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Abstract: CO2 injection is considered as an alternative method for recovering shale gas and storing CO2
permanently into the geological trap. To better understand this field, an experimental study was carried out
using shale samples from the Middle Magdalena Valley Basin in Colombia to investigate the adsorption
mechanism of CO2 on shales. The effect of mineral composition, total organic carbon (TOC) content and thermal
maturity on CO2 adsorption capacity has been discussed. The experiments were carried out using the
manometric method to measure the excess sorption isotherms of CO2 at 50°C and pressures up to 3.5 MPa. The
results indicate that the effect of clay minerals is not very significant in the adsorption of CO2; TOC has a major
contribution to the adsorption uptake. In addition, a conclusive effect of maturity needs further measurements.

Keywords: gas adsorption; shale gas; COz storage; manometric method

1. Introduction

The global demand for gas is constantly growing, which has generated the need to produce
natural gas from source rock reservoirs, due to their large reserves and the difficulty of meeting this
need solely with conventional resources. This unconventional hydrocarbon system is abundant
throughout the world and has important technically recoverable resources, which are estimated at
7,576.6 TPC (tera cubic feet) in 46 countries around the world [1]. Colombia has about 54.7 TPC of
recoverable reserves of this gas, which is a considerable sum when compared to conventional gas
reserves, which are 3 TPC, according to BP's Statistical Review of World Energy [2].

These reservoirs are made up of fine-grained sedimentary rocks composed of mud, a mixture of
traces of clay minerals and small fragments of other minerals, mainly quartz and calcite. These rocks
may be high in organic matter, also known as kerogen. Theirs absolute porosities and permeabilities
are significantly lower than those of a conventional gas reservoir, having ultralow permeabilities of
a few hundred nano-darcies to a few milli-darcies [3] and porosities of 6 to 10% [4]. In these reservoirs,
natural gas is present in three different forms: a) as gas adsorbed on the internal surface of the
nanopores/micropores of the organic and inorganic components, b) as free gas in pores and
microcracks and c) as gas in solution in the fluids present [5]. The latter can be considered negligible.
Consequently, the total gas content is considered as the sum of the adsorbed gas and the free gas;
where the adsorbed gas can represent 20 to 80% of the total reserves [6].

Technological improvements in horizontal drilling and hydraulic fracturing have enabled the
production and development of these fields. These technologies have allowed to increase the
recovery factor, while increasing daily production rates. However, only 5% to 10% of original gas in
place (OGIP) is expected to be economically recoverable [7], leaving great potential for extraction
with enhanced recovery methods. Considering that the amount of adsorbed gas represents a high
percentage of the reserves and that this gas is not contributing substantially to production, because
the gas molecules are trapped in the walls of the nanopores of the matrix during production, the need
arises to delve deeper into the search for alternatives to desorb this large percentage of gas, in order
to extract it, to increase the recovery factor of the field. Desorption occurs due to a decrease in
pressure and/or the presence of another gas that is favorably adsorbed. As a result, CO2 injection
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techniques are being studied as an option to extract gas from these rocks and permanently sequester
CO2 in the geological traps [8,9].

Several studies have evaluated the adsorption of CO2 and methane in source rock samples [10-
19]. The first investigation of CO2 and methane adsorption on the same source rock material was
carried out by Nuttal et al. [20]. The results have shown that shales have a higher adsorption affinity
for CO2 than for CH4, and the adsorption of CO?2 is estimated to be 2 to 10 times greater than that of
CHA4. This is due to different properties, including molecular size. The dynamic diameter of CO?2 is
about 0.33 nm and the dynamic diameter of CH4 is about 0.38 nm [21]. Therefore, the effective size
of CO2 is smaller and it can access narrower pores in the rock matrix and come into contact with a
larger volume of the shale system [11].

Only a few experimental papers have studied the adsorption capacity of Colombian shales, for
example, [22,23]. The purpose of this research is to expand the available data, for this reason CO2
adsorption data are reported for samples of Colombian source rocks, selected from the Middle
Magdalena Valley. CO2 adsorption isotherms were measured at 50 °C for pressures up to 3.5 MPa
using a homemade gauge setup. These measurements were performed on dry core samples from two
different wells.

2. Materials and Methods

During exploratory drilling in the Middle Magdalena Valley basin of Colombia, three core
samples were obtained from two stratigraphic wells. The samples are named S2A, S2B, and S3
according to previous research [23].

This basin, whose extension is approximately 33,670 km2 (83.2 €5 acres), is located between the
Central Cordillera and the Eastern Cordillera, 241 kilometers from Bogotd. The Middle Magdalena
Valley basin is limited to the north by the Espiritu Santo fault system, to the northeast by the
Bucaramanga-Santa Marta fault system, to the southeast by the Bituima and La Salina fault system,
to the south by the Girardot, and to the east with the Neogene basin [24]. The Middle Magdalena
Valley Basin is a mature basin in terms of hydrocarbon exploration and production. Its activity has
focused mainly on conventional hydrocarbon deposits from the Tertiary [25].

The Paja, Tablazo, La Luna and Rosa Blanca formations are the source rock formations of the
Middle Magdalena Valley Basin. The samples analyzed were extracted from the Tablazo formation.

2.1. Sample Characterization

2.1.1. Rock-Eval Analysis

Espitalié et al. [26] established a standard for Rock-Eval pyrolysis, which is applied worldwide.
In the present study, Rock-Eval pyrolysis was carried out with a Rock-Eval-VI pyrolyzer. Parameters
were calculated such as 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 HC/g rock, the maximum pyrolysis performance
temperature (Tmax), expressed as °C and the total organic carbon (TOC) expressed as percentage by
weight of the crushed shale core samples. Other parameters such as hydrogen index (HI), oxygen
index (OI), and production index (PI) were calculated. The most important measurements are shown
in Table 1.

Table 1. Rock-Eval analysis.

TOC Tmax
Sample S1 S2 S3 HI (0| PI
(% Wt) °O)
S2A 3.12 478 0.35 0.70 0.18 22 5.76 0.33
S2B 8.78 487 0.39 1.90 0.42 22 4.79 0.17

S3 5.73 471 247 4.96 0.25 87 4.37 0.33
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Source: Ortiz et al. [23].

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 is the best technique available to identify and quantify all minerals present in a clay-rich
rock. The XRD analysis was carried out using a Siemens D-5000 equipment with Cu Ka radiation (40
kV, 20 mA) in the angular range of 2°-65° (20) at a speed of 1°/min. The measured parameters are
shown in Table 2.

Table 2. Mineralogical analysis of the samples.

Illite Kaolinite Quartz Calcite Pyrite Gypsum Apatite

Sample ) (%) %) %) (%) (%) (%)
S2A 9 21 31 33 4 Id <2
52B 13 15 11 50 9 Id <2

S3 7 22 32 28 8 Id <2

Source: Ortiz et al. [23].
2.2. CO2 Adsorption Experiments

2.2.1. Experimental Set up

Gas adsorption into the source rock matrix can be assessed in the laboratory by constructing
adsorption isotherms. With this objective, the method used in the present study is the manometric
method, which uses the principle of mass balance [27,28]. The equipment is a home-made high-
pressure (HP) manometric device. The main elements of this device are the dosing cell (33.57 cm3),
the sample or measurement cell (16.56 cm3) in which the adsorbent is placed and the pressure
transducer (MKS Baratron type 121 A, with an uncertainty of 0.01% at full scale ranging from vacuum
to 3.5 (MPa)). The entire system must be maintained under constant temperature conditions [29].
Three 2 ways valves allow to separate the dosing cell from the adsorption cell. Isothermal conditions
are ensured by a PID regulator (Eurotherm 3208) monitored through the use of two thermocouples
placed on each of the cells. This equipment can operate over broad ranges of pressure [0 -3, 3 (MPa)]
and temperature [303, 15 (K)-423,15 (K)].

The amount of gas is measured by monitoring the pressure drop of a fixed, known volume
containing the adsorbent sample. For the manometric method, the measuring device consists of a
dosing cell and an adsorption cell with calibrated volumes, equipped with a high-precision pressure
transducer.

A general scheme of this method is shown in Figure 1.

Dosing Cell iwi Adsorption Cell

Figure 1. General scheme of the manometric method. Source: own elaboration.

2.2.2. Experimental Procedure

The amount of gas is measured by monitoring the pressure drop of a fixed, known volume
containing the adsorbent sample. For the manometric method, the measuring device consists of a
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dosing cell and an adsorption cell with calibrated volumes, equipped with a high-precision pressure
transducer.

The measurement is performed by successively transferring gas through the reference cell to the
sample cell, which contains the adsorbent sample [30]. Therefore, the amount of adsorbed gas is
calculated as follows:

excess _
Nags = Dtotal Nfree (1)

Where nuta is the number of moles originally in the reference cell and nee is the number of moles
in the free phase at equilibrium.

The procedure comprises the following five sequential steps: (1) The adsorbent sample is placed
in the cell and its mass is measured with high precision (the mass is measured before gas extraction).
The sample is chosen in such a way that it has an adequate adsorption area; the minimum area
required is around 30 m2. (2) The adsorbent is first dried at 100 °C for about 24 hours to remove
moisture. (3) The accessible pore volume in the measurement vessel is determined through successive
expansions of a gas whose adsorption is negligible, such as Helium [31]. The value of the accessible
volume is independent of the pressure in the study range, which is between 0 and 3 MPa. (4)
Additional drying is carried out for 8 to 10 hours (5) Once the accessible volume is known, an amount
of CO2 is sent to the reference cell at known pressure and temperature. Subsequently, this volume of
gas (Va) 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 before and after adsorption. In this investigation, thermodynamic
equilibrium was reached in a range of 45 to 60 min. The number of moles adsorbed, nl,, during the
first step it can be calculated as follows:

Vi VgtVm
Vo(T,po)  Vi(T,p1)

n;ds (T'p1)=

This adsorbed amount is the first point of the adsorption isotherm. The other steps are calculated
using a cumulative process, described as:

. : 1 ; 1 Vin
nas(Tp)=Va (Zher =Tkt )7

Vok-1/ Vit

3)

Each measurement is repeated twice. The claimed uncertainty is better than 3%.[32].
3. Results

3.1. Rock-Eval Analysis

The parameters obtained through the Rock-Eval analysis are shown in Table 1. Based on the
results, the samples from the Middle Magdalena Valley Basin have a variable TOC content, in the
range of 3.12-8.77% wt, which which indicates that the rock has good to very good hydrocarbon
generation potential.

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 [33]. The
parameter commonly used to monitor the maturity level is the temperature (Tmax) corresponding to
the maximum generation and production index (PI) [34]. The samples studied have Tmax values in
the range of 471°C - 487°C. Tmax values below 435 °C are considered immature organic matter,
between 435 °C and 455 °C indicate "oil window" conditions (mature organic matter), and values
above 455 °C are considered post-mature. There are two subcategories within the latter; between 455
and 470 °C are considered transient, and values above 470 °C represent the wet gas zone [35].
According to the Tmax-HI graph (Figure 2), all samples are within the post-mature stage.
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Figure 2. Tmax-HI graph. Source: own elaboration.

The samples studied have low concentrations of free hydrocarbons (S1), with values in the range
of 0.35 to 2.47 mg HC/g rock. The amount of hydrocarbon production (S2) expelled during Rock-Eval
pyrolysis is a useful parameter to evaluate the hydrocarbon generation potential of source rocks
[36,37]. The analyzed samples have S2 values in the range of 0.7 to 4.96 mg HC/g rock. The TOC
content and the 52 peak (Figure 3) indicate that the rock samples have poor to good hydrocarbon
generation potential, according to the classification of Peters and Cassa [38]. Parameter S3 indicates
the CO2 released from thermal cracking during pyrolysis, reaching the highest value in sample S2B
(0.42 mg CO2/g of rock) and the lowest value in sample S2A (0.18 mg of CO2/g rock).
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Figure 3. Graph S2-TOC. Source: own elaboration.

The hydrogen indices (HI) are derived from the ratio (S2/TOC) x 100 and values of 22 were
obtained in samples S2A and S2B, and 87 in sample S3. Oxygen indices (OI) are derived from the
ratio (S3/TOC) x 100, and values ranging from 4.37 (sample S3) to 5.76 (sample S2A) were obtained.

According to the Tmax-HI graph (Figure 2), the organic matter of the samples is characterized
by having type II-III kerogen in sample S3, and type III kerogen in samples S2A and S2B.
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The production index (PI) is derived from the relationship S1/(51+52), is defined as the relation
between the amount of hydrocarbons generated and the total amount of organic matter. The PI values
are 0.33 in samples S2A and S3, and 0.17 in sample S2B.

3.2. Ray Diffraction (XRD)

The fact that each mineral has its own fingerprints makes it possible to recognize the minerals
present in the samples [39]. Using XRD, clay and non-clay minerals were identified; among the clay
minerals, kaolinite and illite were obtained, and among the non-clay minerals, quartz was obtained.

The XRD results (Table 2) indicate that the samples are mainly composed of clay minerals
(28-30%), quartz (11-32%), and calcite (28-50%). Other minerals identified are pyrite (4-9%), apatite
(<2%) and traces of gypsum. It is observed that the clay content of the samples is very similar and
that it is characterized by a higher content of kaolinite (15-22%) compared to illite (7-13%). Sample S3
shows a higher content of kaolinite (22%) and quartz (23%), while calcite can reach 50% in 52B. These
results as the previous one obtained by rock-eval analysis were already detailed [23]. We only recall
here the fundamentals elements of this study essentials to the comprehensive study of the CO2
adsorption.

3.3. Adsorption

In this section, the original results of the CO2 adsorption experiments are presented. Three
experiments were performed at a temperature of 50 °C and pressures up to 3.5 MPa. Each isotherm
was repeated twice and the reproducibility was always found lower than the claimed uncertainty.
Excess adsorption versus pressure is plotted in Figure 4. It is identified that sample S2B has the
highest CO2 adsorption capacity among all the samples analyzed, and the maximum value of CO2
adsorbed amounts to 0.33 mol/kg. Samples S2A and S3 have similar CO2 adsorption capacities, with
values of 0.093 mol/kg and 0.099 mol/kg respectively.
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Figure 4. CO2 adsorption capacity at 50°C. Source: own elaboration.

Experimental data of CO2 adsorption were correlated using the three-parameter Langmuir
model described by Gensterblum et al. [40] and applied by Gasparik et al. [41], which is given as:

excess _ p Pg(®TY _ absolute pg(PT)
Nads _nLP+PL (1- Pads “ads I Pads (4)

Where nZi** is the adsorbed amount of gas (mol/kg) at pressure p (MPa), p;, is the Langmuir
pressure (the pressure at which half of the Langmuir volume is adsorbed), nj, is the amount adsorbed
(mol/kg) when the monolayer is completely filled (Langmuir maximum capacity), p, is the gas
density (kg/m3)toa p and T, and p,qs is the adsorbed phase density, which was assumed as a fixed
value of 1028 kg/m3 for the adsorbed phase density [15].

The standard deviation was calculated according to Pozo et al. [19] as follows:

N

1 2
An = N Z (nexp - nfit) 4)

1

d0i:10.20944/preprints202411.2225.v1
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Where N is the number of data points; n.y, is the experimental adsorption value; and ng is the
setting value at each adsorption pressure. Table 3 shows the parameters of the Langmuir model for
gas adsorption on shale samples. The fitting results show that the values of An range from 0.00024 to
0.0033, indicating that the Langmuir model fits well.

Table 3. Langmuir Model Fitting Parameters

Sample n;, (mol/kg) pL (MPa) An
S2A 0.1320 1.0489 0.00024
S2B 0.4135 0.6106 0.00333

S3 0.1249 0.5034 0.00037

4. Discussion

4.1. Influence of Mineralogical Composition on CO2 Adsorption

The adsorption capacities and mineral content of all samples were plotted (Figure 5) to
investigate the influence of mineralogical composition on the adsorption of pure CO2. Mineral
components, particularly clay minerals, have been widely considered as a significant factor affecting
the adsorption capacity of source rock samples as they contribute to the micropore volume of the
rock [42,43]. However, a discrepancy between this and the results obtained can be observed, since
the three samples have a similar content of clay minerals but the adsorption capacity of sample S2B
is much higher. A possible explanation for this can be determined if the two clay minerals present in
the samples are analyzed separately; the illite content is higher in sample S2B, so we can conclude
that illite has a greater adsorption capacity compared to kaolinite. Another explanation for the
discrepancy is due to the high TOC content. Studies have reported that the specific influence of clay
on gas adsorption is less evident in source rocks with high TOC content [44-47].

There is no clear connection between quartz content and CO2 adsorption capacity, and quartz
appears to play a minor role in the sorption capacity of these shales.
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Figure 5. Influence of mineralogical composition. Source: Own elaboration.

4.2. Influence of Organic Matter on CO2 Adsorption

The effect of organic matter on the adsorption of CO2 in the samples of this study is shown in
Figure 6, at pressures of 0.1 MPa, 0.3 MPa, 1 MPa and 3 MPa. Organic matter is mainly responsible
for the microporous nature of the rock and also the main contributor to the surface area and total
pore volume [48,49]. The reviewed literature confirms that the adsorption capacity on source rocks is
strongly correlated with TOC. With the results of this research, a moderate positive correlation can
be seen between CO2 adsorption and TOC; however, a linear relationship is not shown. It is also
observed that the correlation is better at low pressures.
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4.3. Influence of Thermal Maturity on CO2 Adsorption

The effect of thermal maturity on the adsorption of CO2 in the samples under study at pressures
of 0.3 MPa and 3 MPa is shown in Figure 7. In shales, the thermal maturity of organic matter can
generate additional micropores [50,51], and the generation of more micropores increases the
adsorption capacity. In this study, although it is observed that sample 52B is the most mature and
has the highest adsorption capacity, a conclusive effect of maturity cannot be determined due to the
limitation of the number of samples.
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Figure 7. CO: adsorption capacity as a function of Tmax (maturity) at (a) 0.3 MPa and (b) 3 MPa.
Source: Own.

5. Conclusions

The effect of mineral composition, total organic carbon (TOC) content and thermal maturity on
CO2 adsorption capacity has been discussed. CO2 adsorption storage capacity has a moderate
positive correlation with total organic carbon; however, a linear relationship was not clearly
identified. This relationship between adsorption storage capacity of CO2 and Total Organic Carbon
was more significant at low pressures. A conclusive effect of maturity has not been determined due
to the limitation of the number of samples in the present study.
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