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Abstract: This work presents an experimental study of CH₄ and CO₂ adsorption behavior on two shale 

rock samples from ANH-Cañaboba1 Well in the Cesar-Ranchería Basin, Colombia. Gas adsorption 

and desorption experiments were conducted at 50°C and 80°C across a broad pressure range (0,1 – 3 

MPa) using a high-pressure manometric system. The resulting isotherms were satisfactorily fitted to 

the Langmuir model. Results indicate higher adsorption capacity for CO₂ at both temperatures. 

Notably, no hysteresis was observed, suggesting reversible physisorption dominated by accessible 

mesopores which the typical behavior observed in shales samples. The results highlight the key role 

of organic matter in gas storage and underscore the formation’s potential for CO₂ sequestration and 

enhanced gas recovery. This study provides an improved understanding of evaluating gas-in-place 

and potential for long-term gas storage and provides an experimental framework and valuable data 

for future research and field applications related to gas behavior in porous media. 

Keywords: desorption; carbon dioxide; methane; adsorption reversibility  

 

1. Introduction 

The increasing global emphasis on energy sustainability and greenhouse gas mitigation has 

intensified research into the behavior of gases within subsurface formations. Methane (CH₄) and 

carbon dioxide (CO₂) are two key gases in this context, relevant both as energy sources and as 

candidates for geological storage. Understanding their desorption behavior in reservoir rocks is 

essential to improving recovery processes and evaluating storage potential [1,2]. 

The organic fraction in shales constitutes a key control on gas storage capacity, as typically 

evidenced by positive correlations between total organic carbon (TOC) content and the amount of 

sorbed gas. In source rocks that have reached sufficient thermal maturity to generate hydrocarbons, 

kerogen generally accounts for no more than approximately 5% of the total rock mass. Nevertheless, 

it is within the kerogen nodules, embedded and disseminated in the mineral matrix, where the 

majority of the gas in place (GIP) is stored due to adsorption [3,6]. 

While adsorption mechanisms have been widely investigated, especially in the context of shale 

gas and coal seam reservoirs, the study of gas desorption—particularly under controlled laboratory 

conditions using pure components—remains comparatively limited [7–9]. Desorption dynamics 

directly influence gas recovery efficiency and seems to be governed pore structure, mineral 

composition and physicochemical interactions at the rock–gas interface [10–12]. These interactions 

vary widely depending on the lithology and diagenetic history of the reservoir rock. Mineralogical 

composition, in particular, has been shown to exert an al influence on gas–solid interactions. Clay 

minerals, quartz, and carbonates exhibit distinct affinities for CO₂ and CH₄ due to differences in 

surface energy and porosity development [13,14]. Studies using X-ray diffraction (XRD) and 

Brunauer–Emmett–Teller (BET) surface area analysis have provided insight into how these mineral 

phases contribute to adsorption and desorption capacities [15–17]. However, comprehensive 
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experimental investigations linking mineralogy and desorption kinetics under reservoir-like 

conditions are still scarce. 

Recent research also points to the higher affinity of CO₂ for reservoir rocks compared to CH₄, 

resulting in stronger retention and slower desorption rates [18,19]. This differential behavior is often 

attributed to CO₂'s quadrupole moment and greater polarizability, which enhance its interaction with 

mineral surfaces [20]. However, much of this understanding arises from theoretical or mixed-gas 

modeling studies, which may obscure the intrinsic behavior of each gas species under pure-

component conditions [21]. 

Additionally, reservoir heterogeneities, such as variations in pore size distribution and surface 

chemistry, significantly alter desorption characteristics. Gas release is typically delayed in 

microporous or mineralogically complex systems, underscoring the need for integrated approaches 

that include both structural and chemical analysis of the rock matrix [22–24]. Geochemical 

parameters, such as total organic carbon (TOC), maturity, and mineralogical maturity, further 

complicate gas retention and mobility, and require systematic characterization to elucidate their 

effects. 

In this study, we present an experimental investigation of CO₂ and CH₄ adsorption-desorption 

from reservoir rocks obtained from ANH-Cañaboba1 Well, used here as a case study. A 

multidisciplinary methodology was adopted, incorporating gas desorption experiments under 

controlled conditions with pure gases, surface area characterization via BET, mineralogical profiling 

using XRD, and complementary geochemical analysis. This approach enables a detailed 

understanding of the parameters influencing gas retention and release, free from the confounding 

effects of gas mixtures or modeling assumptions. 

This work provides a comprehensive dataset on gas-shale interactions in the Cesar-Ranchería 

Basin, bridging laboratory insights with practical applications for energy and environmental issues. 

2. Materials and Methods 

In this study two core samples (S1 and S2) were used for obtain original experimental data for 

CH4 and CO2 adsorption/desorption, from the ANH-Cañaboba1 well located in Cesar-Ranchería 

Basin (CRB).  

CRB is located in northeastern Colombia, in the southern part of the department of La Guajira 

and northeastern portion of department of Cesar. The basin is bounded to the northwest by the pre-

Cretaceous rocks of the Sierra Nevada de Santa Marta; to the north by the Oca Fault; to the southeast 

by the pre-Cretaceous rocks of the Serranía de Perijá; and to the southwest by the Bucaramanga Fault 

(Figure 1), its extension being approximately 11,668 𝑘𝑚2. It forms part of the northern Andean 

foreland system and has undergone a multi-phase tectonic evolution, beginning with Mesozoic 

extensional events followed by significant compressional deformation during the Andean orogeny 

[25–27]. 

Geologically, the CRB is subdivided into the Cesar Sub-Basin to the south and the Ranchería 

Sub-Basin to the north. Its stratigraphic succession spans from the Paleozoic to the Cenozoic, with 

sedimentary deposits characterized by marine and continental clastics. The Upper Cretaceous and 

Paleogene units are of particular interest due to their organic-rich shales and coal-bearing sequences, 

which present favorable conditions for both conventional and unconventional hydrocarbon systems 

[28–30]. 

The basin's structural configuration is defined by a series of thrusts and strike-slip faults, which 

have compartmentalized the basin into localized depocenters. These features, combined with 

variable thermal histories and burial depths, have created heterogeneous conditions for gas 

generation, migration, and retention [31,32]. Furthermore, the CRB has been recognized as one of 

Colombia’s most promising areas for coalbed methane and CO₂ storage projects due to its extensive 

coal seams and gas-prone shales [33,34]. 
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Figure 1. CRB location [35]. 

2.1. Sample Characterization 

2.1.1. Geochemical Analysis 

In this study, geochemical properties were obtained in the Petroleum Geochemical Laboratory 

at Universidad Industrial de Santander. We determine the content of volatile hydrocarbons (S1), 

expressed as mg HC/g rock, the generative potential of remaining hydrocarbons (S2), expressed as 

mg HC/g rock, the content of volatile carbon dioxide (S3), expressed as mg CO2/g rock, the maximum 

pyrolysis performance temperature (Tmax), expressed as °C, the total organic carbon (TOC) 

expressed as percentage by weight and vitrinite reflectance (Ro) expressed as percentage of the 

crushed shale core samples. Other parameters such as hydrogen index (HI), oxygen index (OI), 

production index (PI) and genetic potential (PG) were also calculated. The most significative 

measurements are plotted in Table 1. 

Table 1. Geochemical properties. 

Sample ID 
TOC                     

(% Wt) 

Tmax                      

(°C) 
S1 S2 S3 HI OI PI PG Ro (%) 

S1 4,94 433 0.11 10.66 1.08 215.96 21.88 0.01 10.77 0.43 

S2 5.18 433 0.07 6.74 1.91 130.2 36.9 0.01 6.81 0.40 

2.1.2. X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a basic tool in the mineralogical analysis of source rocks. X-ray powder 

diffraction permits to identify and quantify minerals present in a clay-rich rock. The XRD analysis 

was carried out using a Bruker D8 Advance equipment with Cu Kα1 radiation (40 kV, 40 mA) in the 

angular range of 2°–70° (2θ) in the DRX Laboratory of Universidad Industrial de Santander. The 

measured parameters are shown in Table 2. 

Table 2. Mineralogical analysis. 

Sample ID Quartz (%) 
Anatase 

(%) 
Antigorite (%) 

Albite 

(%) 
Rutile (%) 

Ferruginous 

Muscovite (%) 
Kaolinite (%) 

Chlorite 

(%) 

S1 40.58 1.32 <1.00   24.47 22.97 9.80 

S2 42.24 1.50 4.41 2.74 <1.00 24.20 27.90 6.06 

2.1.3. BET Specific Surface Area 

The specific surface area was determined using the Brunauer-Emmett-Teller (BET) method. 

Samples were weighed in 9 mm diameter borosilicate glass cells (Micromeritics) and degassed at 100 
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°C and 6 Pa for 8 h using a Micromeritics Vac Prep 061 system. Nitrogen adsorption isotherms were 

measured at 77 K (-196 °C) in a Micromeritics 3FLEX™ surface characterization analyzer, within a 

relative pressure (P/P0) range of 0.0025 - 0.9999. Data acquisition and analysis were carried out using 

the 3FLEX V.4.03 software package provided by the manufacturer. Measurements were conducted at 

the CICAT Laboratory of Universidad Industrial de Santander. The BET surface area values obtained 

were 20 m2/g for sample S1 and 40 m2/g for sample S2. 

The measured specific surface areas are consistent with values typically reported for organic-

rich shales, where BET surface areas generally range from 2 to 100 m²/g, depending on the organic 

content, mineralogy, and thermal maturity of the samples [36,37]. Comparative studies have shown 

that shales from formations such as the Barnett Shale (USA) exhibit surface areas between 10 and 

50 m²/g [38], while the Marcellus Shale (USA) reports slightly broader ranges, from 20 to 80 m²/g [39]. 

The microporous structure of kerogen is recognized as the dominant contributor to the specific 

surface area in shales, particularly in samples with high total organic carbon (TOC) content [40,41]. 

Kerogen hosts extensive microporosity developed during early stages of thermal evolution, 

providing abundant surface area for gas adsorption processes [42]. Moreover, the contribution of 

mineral phases, such as clays and pyrite, is often secondary compared to the effect of the organic 

fraction [43]. The observed BET values in this study thus highlight the significant role of kerogen 

microporosity in gas storage capacity.  

2.2. Adsorption Experiments 

2.2.1. Experimental Set Up 

To quantify gas adsorption uptake onto the rock matrix, adsorption isotherms were determined 

using a manometric set-up, which uses the principle of mass balance [44, 45]. The experimental 

apparatus consists of home made high-pressure manometric system, featuring two primary cells: a 

dosing cell (27.63 cm³) and a measurement cell (15.23 cm³), in which the sample is placed. A high-

precision pressure transducer (MKS Baratron, model 121 A) is used to monitor pressure variations, 

offering an accuracy of 0.01% full scale within a range from vacuum up to 3.5 MPa. 

To ensure experimental conditions, the entire system is maintained at a constant temperature 

using a PID controller (Eurotherm 3208), which operates in conjunction with thermocouples located 

on each cell. The setup includes three two-way valves to isolate the dosing and adsorption chambers 

during the experimental cycle. This configuration supports a wide range of pressures (0–3.5 MPa) 

and temperatures (30°C –150 °C). 

2.2.2. Experimental Procedure 

Gas uptake is quantified by measuring the pressure drop in a known volume of gas in contact 

with the sample. The measurement process involves the successive transfer of gas doses from the 

reference (dosing) cell to the measurement cell containing the studied sample under isothermal 

conditions. The excess amount of gas adsorbed is determined using the following relationship: 

nads
excess=ntotal-nfree                           (1) 

where ntotal is the number of moles originally in the dosing cell and nfree is the number of moles in the 

free phase at equilibrium. 

The procedure comprises the following steps: (1) the adsorbent material is precisely weighed 

before its introduction into the measurement cell. (2) The sample is previously desorbed under 

vacuum at 100 °C for approximately 24 hours to remove moisture. (3) The accessible pore volume is 

determined by helium expansion, as helium exhibits negligible adsorption. This volume is considered 

constant within the studied pressure range (0–3 MPa). (4) Additional drying is carried out for 8 to 10 

hours (5) Once the accessible volume is known, an amount of gas (CO2 or CH4) is sent to the reference 

cell at known pressure and temperature. Subsequently, this volume of gas (Vd) is taken to the 

measurement cell (Vm), which contains the sample under isothermal conditions. When adsorption 

equilibrium is reached, the amount of gas that was adsorbed can be calculated by the mass balance 
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before and after adsorption. In this investigation, thermodynamic equilibrium was reached in a range 

of 45 to 60 min. The number of moles adsorbed, nads
1  during the first step it can be calculated as 

follows: 

nads
1 (T,p1)=

Vd

V0(T,p0)
-

Vd+Vm

V1(T,p1)
                                   (2) 

This adsorbed amount is the first point of the adsorption isotherm. The other steps are calculated 

using a cumulative process, described as:  

nads
i (T,pi)=Vd (∑i

k=1
1

V2k-2
- ∑i

k=1
1

V2k-1
) -

Vm

Vi+1
                 (3) 

Each measurement is repeated twice. The claimed uncertainty is better than 3%.[46].  

3. Results 

3.1. Geochemical Data 

The parameters obtained through the Rock-Eval analysis are presented in Table 1. The TOC 

contents of 4.94% and 5.8% suggest that the rock exhibit very good potential for hydrocarbon 

generation [47]. 

A source rock is defined as mature when it reaches the level of hydrocarbon generation. A rock 

that does not reach the level of hydrocarbon generation is defined as an immature source, and one 

that has passed the generation and expulsion time is considered an over-mature rock [48]. The 

parameter commonly used to monitor the maturity level is the temperature (Tmax); in this study, the 

Tmax value was 433°C for both S1 and S2. According to the Tmax-HI graph (Figure 2), the sample is 

in mature stage and corresponds to a Kerogen type II-III [49]. 

 

Figure 2. Tmax−HI graph. Source: own elaboration. Red for S1 and Blue for S2. 

The geochemical characterization of the samples indicates a good to very good hydrocarbon 

generation potential based on TOC and S2 peak values. Sample S1 exhibits a TOC content of 4.94 wt% 

and a high S2 peak of 10.66 mg HC/g rock, suggesting excellent generative potential. In contrast, 

sample S2 has a slightly higher TOC of 5.18 wt% but a lower S2 peak of 6.7 mg HC/g rock, which still 

falls within the range of good hydrocarbon potential. according to the classification by Peters et al. 

[50].  

The Production Index (PI), calculated as S1/(S1 + S2), represents the proportion of hydrocarbons 

already generated relative to the total hydrocarbon potential. In this study, both samples S1 and S2 

exhibit a PI value of 0.01, indicating minimal transformation of organic matter. Tmax and PI values 

suggest that the samples are approaching the onset of hydrocarbon generation [50]. 
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3.2. Ray Diffraction (XRD) 

Using XRD, clay and non-clay minerals were identified; among the clay minerals, kaolinite-1A, 

Ferric Muscovite and Chlorite were obtained, and among the non-clay minerals quartz was 

predominant. 

The XRD results (Table 2) indicate that the samples are primarily composed of clay minerals 

(58.16% in S1 and 57% in S2) and quartz (42.24% in S1 and 40.58% in S2), which are the dominant 

mineral phases 

3.3. Adsorption-Desorption Measurements 

In this section, original data from the CH₄ and CO₂ adsorption/desorption experiments are 

presented. The experiments were conducted at two temperatures (50 and 80 °C), with pressures up 

to 2 MPa for sample S1 and up to 3 MPa for sample S2. No additional pressure data were collected 

for S1, as saturation was reached. Each isotherm was repeated twice, and the results showed excellent 

reproducibility, with variations consistently below the stated measurement uncertainty. Excess 

adsorption as a function of pressure for S1 is shown in Figures 3–6. A summary of all adsorption data 

for S1 is presented in Figure 7. 

 

Figure 3. S1 CH4 adsorption/desorption at 50°C. Source: own elaboration. 

 

Figure 4. S1 CH4 adsorption/desorption at 80°C. Source: own elaboration. 
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Figure 5. S1 CO2 adsorption/desorption at 50°C. Source: own elaboration. 

 

Figure 6. S1 CO2 adsorption/desorption at 80°C. Source: own elaboration. 

 

Figure 7. S1 Comparative adsorption data. Source: own elaboration. 
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For sample S2, only adsorption data are reported; however, desorption experiments were also 

conducted. As with sample S1, no hysteresis was observed during the desorption process, indicating 

reversible adsorption behavior in both cases. A summary of adsorption data for S2 is presented in 

Figure 8. 

Experimental adsorption data were correlated using the three-parameter Langmuir model 

described by Gensterblum et al. [51] and applied by Gasparik et al. [5], which is given as: 

nads
excess=nL

p

p+pL
(1-

ρg(p,T)

ρads
) =nads

absolute (1-
ρg(p,T)

ρads
)                                  (4)   

where nads
excess  is the adsorbed amount of gas (mol/kg) at pressure p (MPa), pL  is the Langmuir 

pressure (the pressure at which half of the Langmuir volume is adsorbed), nL is the amount adsorbed 

(mol/kg) when the monolayer is completely filled (Langmuir maximum capacity), ρg  is the gas 

density (kg/m3) to a p and T, and ρads is the adsorbed phase density, which was assumed as a fixed 

value of 421 Kg/m3 for CH4. [52] And 1027 kg/m3 por CO2 [53]. 

 

Figure 8. S2 Comparative adsorption data. Source: own elaboration. 

The standard deviation was calculated according to Pozo et al. [39] as follows: 

∆𝑛 =
1

𝑁
√∑ ( 𝑛𝑒𝑥𝑝 − 𝑛𝑓𝑖𝑡)

2𝑁
1                       (5) 

where N is the number of data points; nexp is the experimental adsorption value; and nfit  is the 

setting value at each adsorption pressure. Table 3 shows the parameters of the Langmuir model for 

gas adsorption experimental data for sample S1, and Table 4 for S2. The fitting results indicates that 

the Langmuir model fits well. 

Table 3. Langmuir Model Fitting Parameters for S1. 

Experiment 𝐧𝐋 (mol/kg) 𝐩𝐋 (MPa) ∆𝐧 

CH4 at 50°C 0.125 2.401 0.00018 

CH4 at 80°C 0.059 1.320 0.00003 

CO2 at 50°C 0.215 0.4404 0.00013 

CO2 at 80°C 0.164 0.544 0.00037 

Table 4. Langmuir Model Fitting Parameters for S2. 

Experiment 𝐧𝐋 (mol/kg) 𝐩𝐋 (MPa) ∆𝐧 
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CH4 at 50°C 0.462 6,231 0.00035 

CH4 at 80°C 0,210 2,918 0.00044 

CO2 at 50°C 0.508 2,067 0.00023 

CO2 at 80°C 0,284 1.338 0.00094 

4. Discussion 

The adsorption and desorption behaviors observed in samples S1 and S2 reflect a complex 

interplay of geochemical and structural characteristics that influence gas storage and mobility in shale 

formations. Despite both samples exhibiting similar Tmax values (433 °C) and low Production Index 

(PI = 0.01), indicative of early thermal maturity, they differ in surface area, organic content, and 

adsorption capacity. 

Sample S2, with a higher BET surface area (40 m²/g) compared to S1 (20 m²/g), demonstrated 

significantly greater adsorption capacity for both CH₄ and CO₂. At 50 °C, CO₂ adsorption in S2 

reached 0.508 mol/kg (PL = 2.067 MPa), while CH₄ reached 0.462 mol/kg (PL = 6.231 MPa), in contrast 

to S1’s CO₂ and CH₄ capacities of 0.215 mol/kg and 0.125 mol/kg, respectively. This difference aligns 

with previous studies reporting a direct correlation between specific surface area and adsorption 

potential in organic-rich shales [3-6;54]. The Langmuir model effectively describes the adsorption 

isotherms obtained in this study, capturing the monolayer adsorption behavior of both gases across 

the examined temperature range. The model's applicability is further supported by its widespread 

use in characterizing gas adsorption in shale formations with similar mineralogical and organic 

compositions [55]. The Langmuir maximum adsorption capacities (nL) obtained in this work are 

consistent with previous studies conducted on organic-rich shales, where nL values for methane 

typically range from 0.1 to 1.2 mol/kg and for carbon dioxide from 0.2 to 2.0 mol/kg at similar 

temperature and pressure conditions [3, 36, 56].  

Interestingly, despite the higher TOC in S2 (5.18 wt%) compared to S1 (4.94 wt%), its S2 peak 

(6.7 mg HC/g rock) was lower than that of S1 (10.66 mg HC/g rock), suggesting differences in the 

quality or type of organic matter. These differences may explain the distinct Langmuir behavior 

observed at both temperatures. The higher PL values in S2 at 50 °C suggest weaker gas affinity at 

lower pressure ranges, whereas the retention of CO₂ remains substantial—highlighting its 

preferential sorption behavior due to its higher polarizability and quadrupole moment [57]. 

While the organic matter represents the main contribution to the adsorption, the mineralogical 

composition can also play a role in adsorption behavior [3]. Quartz, being non-porous and non-polar, 

contributes minimally to gas adsorption. In contrast, clay minerals such as kaolinite and chlorite 

provide active sites for gas adsorption through their layered structures and surface functional groups. 

Kaolinite, despite its relatively low surface area, can adsorb CO₂ via interactions with surface 

hydroxyl groups [58]. Chlorite, with its higher cation exchange capacity and surface polarity, 

enhances adsorption of polarizable molecules like CO₂ [42]. Ferruginous muscovite may also 

contribute to adsorption due to its layered morphology and interlayer sites, although its role is 

generally secondary compared to other clays [59]. 

As expected, the adsorption-desorption isotherms for both CH₄ and CO₂ showed no hysteresis, 

indicating fully reversible adsorption processes. This behavior suggests that the gas molecules 

interact with the surface through physical adsorption mechanisms, without significant structural 

changes or pore trapping effects during gas uptake and release. The absence of hysteresis was 

commonly observed in shales samples where adsorption occurs in mesopores and macropores with 

well-connected and accessible pore structures [60]. Additionally, the non-swelling nature of kaolinite 

and chlorite contributes to the reversibility of the adsorption process, as these minerals do not exhibit 

interlayer expansion that can lead to hysteresis [61]. 

In the context of CO₂ sequestration and enhanced gas recovery, the preferential adsorption of 

CO₂ over CH₄ and the reversibility of the adsorption process are advantageous. They imply that CO₂ 
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can be efficiently injected and cycled in and out of the rock matrix without loss due to irreversibility 

or structural changes, thereby improving storage predictability and recovery efficiency [62]. 

5. Conclusions 

The experimental results demonstrate that the rock samples from ANH-Cañaboba1 Well in the 

Cesar-Ranchería Basin has a significantly greater affinity for CO₂ compared to CH₄ at both 50 °C and 

80 °C, as reflected in higher Langmuir adsorption capacities (nL). This preferential adsorption is 

consistent with the known physicochemical properties of CO₂, including its higher polarizability and 

quadrupole moment. 

Adsorption capacity decreases with increasing temperature for both gases, confirming the 

exothermic nature of the adsorption process. The reduction in nL values for CH₄ and CO₂ between 

50 °C and 80 °C illustrates the thermal sensitivity of gas uptake. 

Organic matter is the main factor that controls the adsorption and a direct correlation is observed 

between the adsorption capacity and the BET. Sample S2 demonstrates superior adsorption capacity 

for both CH₄ and CO₂, particularly at 50 °C, due to its higher BET surface area (40 m²/g vs. 20 m²/g 

for S1) and favorable mineralogical framework. CO₂ adsorption reached 0.508 mol/kg in S2, 

compared to 0.215 mol/kg in S1. 

The absence of hysteresis in the adsorption-desorption isotherms for both CH₄ and CO₂ indicates 

a reversible physisorption mechanism. This suggests favorable pore connectivity and structural 

stability of the rock matrix, making it a viable candidate for applications such as CO₂ sequestration 

and enhanced gas recovery. 

The samples favorable adsorption behavior, particularly toward CO₂, along with its reversibility 

and thermal stability, supports its potential for use in carbon storage and methane displacement 

technologies. These findings contribute valuable data for assessing shale formations in the Cesar-

Ranchería Basin as future reservoirs for unconventional gas and CO₂ injection strategies. 
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