 6 MPa 0.2 0.7 (Abunowara et 

al., 2020) 

Subbituminous China 

coal samples 

Coal core 323.15 K 16 MPa  0.3 (Zhang et al., 

2018) 

High volatile bituminous 

Indonesian coal samples 

Coal powder  

(0.25 mm) 

318.15 K 3 MPa 0.082 0.17 This study 

Coal block (1x1 cm) 318.15 K 3 MPa 0.065 0.12 
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3.3.4 Isotherm analysis 

Based on experimental data, the least-squares method was used to estimate the 

Langmuir, Freundlich, and Temkin isotherm models in Excel using the Excel solver 

function. This was done in order to draw a curve fitting each of these models based on 

the experimental data (Figure 11).  

 

  

  

Figure 11 Comparison of different CO₂ adsorption experiment and isotherm fitting curve from WB coal 

samples with various conditions: (a) powder samples under raw condition, (b) powder samples under 

dry condition, (c) block samples under raw condition, and (d) block samples under dry condition 

 

There is a correlation between the experimental data and the model data (R²), which 

indicates that both a Langmuir isotherm model and a Freundlich isotherm model can 
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be fitted (Table 4), indicating that monolayer and multilayer adsorption of CO₂ has 

been observed. In the Temkin isotherm model, there is a poor correlation between the 

experimental data and the model predictions. It is apparent that the Temkin equations 

are inadequate for describing complex adsorption systems, such as isotherms in the 

liquid phase. Due to the uncertainty associated with the Temkin equation, it was not 

possible to accurately assess the potential for coal surfaces to adsorb CO₂. 

 

Table 4 CO₂ adsorption isotherm model from different area 

Area 
Coal 

condition 

Isotherm model 

Langmuir Freundlich Temkin 

VL PL R² n K R² BT KT R² 

WB 

powder 
Raw 0.19 4.08 0.9996 0.75 0.04 0.9990 0.03 3.18 0.9789 

Dry 0.36 3.91 0.9997 0.74 0.07 0.9993 0.07 3.16 0.9867 

block 
Raw 0.18 5.27 0.9982 0.80 0.03 0.9984 0.03 3.07 0.9762 

Dry 0.29 4.66 0.9960 0.78 0.05 0.9988 0.05 3.22 0.9796 

EB 

powder 
Raw 0.18 4.77 0.9939 0.78 0.03 0.9987 0.03 3.19 0.9794 

Dry 0.35 4.02 0.9983 0.76 0.07 0.9990 0.06 3.37 0.9841 

block 
Raw 0.18 5.27 0.9982 0.80 0.03 0.9983 0.03 3.19 0.9746 

Dry 0.29 4.67 0.9994 0.78 0.05 0.9985 0.05 3.25 0.9784 

NMTB 

powder 
Raw 0.18 4.94 0.9993 0.79 0.03 0.9985 0.03 3.21 0.9778 

Dry 0.35 4.06 0.9993 0.75 0.07 0.9992 0.06 3.27 0.9845 

block 
Raw 0.17 5.39 0.9857 0.81 0.03 0.9982 0.03 3.16 0.9742 

Dry 0.28 4.72 0.9998 0.78 0.05 0.9985 0.05 3.15 0.9796 

 

3.3.5 Langmuir parameter on CO₂ adsorption on coal 

According to Langmuir volume capacity, the results are similar under all conditions, 

however, there is a discernible difference between the two conditions. The Langmuir 

volume capacity of the WB coal sample was found to be the highest, while the 

Langmuir volume capacity of the NTMB coal sample was found to be the lowest 

(Figure 12). 
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Figure 12 Langmuir parameters for CO₂ adsorption of all measured samples: (a) Langmuir volume 

capacity and (b) Langmuir pressure. 

WB coal sample was compared with other samples on raw and dry conditions and 

showed that moisture content had a significant effect (Figure 13). Powder coal is more 

easily differentiated when dry than when raw. The EB coal sample in block form has 

cleats that allows gas to be more readily absorbed into the sample. Langmuir pressure 

increased as water content and coal compactness increased. Studies have shown that 

𝑃𝐿 and 𝑉𝐿 are reciprocal in coal, especially in low-rank coal (Gensterblum et al., 2013). 

𝑃𝐿 in the raw and block condition was higher than in the dry and powder condition. 

Therefore, CO₂ is absorbed more rapidly in dry and powder conditions than in raw and 

block conditions. 
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Figure 13 The difference in Langmuir volume capacity on EB and NMTB from WB coal sample 

 

3.3.6 Effect of different on CO₂ adsorption capacity on coal 

As discussed previously, coal adsorbs more CO₂ when crushed and dried. The drying 

process increases CO₂ adsorption by 1.7 to 2.2 times meanwhile crushing process 

increasing CO₂ adsorption by 1.2 times. The discrepancy in Langmuir volumes shows 

that drying results in higher differences than crushers (Figure 14). Previous research 

has demonstrated that crushing coal results in an open porosity network (Olajossy, 

2017), thus increasing the surface area and producing more adsorption sites for gas, so 

coal powder has a greater capacity for gas adsorption. However, coal blocks and coal 

powder have similar adsorption capacities when they are raw. Similarities indicate that 

despite surface area changes, pore size distribution remains unchanged (Qi et al., 2017), 

indicating that the changes are not significant. Furthermore, injecting CO₂ into raw coal 

caused CO₂ molecules to diffuse through or dissolve in the capillary water to access 

the interior of the coal matrix, resulting in the desorption of some water molecules from 

coal micropores and mesopores (Sun et al., 2016). Sun (2016) conducted experiments 

on low-rank coal at varying temperatures and pressures, resulting in the desorption of 

water from coal surfaces at higher pressures and lower temperatures. Based on the 

study's temperature and pressure, it was determined that this study had the lowest 

chance of water desorbing since it was conducted at a lower pressure and higher 

temperature. 
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The drying process had a significant effect on the CO₂ adsorption capacity on low-rank 

coal. Water is a significant component of low-rank coal as the lack of water in the pores 

causes significant changes to the coal's properties (Olajossy, 2017; Yu et al., 2013). 

When water content is reduced, water film is lost on the surface of the pore wall as well 

as in the pore space (Y. Zhao et al., 2018) which increases the surface area of the 

micropores, thereby enhancing the CO₂ adsorption capability (Yu et al., 2013). The 

drying process increased the possibility of CO₂ bonding with active sites in coal 

(Abunowara et al., 2020).  

 

Figure 14 The discrepancy in Langmuir volume due to various coal conditions 

 

3.3.7 Effect of coal characteristics on CO₂ adsorption capacity of coal 

A correlation analysis has been used in this study (Dutta et al., 2011) to investigate the 

significant effect of coal characteristics on CO₂ adsorption. In the raw condition, the 

moisture effect is more significant than the fixed carbon and volatile matter effects 

(Figure 9). The elimination of moisture content by the drying process resulted in fixed 

carbon and volatile matter affects more on CO₂ adsorption capacity (Figure 13). CO₂ 

adsorption capacity increases with the increase in fixed carbon (Dutta et al., 2011),  
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in the highest CO₂ adsorption capacity. CO₂ adsorption capacity increased as volatile 

matter decreased (Ramasamy et al., 2014). There was a similarity in CO₂ adsorption 

capacity between EB and NTMB in dry conditions due to EB and NTMB containing 

lower volatile matter than WB. 

 

3.4 Summary and Conclusions 

Following are different coal preparation methods to measure CO₂ adsorption in 

different areas of the South Sumatra Basin, Indonesia, leading to different CO₂ 

adsorption capacity. 

• In the study of coal samples under different conditions, monolayer and 

multilayer CO₂ adsorption was observed. 

• It was found that the CO₂ adsorption capacity in all four conditions was similar. 

However, there were a few slight variations where crushed coal could increase 

CO₂ adsorption capacity by 1.2 times. The fact that powdered coal exhibits a 

higher capacity for CO₂ adsorption than block coal in raw conditions can be 

directly attributed to the coal's changing pore structure.  

• The CO₂ adsorption capacity of samples from other countries was higher in 

samples with lower moisture content, indicating moisture is a significant factor 

in CO₂ adsorption.  

• The drying process allowed more accessible sites and increased the capacity for 

CO₂ adsorption by 1.7 to 2.2 times. Drying increases the ability of fixed carbon 

and volatile matter to adsorb CO₂, even if the drying process does not depict a 

realistic situation. 

• WB coal samples are more promising for CO₂ storage because they contain less 

moisture than coal samples from EB and NMTB. 

This study used an experimental technique to compare adsorption capacity where 

preparations such as drying, and crushing cannot accurately replicate in-situ conditions. 

Furthermore, it is impossible to dry low-rank coal in natural conditions. 
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CHAPTER IV 

4. CO₂ adsorption on different coal seams: A thermodynamics study 

surface potential and Gibbs free energy 

 

4.1 Introduction 

CO₂ sequestration in coal is largely determined by the kinetics of adsorption. Different 

coal seams have different surface areas (Karayiğit et al., 2018) and pore parameters 

(Wu et al., 2014). The differences would lead to a variety of gas adsorption capabilities. 

In order to increase the effectiveness of CO₂ adsorption from different coal seams, the 

accuracy of the process must be considered. Gas adsorption isotherm models are 

involved to predict adsorption performance and to understand adsorption mechanisms 

and to design adsorption systems, as well as predictive modelling (Chen, 2015). 

Regression analysis has therefore been one of the most commonly used tools for 

identifying the best fit for adsorption models because it quantifies the distribution of 

adsorbates, analyzes the adsorption system, and verifies the consistency of theoretical 

assumptions (Ayawei et al., 2017). Simulating adsorption data at constant temperature 

typically involves Langmuir, Freundlich, and Temkin models. The mathematical 

relationship between the experimental adsorption isotherm and the model produced by 

the modelling analysis provides the basis for the operational design and practical 

application of adsorption systems (Foo and Hameed, 2010). A thermodynamic 

viewpoint on the adsorption of CO₂ on coal can provide useful information to identify 

the intrinsic mechanisms of adsorption of CO₂ and to verify its displacement ability. 

There are several possible explanations, including the adsorption affinity and 

thermodynamic factors such as Gibbs free energy change and surface potential. The 

thermodynamics of CO₂ in low-rank coal should therefore be studied in order to gain a 

comprehensive understanding of this process. 

In this study, CO₂ adsorption on low rank coal was determined by using the volumetric 

method and fitted with the Langmuir, Freundlich, and Temkin model. The statical 
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evaluation was added in order to understand the closeness of the closest fit adsorption 

isotherm model to the experimental data. The Henry coefficients, surface potential, and 

Gibbs free energy change of CO₂ were analyzed based on the adsorption data. This 

study could provide some theoretical support for CO₂ geological storage in low-rank 

coal formations. 

 

4.2 Theory models 

4.2.1 Adsorption isotherm model and statistical evaluations 

The adsorption of CO₂ was modeled using three well-known empirical adsorption 

isotherm models. The three isotherm models are the Langmuir, Freundlich, and Temkin 

models. Calculating the isotherm is as easy as converting the equation to a linear form 

and utilizing regression to determine the isotherm. An isotherm model is used to 

describe the adsorption process (Kumar Singh and Anil Kumar, 2018). The statistical 

analysis of linear regression is one of the best tools for defining the best-fitting 

relationship, including the quantitative distribution of adsorbates, the mathematical 

analyses of adsorption systems, and the verification of isotherm models. The statistical 

goodness-of-fit assessment was performed by using sum square error (SSE) and 

average relative error (ARE) methods of data analysis. SSE is most commonly used for 

liquid-phase concentrations, and in these concentration ranges the magnitude and 

square of the error tend to increase, indicating a better fit for the isotherm (Mane et al., 

2007).  An analysis of the SSE was performed by (Piccin et al., 2011), 

𝑆𝑆𝐸 = ∑(𝑞𝑚𝑜𝑑𝑒𝑙 − 𝑞𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑎𝑡𝑎)
𝑖

2
𝑛

𝑖=1

 

The ARE model indicates a tendency to underestimate the experimental data or to 

overestimate the experimental data in order to minimize the fractional error distribution 

across the entire concentration range that is being studied (Kapoor and Yang, 1989). 

This ARE method has been applied by (Piccin et al., 2011), 
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𝐴𝑅𝐸 =
100

𝑛
∑ |

𝑞𝑚𝑜𝑑𝑒𝑙 − 𝑞𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑎𝑡𝑎

𝑞𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑎𝑡𝑎
|

𝑛

𝑖=1

 

4.2.2 Henry law 

Henry's Law applies to adsorption systems at low pressures, where adsorption quantity 

is proportional to pressure (Tang et al., 2015). Surface molecules on porous media 

surfaces can be measured through adsorption in Henry's region (X. Zhou et al., 2012). 

Accordingly, Henry's coefficient (KH) is a measure of the affinity of adsorbate 

molecules to surfaces of porous media. Adsorption affinity increases with the increase 

in Henry coefficient (Montoya et al., 2014). KH can be calculated at low pressure by 

fitting the linear region of ln (P/q) versus adsorption amount (q) (Deng et al., 2012). 

𝑙𝑛(𝑃 𝑞⁄ ) = 𝐴0 + 𝐴1𝑞 

 

4.2.3 Gibbs free energy change and surface potential 

The thermodynamics of adsorption is useful for understanding the mechanism of 

spontaneous adsorption(Song et al., 2017). Specifically, the thermodynamic analysis 

of this work focuses on the change in surface potential and Gibbs free energy. Surface 

potential serves as an indicator of the amount of isothermal work required to achieve 

adsorption equilibrium. The Gibbs free energy plays an important role in evaluating 

adsorption spontaneity. 

 

4.3 Experimental section 

4.3.1 Experimental process 

To determine the adsorption of CO₂, a volumetric adsorption apparatus was constructed. 

The experiment pressure was up to 3 MPa at 318.15 K. An explanation of the apparatus 

used in the experiment is provided in chapter 3. Various isotherm models such as 

Langmuir, Freundlich, and Temkin were used to fit the CO₂ adsorption isotherm. In 

order to determine which model has the least error, the adsorption isotherm model was 

evaluated by a statical evaluation. For a better understanding of how CO₂ adsorbs on 

coal, Henry coefficient surface potential and Gibbs free energy are also considered. 
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4.3.2 Experimental samples 

Samples were taken from all coal seams in the most potential area, West Banko, South 

Sumatra Basin, Indonesia (Figure 15). In this study, the size of used coal particle for 

adsorption experiment ranges from 0.25 mm (60 mesh) particles and coal block (1x1 

cm) from different conditions.  

 

Figure 15 Sample location map of study area: South Sumatra, Indonesia 

 

4.4 Results and discussion 

4.4.1 Coal assay 

Table 5 shows the experimental results of proximate analysis samples that were 

collected from all seams in WB, which thickness ranged from 2.5 m to 10.5 m. On the 

air received basis, the moisture content of coal samples was relatively high and ranged 

from 15.39% to 20.11%. The volatile matter (VM) was variable, range from 49.21% to 

55.08%, whereas ash content of most coal samples was variable and within the range 

1.96 of 2.98. The fixed carbon content was similar, varying from 44.92% to 50.79%. 

As a result of coal deposition, the coal sample had a low ash yield and no significant 

marine influences have been detected in this research area (Amijaya and Littke, 2005).  

Seam A1 

Seam A2 

Seam B1 

Seam C 

Seam D 
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Table 5 Results of proximate analysis of all coal seam from WB area 

Coal seam Thickness(m) Moisture (%, a.r) ash (%, adb) VM (%, adb) FC (%, adb) 

A1 2.5 17.12 1.96 49.80 50.20 

A2 8.6 15.39 2.90 55.08 44.92 

B1 10.5 16.48 2.53 49.21 50.79 

C 8.5 15.18 2.98 50.29 49.71 

D 3.6 20.11 1.97 51.66 48.34 

 

4.4.2 CO₂ adsorption on coal 

The CO₂ adsorption measurements from different coal forms and different conditions 

were similar to those in chapter 3. It takes the longest time for raw coal to reach 

equilibrium, whereas it takes the shortest time for dry coal to reach equilibrium. On 

raw condition, seam B1 and seam C resulted higher CO₂ adsorption than other coal 

seams, this condition due to lower moisture and higher fixed carbon than other coal 

seams. In comparison to CO₂ adsorption at 3 MPa, the drying effect on blocks increased 

CO₂ adsorption by 1.6 to 1.8 times (Figure 16.a), whereas it was found that the drying 

effect on powder increased the amount of CO₂ adsorption by 1.9 to 2.1 times (Figure 

16.b).  

 

Figure 16 CO₂ adsorption on (a) block samples and (b) powder samples 
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4.4.3 Simulation of isothermal adsorption of CO₂ on coals 

Isothermal adsorption was simulated on coal samples and the results are shown in 

Figure 17, along with the isothermal parameters obtained for CO₂ in Table 6. In general, 

the experimental data agree well with the adsorption isotherm model results, and the 

nonlinear regression coefficients are greater than 0.97. 

 

Table 6 CO₂ adsorption isotherm model of all coal seam from WB area 

Coal 

seam 

Coal 

condition 

Isotherm model 

Langmuir Freundlich Temkin 

VL PL R² n K R² BT KT R² 

A1 

powder 
Raw 0.21 4.68 0.8328 0.80 0.03 0.9990 0.03 3.17 0.9808 

Dry 0.36 3.81 0.9994 0.72 0.07 0.9996 0.07 3.01 0.9914 

block 
Raw 0.18 5.27 0.9997 0.80 0.03 0.9983 0.03 3.13 0.9816 

Dry 0.30 4.65 0.9995 0.78 0.05 0.9989 0.05 3.24 0.9797 

A2 

powder 
Raw 0.19 4.69 0.9989 0.78 0.03 0.9987 0.03 3.23 0.9806 

Dry 0.35 4.29 0.9997 0.75 0.07 0.9992 0.06 3.05 0.9855 

block 
Raw 0.18 5.31 0.9759 0.80 0.03 0.9984 0.03 3.12 0.9793 

Dry 0.28 4.73 0.9991 0.79 0.05 0.9988 0.05 3.23 0.9767 

B1 

powder 
Raw 0.20 4.68 0.9974 0.77 0.04 0.9988 0.03 3.08 0.9812 

Dry 0.36 3.86 0.9999 0.77 0.04 0.8361 0.07 3.15 0.9869 

block 
Raw 0.18 5.27 0.9942 0.80 0.03 0.9987 0.03 3.14 0.9796 

Dry 0.29 4.66 0.9986 0.78 0.05 0.9985 0.05 3.21 0.9778 

C 

powder 
Raw 0.21 4.65 0.9994 0.78 0.04 0.9986 0.03 3.22 0.9799 

Dry 0.36 4.07 0.9995 0.75 0.07 0.9992 0.06 3.39 0.9879 

block 
Raw 0.18 5.26 0.9999 0.80 0.03 0.9985 0.03 3.13 0.9805 

Dry 0.29 4.67 1.0000 0.72 0.05 0.9261 0.05 3.23 0.9797 

D 

powder 
Raw 0.18 4.75 0.9996 0.78 0.03 0.9985 0.03 3.19 0.9792 

Dry 0.35 4.13 0.9995 0.74 0.07 0.9994 0.07 3.04 0.9874 

block 
Raw 0.17 5.32 0.9996 0.80 0.03 0.9983 0.03 3.11 0.9806 

Dry 0.28 4.69 0.9993 0.78 0.05 0.9983 0.05 3.18 0.9757 
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To analyze the adsorption data, it is appropriate to employ the Langmuir and Freundlich 

model. The Langmuir and Freundlich calculated data are significantly correlated with 

the experimental data. CO₂ experimental data fit well with an isotherm regression with 

a minimal average relative. All coal samples can be described by the Langmuir and 

Freundlich isotherm model. This correlation suggests that the Langmuir equation can 

be used to estimate the maximum sorption capacity corresponding to complete 

monolayer coverage on coal surfaces.  

In some research, it has been found that the Freundlich isotherm regression does not fit 

well with the experimental data when the pressure is high (Mabuza et al., 2022). Since 

the study was conducted at a low pressure, the Freundlich isotherm fits the 

experimental data. For CO₂ adsorption at low pressure, both monolayer and multilayer 

coverage is demonstrated in this study. 

In this study, it has been shown that the Temkin adsorption isotherm model does not 

adequately explain the experimental data obtained from the studies. It is suggested that 

the Temkin equation is compatible with multilayer adsorption (Kalam et al., 2021) but 

it is not suitable for liquid-phase adsorption (Mabuza et al., 2022). To determine the 

amount of CO₂ that will be absorbed by coal surfaces, Temkin's equation cannot be 

used.  

 

  

Figure 17 The Langmuir, Freundlich, and Temkin isotherm model fits CO₂ adsorption on B coal seam 

in raw or dry conditions for (1) powder and (2) block. 

0

0.05

0.1

0.15

0.2

0 1 2 3 4

C
O

₂ 
A

d
so

rb
ed

 (
m

m
o

l/
g
)

Pressure (MPa)

Raw

Dry

Langmuir

Freundlich

Temkin

0

0.05

0.1

0.15

0.2

0 1 2 3 4

C
O

₂ 
A

d
so

rb
ed

 (
m

m
o

l/
g
)

Pressure (MPa)

Raw

Dry

Langmuir

Freundlich

Temkin



41 

 

4.4.4 Statistical evaluation and model parameters for Langmuir, Freundlich and 

Temkin 

To determine the most appropriate isothermal model, error functions were used instead 

of the correlation coefficient (R²). SSE and ARE were used for the analysis of the 

Langmuir, Freundlich, and Temkin isothermal models. There is a difference in the SSE 

value when the isotherm model is applied to dry conditions compared to when the 

model is applied to raw conditions (Figure 18). In addition, powder coal has a lower 

SSE than block coal, which is another significant difference between the two. Overall, 

the Langmuir isotherm model has the lowest SSE value, while the Temkin isotherm 

model has the highest SSE value. 

 

 

 

Figure 18 Value of SSE of isotherm models from (a) powder samples under raw condition, (b) powder 

samples under dry condition, (c) block samples under raw condition, and (d) block samples under dry 

condition 
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There is no doubt that in all conditions, the Temkin isotherm model has the largest 

average relative error (Figure 19). It is likely that an anomaly value indicates that 

another isotherm model (such as Lanmguir or Freundlich) is more appropriate. 

 

 

  

Figure 19 Value of ARE of isotherm models from (a) powder samples under raw condition, (b) powder 

samples under dry condition, (c) block samples under raw condition, and (d) block samples under dry 

condition 
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determined for all coal conditions as follows: powder dry coal > block dry coal > 

powder raw coal > block raw coal. The adsorption sites within smaller pores have 

higher adsorption energies (Xiong et al., 2017). The drying process increases the 

availability of micropores that can adsorb CO₂ as a result. The coal seams B1 and C 

have a relatively high adsorption potential due to the fact that their KH is larger. 

 

Figure 20 Henry’s coefficients of CO₂ on all coal samples 

 

4.4.6 Surface potentials of CO₂ on coals 
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absolute values Ω of CO₂. Due to the high pressure, more isothermal work is required 

to load adsorbate molecules into the pore structure. As a result, the loading of adsorbate 
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higher on the Ω than other seams in the area. Thus, seams B1 and C are more able to 

load CO₂ than other seams.  

 

 

Figure 21. The surface potentials of CO₂ under four different conditions are presented here: (a) powder-

raw, (b) powder-raw, (c) block-raw, and (d) block-dry 
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a result of the experiment, it can be concluded that drying increases spontaneity. As a 

result of the high moisture levels present in coal, there is a weakening of the physical 

bond between the individual coal molecules and the molecules of CO₂. In dry 

conditions, the uptake of gas increases spontaneously with a pressure increase, but in 

moist conditions ∆G changes from dissolved to adsorbed, weakening spontaneity (Li 

et al., 2015). In raw condition, powder coal has higher ∆G of CO₂ than block coal. In 

addition, powdering facilitates spontaneous adsorption more than coal blocks, which 

makes CO₂ adsorption easier. The results demonstrate that ∆G in different coal 

conditions shows a similar trend. Although the coal sample originated from a different 

coal seam, its characteristics are similar. Some coal seams have a higher potential for 

CO₂ adsorption than others. As raw coal powder, seam A1 has a higher ∆G, but 

statistical evaluation shows that seam A1 has a large error.  

  

 

Figure 22 The Gibbs free energy of CO₂ under four different conditions are presented here: (a) powder-

raw, (b) powder-raw, (c) block-raw, and (d) block-dry 
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4.5 Conclusions 

An analysis of CO₂ adsorption has been conducted on low rank coal from five coal 

seams in West Banko, South Sumatra. Seam B1 and seam C resulted in higher CO₂ 

adsorption than other coal seams, due to lower moisture content and higher fixed 

carbon. As compared to CO₂ adsorption at 3 MPa, the drying effect on blocks increased 

CO₂ adsorption by 1.6 to 1.8 times, while the drying effect on powder increased CO₂ 

adsorption by 1.9 to 2.1 times. The Langmuir, Freundlich, and Temkin isotherm models 

were fitted to experimental data to gain a better understanding of how CO₂ adsorbs on 

coal. Statistical evaluations such as SSE and ARE were used to validate the most 

accurate fitting adsorption model. Considering that the experiment was conducted at 

low pressure, Langmuir and Freundlich are the most accurate adsorption models, as 

they show CO₂ adsorption on both monolayers and multilayers. 

Based on the results of the experiment, KH values were determined for powder dry 

coal > block dry coal > powder raw coal > block raw coal. Dry coal has a higher KH 

value than raw coal because the drying process increases the availability of micropores 

that are capable of adsorbing CO₂. The drying process increases not only micropore 

availability, but also surface potential and Gibbs free energy. Under all conditions, CO₂ 

adsorption on coal is feasible and spontaneous. CO₂ adsorption into low rank coal was 

facilitated and made more spontaneous by the drying process. The present chapter 

indicates that despite the similarity of coal samples under all conditions, moisture is 

not the only factor affecting CO₂ adsorption. Seam B1, for example, has a higher 

moisture content than seam C, but has a higher fixed carbon content than seam C, 

resulting in a similar CO₂ adsorption capacity. Seams B1 and C are more suitable for 

storing CO₂ due to their coal properties.
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CHAPTER V 

5. The Effect of CO₂ Adsorption 

 

5.1 Introduction 

Sequestration of CO₂ by coal is a potential process for reducing CO₂ emissions, but the 

effect of adsorption is crucial (Battistutta et al., 2010). However, despite the common 

use of adsorption isotherm models, the results will vary depending upon the adsorbents 

and gas used (Guarín Romero et al., 2018; Hao et al., 2021). Various studies have found 

a correlation between gas adsorption and coal compositions (Anggara et al., 2016, 

2014; Dutta et al., 2011; Laxminarayana and Crosdale, 1999). The lithotypes of coal 

and maceral were investigated in order to determine whether adsorption affects coal 

structure during adsorption (Karacan and Mitchell, 2003; Liu et al., 2020). Different 

lithotypes have different porosity characteristics, resulting in different CO₂ adsorption 

capacities (Lamberson and Bustin, 1993; Mastalerz et al., 2012).  

The low rank coal can be divided into five lithotypes which are bright coal, banded 

bright coal, banded dull coal, dull coal and fibrous coal (Diessel, 2012). It is generally 

the fibrous coals that have the smallest micropore volumes and the bright coals that 

have the largest micropore volumes when it comes to low rank coals (Clarkson and 

Bustin, 1999, 1996). Gas sorption rates and the number of pores also correlated with 

maceral content, but these relationships were different for coals from different sources 

(Kiani et al., 2018).  

In addition to providing a fundamental understanding of how gas moves through coal 

in different coal form and conditions, the relationships developed in this study have 

substantial implications for coal structure prediction. Pore/fracture morphology, 

including pore size distribution, pore volume, specific surface area, pore shape, and 

porosity, are all analyzed in order to understand the mechanisms of gas migration in 

coal seams. For the safe storage of CO₂, it is critical to know the characteristics of CO₂ 

sorption and transport in low rank coals. 
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5.2 Experimental work 

A total of eight coal samples from different areas and coal seams were collected and 

analyzed under a variety of conditions and in a variety of forms. As a result of the 

adsorption of CO₂ on all samples, organic petrography, low temperature nitrogen, and 

scanning electron microscopy (SEM) were used to study their effects. 

 

5.2.1 Organic petrography 

Organic petrography was performed by crushing the samples into small particles. This 

was followed by mounting them in polyester resin, desiccating them for 12 hours, and 

polishing one of the flat surfaces of the sample. This polished coal sample was 

examined under a reflecting light microscope in order to determine the maceral and 

huminite reflectance of the sample. In the maceral analysis for each sample, 550 points 

were counted per sample (Figure 23).  

 

Figure 23 Reflected light microscope 

 

In accordance with ASTM D2798-06 guidelines, 50 huminite points were analyzed to 

determine huminite reflectance. The reflectance of huminite can also be determined by 

its volatile matter value (Rice, 1993). 

𝑅0(%) =  −2.172 × 𝑙𝑜𝑔 (𝑉𝑀𝑑𝑎𝑓) + 5.092 
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5.2.2 Low pressure nitrogen adsorption (LTNA) isotherm and pore shape 

The morphology of macropores and mesopores was determined using low-pressure N₂ 

adsorption at 77°K. The Figure 24 illustrates five different types of hysteresis loops 

along with their relationship to pore forms (De Boer, 1958). There are four types of 

hysteresis: type A corresponds to cylindrical pores; type B corresponds to slit-shaped 

pores; type C and D correspond to wedge-shaped pores; and type E corresponds to 

bottleneck pores (Nie et al., 2015). 

 

 

Figure 24 Hysteresis loops and their corresponding pore shapes 

 

There are also different types of coal pores based on their connectivity, including 

passing pores, interconnected pores, dead-end pores, and closed pores (Figure 25). 

There is a significant influence on gas adsorption, desorption, and diffusion in coal that 

is attributed to passing pores, interconnected pores, and dead-end pores. 

 

Figure 25. Types of pores 
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It is proposed that pores be classified as follows by the International Union of Pure and 

Applied Chemistry (IUPAC) into three main types: macropores (≥ 50 nm in diameter); 

mesopore or transitional pores (2-50 nm in diameter); nanometers in diameter); 

mesopores (2-4 nm in diameter); and micropores (≤ 2 nm in diameter) (Zou et al., 

2013). 

 

5.2.3 Scanning Electron Microscopy (SEM) 

The use of SEM has become a common mode of observation of coal pore images and 

pore fractures in coal reservoirs over recent years (Li et al., 2012; Liang et al., 2020). 

In order to perform SEM analysis on coal samples, the first step is to place the samples 

into the system and vacuum them (Figure 26). Then adjust the magnifying, focusing, 

and acceleration voltages. The system was controlled by a SEM operating system 

running on Windows XP. SEM is used to evaluate changes in coal structure as a result 

of drying processes and CO₂ adsorption. 

 

 

Figure 26 The SEM apparatus 
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5.3 Results and discussion 

5.3.1 Coal assay  

This Table 7 summarizes the experimental results for lithotypes, petrography, and 

huminite reflectance (Ro%). Coal samples were mostly banded dull, with only one 

sample characterized as dull. It was found that huminite content ranged from 52% to 

64.8%, liptinite content varying from 18.95% to 31.09%, inertinite ranged from 

10.91% to 21.27%, and mineral matter accounted for from 1.09% to 3.27%. Thermal 

maturity as a percent of Ro% ranged from 0.37 to 0.50 (average 0.47), which indicates 

that the coal is low rank. 

 

Table 7 The experimental data results of lithotypes, petrographic and reflectance (Ro%) 

  

Sample Lithotype 

Total 

Huminite 

(%) 

Total 

Liptinite 

(%) 

Total 

Inertinite 

(%) 

Mineral 

Matter 

(%) 

Ro% 

Different 

area 

WB Banded dull 64.43 20.69 13.43 1.45 0.49 

EB Dull 58.92 25.95 12.07 3.06 0.50 

NMTB Banded dull 52.00 24.73 21.27 2.00 0.50 

Different 

coal 

seams 

A1 Banded dull 63.45 23.45 11.09 2.00 0.49 

A2 Banded dull 56.18 22.36 18.00 3.27 0.37 

B1 Banded dull 64.80 18.95 13.90 2.35 0.50 

C Banded dull 55.09 31.09 10.91 2.91 0.48 

D Banded dull 55.82 27.82 15.27 1.09 0.45 

 

According to the results, all coal samples are similar with a few minor differences. 

Samples from EB were identified as dull coal exhibiting a higher mineral matter 

content than samples from WB and NMTB, which were identified as banded dull coal. 

Organic petrography analysis has revealed that the coal sample contains a mineral that 

may block coal pores and fractures (Figure 27). The presence of minerals can also 

reduce gas adsorption capacity due to the filling and blocking of pores, cleats, fracture 
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systems, and a reduction of micropore surface area caused by inherent and extraneous 

minerals (Kumar et al., 2019; Mangi et al., 2020). 

  

Figure 27  Huminite and mineral on coal sample on image under white light 

 

There is the highest huminite content in the WB region, the highest liptinite content in 

the EB region, and the highest inertinite content in the NTMB region (Figure 28a). The 

highest concentration of huminite is found at seam B1, the highest concentration of 

liptinite is found at seam C, and the highest concentration of inertinite is found at seam 

A2 (Figure 28b). 

  

Figure 28 The result of differences coal samples with samples contained the lowest value of huminite, 

liptinite and inertinite from (a)different area and (b) different coal seams. 
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During the adsorption of gases on coal, the content of organic matter plays an important 

role in the adsorption of gases (Mastalerz et al., 2004). In all conditions, there is a 

positive relationship between CO₂ adsorption and huminite content of coal powder and 

coal blocks (Figure 29). It has been observed that huminite has a significant impact on 

the adsorption of CO₂ on coal (Crosdale et al., 1998) probably due to the presence of 

micropore connections associated with organic matter (Mangi et al., 2022). Powder 

coal exhibits a stronger relationship than block coal. Additionally, the drying process 

strengthens the relationship between CO₂ and huminite. 

 

 

 

Figure 29 The relationship between CO₂ adsorption and huminite content in (a) powder coal in raw 

condition, (b) powder coal in dry condition, (c) block coal in raw condition, and (d) block coal in dry 

condition 
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Figure 30 illustrates the relationship between CO₂ adsorption and liptinite in this study. 

The liptinite mineral exhibits some affinity for gas adsorption, although not as much as 

vitrinite (Karacan and Mitchell, 2003). Compared to the previous study, this study 

shows different results. Results reveal that liptinite has weak correlations and generally 

negative values. This study is similar to other studies that demonstrate a negative 

correlation (Czerw et al., 2021). Only a weak positive correlation exists between 

liptinite and pore network (Teng et al., 2017), but it exhibits higher mesopores and 

lower microporosity (Czerw et al., 2021) which are insufficient to support CO₂ 

adsorption on coal. The drying and powdering processes do not have any significant 

impact on CO₂ adsorption and liptinite content. 

 

 

Figure 30 The relationship between CO₂ adsorption and liptinite content in (a) powder coal in raw 

condition, (b) powder coal in dry condition, (c) block coal in raw condition, and (d) block coal in dry 

condition 
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The inertinite, in contrast to huminite and liptinite, has a strong inhibitory effect on the 

adsorption process (Mangi et al., 2020). The surface properties of inertinite indicate 

that inertinite is less hydrophobic than huminite/vitrinite, resulting in a difficult time 

draining water because inertinite is more porous than huminite/vitrinite, and the 

interaction between inertinite and water is stronger than that between huminite/vitrinite 

and water (Ping et al., 2021). Figure 31 shows that inertinite has a stronger negative 

correlation than liptinite. According to this study, drying did not affect the correlation 

between inertinite and CO₂ adsorption on coal. 

 

 

 

Figure 31 The relationship between CO₂ adsorption and inertinite content in (a) powder coal in raw 

condition, (b) powder coal in dry condition, (c) block coal in raw condition, and (d) block coal in dry 

condition 
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Several studies suggest increased maceral content is correlated with greater affinity for 

CO₂ uptake, but others do not find a correlation between the competing nature of 

vitrinite and inertinite components (Premlall et al., 2014). The discussion did not just 

focus on maceral, but also on lithotype. Research has shown that lithotypes exhibit 

different reactions due to CO₂ adsorption (Anggara et al., 2014; Cao et al., 2011). There 

is also a study to prove there is no difference between original lithotypes and lithotypes 

that have been exposed to high pressure CO₂ as no additional oxygenated bands or free 

CO₂ appear in the post-CO₂ state (Mastalerz et al., 2010). 

 

5.3.2 LTNA analysis 

In Figure 32, LTNA isotherms for CO₂ adsorption under various conditions are 

illustrated. Based on the figure, it can be seen that there is a marked difference between 

the coal samples studied. Because of the CO₂ adsorption process, these samples are 

able to adsorb a significant amount of N₂ than raw coal. Observations of the adsorption 

behavior of raw coal samples before and after injection of CO₂ show a hysteresis loop 

at higher relative pressures (P/Po > 0.5). This implies that the evaporation from pores 

is distinct from the condensation within the pores, which suggests that there may also 

be capillary condensation occurring within the mesopore (Clarkson and Bustin, 1999). 

As a result of the limitations on detection and measurement, samples in dry conditions 

after CO₂ injection can only detect the adsorption isotherm.  

The hysteresis loop shape indicates that the raw adsorption of a sample in the presence 

and absence of CO₂ is type B, indicating many cylindrical pores and slit-shaped pores 

with all sides exposed during adsorption. A large loop is seen in the raw samples after 

CO₂ adsorption, indicating that there are more pores open and that there is better 

connectivity between the pores. There has been a study that has shown that the 

hysteresis loops become wider when the pressure of CO₂ is increased (Wang et al., 

2022). CO₂ adsorption may have caused this phenomenon because the adsorption of 

CO₂ transformed many closed pores into open pores. This resulted in better pore 

connectivity, enabling gas to flow through coal more easily. 
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Figure 32 LTNA isotherms of coal samples before and after CO₂ injection in different conditions 

 

For the purpose of computing the SSA and pore volume of the soil, BET and BJH are 

used in this study. Raw coal has a BET surface area of 1.89 m²/g. Raw coal after CO₂ 

injection has a BET surface area of 3.83 m²/g. Dry coal after CO₂ injection has a BET 

surface area of 2.4527 m²/g. The BJH pore volume of raw coal is 0.00813 m²/g, the 

BJH pore volume of raw coal after CO₂ injection is 0.020 m²/g, and the BJH pore 

volume of dry coal after CO₂ injection is 0.0119 m²/g. There are peaks in the PSD of 

micropores in raw coal that range from 0.7 to 1.1 nm, and 1.8 to 1.9 nm (Figure 33). 

However, CO₂ injection results in the absence of micropores in raw coal. It is possible 

that the differences are caused by the effect of coal compressibility (Nie et al., 2015). 

There is a possibility that all the differences between raw coal before and after CO₂ 

adsorption are the result of swelling caused by the process of CO₂ adsorption. Due to 

this swelling, micropores become blocked and pores become less accessible. 

In coal, changes in moisture may be one of the external factors that affect the evolution 

of pore sizes (Mangi et al., 2020). During the process of drying and removing moisture 

from coal, the structure of the coal is disrupted and shrinkage occurs (Rong et al., 2020). 
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The shrinkage of dry coal results in a lower SSA than raw coal. The PSD analysis 

showed that the loss of moisture resulted in more accessible sites and micropores for 

CO₂ adsorption, with the peak micropore size being 1.5-1.7 nm. 

 

 

Figure 33 Micropore size distribution of coal samples before and after CO₂ injection under different 

conditions. 
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observed at micropores, but also at mesopores (Wang et al., 2022). The adsorption of 

CO₂ on dry coal also leads to swelling (Day et al., 2010), although the swelling effect 

is less pronounced when compared to coal with moisture content. 

 

 

Figure 34 Mesopore size distribution of coal after CO₂ injection under different conditions. 
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5.3.3 SEM analysis 

There are a number of different magnifications that can be used for SEM analysis. This 

is the most fundamental parameter for observing qualitative pore structures within the 

coal matrix. A variety of closed and semi-closed pores are present in coal samples, such 

as wedge-shaped pores, slit-shaped pores, and channel-like pores with one closed side 

and a dead end (Figure 35). As a raw condition, there is an obvious presence of cellular 

detail in plant tissue. The width of the pores varies from micropore to macropore, with 

a significant contribution from mesopores and macropores. 

 

   

Figure 35 SEM images of different coal samples in raw condition 

 

In raw condition, well preserved cellular structure can be observed. It is generally 

accepted that these cells have a very regular shape and are oval in shape, as well as 

being filled with minerals (Figure 36 a). It was observed that raw coal samples after 

CO₂ injection were dominated by macropore-mesopores, while some pores did not 

fully fill with minerals (Figure 36 b). There was an acidic environment that developed 

after CO₂ entered the coal body, which caused the minerals in the coal body to dissolve 

(Wang et al., 2022). As a result of the drying process, SEM can detect the traces of 

shrinkage which are caused by the drying process (Figure 36 c). The difference found 

in dry coal samples after injection of CO₂ can be attributed to the difference in 

micropore and mesopore sizes. By detecting macropores in a sample, SEM can resolve 

some of the limitations that cannot be addressed by LTNA analysis. Furthermore, SEM 

detected coal blocks that had been adapted to natural conditions. In spite of the fact that 
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SEM has some advantages, it also has some disadvantages. There are limitations to 

detecting small pores, especially micropores. 

   

 

Figure 36 SEM image of different condition, (a) raw condition, (b) raw condition after CO₂ adsorption 

and (c) dry condition after CO₂ adsorption 
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conclusions can be drawn about the pore structure of the samples: 
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do not have any significant effects on CO₂ adsorption and liptinite content. 

Inertinite has a negative relationship with CO₂ adsorption. Moreover, drying 

did not affect the correlation between inertinite and CO₂ adsorption on coal. 

• CO₂ adsorption on coal has different effects on coal pores under different 

conditions. In raw conditions, CO₂ adsorption shows a decrease in micropores 

due to swelling, but more macropores were opened. Because coal shrinkage 

during drying increases the accessibility of coal pores, even when CO₂ 

adsorption tends to swell, the presence of micropores in dry coal after CO₂ 

adsorption is still detectable.  

• By SEM analysis, the pore type, macropore and fracture can be detected. In 

addition, dissolved minerals on coal pores due to acidic environments from CO₂ 

adsorption can be analyzed. 

This study found that CO₂ injection on dry coal has a lower possibility of swelling than 

CO₂ injection on raw coal for the safe storage of CO₂ in low-rank coal. Despite the fact 

that dry coal has a greater potential than raw coal, the drying process results in 

shrinkage, which is an extremely crucial factor to consider.   
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CHAPTER VI 

6. Conclusions and Outlook 

 

This dissertation deals with the estimation of CO₂ adsorption capacities and the effects 

of CO₂ adsorption on low-rank coal in various sample preparations. There are two 

forms of coal that were used to prepare the sample, coal blocks and coal powder. The 

samples were prepared for each coal form under two conditions of moisture presence, 

raw coal and dry coal, respectively. For measuring the adsorption capacity of large 

samples, this study uses a custom-designed volumetric adsorption setup, which is 

capable of handling large samples. Samples of low-rank coal were taken from several 

coal seams and areas of Indonesian coal field. These samples were evaluated for their 

capacity to adsorb moisture at 318.15 K and at pressures up to 3 MPa in steps of 0.5 

MPa. To confirm the relationship between adsorption capacity, isotherm models, 

Henry coefficients, surface potential, and Gibbs free energy change of CO₂ were 

analyzed based on the adsorption data. Moreover, the effect of CO₂ adsorption on low-

rank coal was detected by LTNA and SEM. 

 

First, CO₂ adsorption was measured on low-rank coal from three different areas of the 

South Sumatra Basin: West Banko (WB), East Banko (EB), and North Muara Tiga 

Besar (NMTB). The experimental data was analyzed using isotherm adsorption models 

such as Langmuir, Freundlich, and Temkin. According to the fitted curve and 

correlation coefficient, CO₂ adsorption was observed on both monolayers and 

multilayers under different conditions. The adsorption capacity of CO₂ was similar in 

all four conditions of research, despite a few minor differences. There is a minor 

difference due to lower moisture in one area than in others, and when moisture is 

eliminated from coal, the result is similar. Powdered coal has a higher CO₂ adsorption 

capacity than block coal under raw conditions, which is directly due to its changing 

pore structure. Furthermore, the drying process made it possible to access more sites 
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and to increase the capacity for adsorption of CO₂. The drying process increases the 

ability of fixed carbon and volatile matter to adsorb CO₂, even if it does not reflect a 

realistic situation. The coal samples from WB are more promising in terms of CO₂ 

storage and ECBM, since they contain a lower level of moisture than those from EB 

and NMTB. 

 

The WB area has been identified as a promising area for the adsorption of CO₂. It was 

necessary to examine the coal seams in detail in order to make an accurate prediction 

of which coal seams would be most promising. Statistical evaluations such as SSE and 

ARE were used to validate the most optimal adsorption model. Since the experiment 

was conducted at low pressure, Langmuir and Freundlich are the most accurate 

adsorption models, since both monolayers and multilayers show CO₂ adsorption. Due 

to the drying process, dry coal has a higher KH value than raw coal because it has more 

micropores that can adsorb CO₂. The drying process increases not only micropore 

availability, but also surface potential and Gibbs free energy. Under all conditions, CO₂ 

adsorption on coal is feasible and spontaneous. The drying process facilitated and 

enhanced CO₂ adsorption into low rank coal. Despite the similarity of coal samples in 

all conditions, seams B1 and C exhibit a greater potential for CO₂ adsorption due to 

their coal properties. It has been found that moisture has a significant impact on CO₂ 

adsorption capacity based on results from different areas and coal seams. However, 

modification preparations such as drying, and crushing cannot accurately replicate in-

situ conditions. 

 

Adsorption of CO₂ under different conditions leads to different effects. The influence 

of organic substances on CO₂ adsorption was examined using maceral analysis. A 

strong correlation exists between huminite and CO₂ adsorption on coal especially on 

dry condition. Liptinite has a weak relationship with CO₂, so the drying and powdering 

processes do not significantly affect CO₂ adsorption. Inertinite and CO₂ adsorption on 

coal have a negative correlation and drying did not affect this correlation. The 
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combination of LTNA and SEM was used to analyze the change in pore structure 

characteristics of CO₂ adsorption under different conditions. Micropores were reduced 

by swelling due to CO₂ adsorption, but macropores were increased. In dry coal after 

CO₂ adsorption, micropores can still be detected due to coal shrinkage during 

drying. Minerals dissolved in acidic environments due to CO₂ adsorption can also be 

analyzed by SEM. For safe CO₂ storage in low-rank coal, CO₂ injection into dry coal 

has a lower chance of swelling than CO₂ injection into raw coal. However, the drying 

process results in shrinkage, which plays a crucial role in considering dry coal's 

potential. 

 

The results of this study can be used to learn how significant CO₂ adsorption occurs at 

low rank with different coal sample preparation methods for fitting different ECBM 

scenarios. Additionally, the research can be used to understand the effects of CO₂ 

adsorption on low-rank coal under low pressure, such as swelling and dissolution of 

minerals. Therefore, there are some limitations to proving how pressure affects 

different sample preparations and the amount of methane produced. This limitation 

allows for the possibility of improving the findings of this study. Also, this research 

provides an opportunity to compare various methods of coal sample preparation under 

supercritical CO₂ conditions in order to demonstrate the safety and effectiveness of 

ECBM.
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