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ABSTRACT: High-pressure methane adsorption isotherms were measured on five shale core samples obtained during
exploratory drilling from three boreholes located in the Colombian Middle Magdalena Valley Basin. The experiments were
carried out at 50 and 75 °C and for pressures ranging up to 3.5 MPa under dry conditions through the use of a homemade
manometric setup. The effect of the total organic carbon (TOC) content, thermal maturity, clay content, and specific surface area
(SSA) on methane adsorption capacity has been discussed. The excess adsorption data were fitted to a three-parameter (nL, pL,
and ρads) Langmuir model with the value of the adsorbed phase density, ρads, maintained fixed at 421 kg/m3, which corresponds
to liquid-phase density of methane at a normal boiling point. An excellent fit to the experimental data was achieved. The results
show that the temperature has a negative effect on the adsorption capacity, while TOC has a positive effect, even if no linear
regression was found between TOC and methane adsorption capacity. No correlation was observed between the clay content
and the TOC-normalized adsorption capacity to methane, which indicates that clay minerals do not significantly contribute to
methane adsorption in the case of our samples. In addition, there is not a general trend between TOC normalized and thermal
maturity. Among the factors investigated in the present study, TOC has the major contribution to the adsorption uptake.
A similar contribution is found for the SSA, which is consistent, considering the positive correlation between TOC and SSA. This
set of data represents meaningful information for indirect estimations of the gas in place during the future recovery strategies.
This study furthers the ongoing projects on the understanding of the adsorption effect on shale gas production and assessment.

1. INTRODUCTION

In 2016, according to the BP Statistical Review of World
Energy,1 the natural gas production of Colombia was almost
equal to its consumption and the reserves/production (R/P)
ratio was close to 12. At the present time, almost all of the
natural gas production of country comes from conventional
reserves, which could be empty by the year 2028; meanwhile,
unconventional technically recoverable gas reserves are esti-
mated to be 12 times greater than conventional reserves.2 Shale
gas has become an increasingly important source of natural gas
supply.
It is of general acceptance that natural gas can be stored in

shales in three different ways: as free gas, adsorbed gas, and
dissolved gas,3−8 with adsorbed gas being the main contribu-
tion (up to 85%).3,9−12 Therefore, the quantity of adsorbed
gas represents one of the most important parameters in gas
shale reserves and production estimations.13 In this sense,
many laboratory experiments have been carried out on methane
adsorption in shale gas from different worldwide basins, with
the objective to provide a better understanding of this phemo-
menon.7,14−23 In addition to adsorption measurements, some
works had obtained at the same time the stored free-gas
amount, with the confining-stress effect having been taken into
account.24−26

Adsorption is a complex process, which depends upon the
rock matrix and fluid properties as well as reservoir conditions
(e.g., temperature and pressure). The main parameters affecting
adsorption capacity are the total organic carbon (TOC) con-
tent, mineralogy, water content, temperature, and pressure.
Most of the studies affirm that organic matter, TOC, is the
main factor that controls adsorption uptake in shales.8,18−23 It
has also been reported that the type of kerogen as well as its
maturity can influence the adsorption ability in such a way that
the methane adsorption capacity of kerogen decreases in the
sense of type III > type II > type I,7,18 while a higher maturity
means a higher adsorption capacity.8,20,27 Others studies reported
that sorption capacity will first increase and then decrease with
maturity.28,29

The roles of shale mineral composition and pore structure have
been largely studied.8,28 In addition to organic matter, clay mineral
may provide a contribution upon adsorption capacity.4,7,8,23,27,30−32

Montmorillonite and illite/smectite present a higher adsorption
capacity than kaolinite, chlorite, and illite.30 At a nanometric
scale, it is difficult to correlate the adsorption gas capacity
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directly with the total organic content as a result of the pore
size distribution and heterogeneity of the surface;8 therefore,
some authors suggest that the adsorbed gas volume evaluation
should also be related to the surface area.12,33−35 The adsorp-
tion in clay-rich shales is due to their high internal area. There-
fore, the specific surface area (SSA) plays a significant role in
gas adsorption36 as a result of the microporosity associated with
organic matter. Zhang et al.37 report that shales with a higher
content of clay minerals and a similar TOC content have a larger
SSA. This is due to the porosity hosted in the clay minerals.
Pressure increases the adsorption capacity to some extent

when it rises isothermally.38 In contrast, the water content and
temperature have a negative influence. Water may occupy the
adsorption sites, hence reducing the amount of adsorbed gas.20,39

A reduction in gas adsorption up to 40% has been found when
comparing moisture samples to dry samples.7,8 The tempera-
ture is also one of the factors influencing the state of shale gas.
With gas adsorption being an exothermic process, the adsorp-
tion capacity of shale decreases with an increasing tempera-
ture.6,23 The combined effect of the pressure and temperature
can be used during the production stage because it represents
gas desorption behavior.11 Although the above-mentioned param-
eters are the most studied, some works have been performed
focused to dynamically changing pore volume adjustments as a
result of the adsorption layer taking up space and overburden
effects on core shale samples.24−26

This review highlights that gas storage in shale is a complex
multi-parameter process. An understanding and quantification

Figure 1. Location of the Middle Magdalena Valley (in yellow) and sample site (black circle) [modified with permission from ref 40. Copyright 2007
Agencia Nacional de Hidrocarburos (ANH)].

Figure 2. Schematic diagram of the HP/high-temperature (HT) manometric setup.
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of each parameter require a very huge set of well-defined
experimental data. Despite the growing interest, research pub-
lished on shale is mostly limited to U.S. and Canadian shales,
China shales, and more recently European black shales. Less
studies have been reported for South American shales.
The objective of the present study is to further the set of

available data. Here, we report methane adsorption data for
selected Colombian shales from the Middle Magdalena Valley.
Using a homemade manometric setup, methane adsorption
isotherms were reported at 50 and 75 °C for pressures up to 3.5
MPa. These measurements were carried out on dried samples
from cores belonging to three different wells.
Following recommendations of previous works devoted to

shales, the methodology applied in this work is as follows:
(1) geochemical and textural characterization of the samples,
(2) CH4 adsorption capacity over ranges of pressure and tem-
perature, with representation of the adsorption data by a mod-
ified Langmuir approach, and (3) variation of the CH4 uptake
as a function of the Brunauer−Emmett−Teller (BET) surface
area, organic matter richness, clay content, and thermal maturity.
This comprehensive work furthers the still limited reliable

database of adsorption data on shales. To the best of our knowl-
edge, this is the first study devoted to Colombian gas shales.

2. MATERIALS AND EXPERIMENTAL METHODOLOGY
2.1. Materials. Five core samples were obtained during exploratory

drilling (stratigraphic wells) of three boreholes located in the Middle
Magdalena Valley Basin in Colombia. As a result of confidentiality
reasons, detailed locations are not disclosed, and the samples are
named S1A, S1B, S2A, S2B, and S3.
The Middle Magdalena Valley Basin is 34 000 km2. It is stretched

along the middle reaches of the Magdalena river and is bound to the
north and south by the Espiŕitu Santo fault system (ESFS) and the

Girardot fold belt (GFB), respectively. To the northeast, the basin is
limited by the Bucaramanga−Santa Marta fault system (BSMF), and
to the southeast, the basin is limited by the Bituima and La Salina fault
system (BSFS). The western limit is marked by the westernmost onlap
of the Neogene basin fill into the Serraniá de San Lucas (SL) and the
Central Cordillera (CC) basement,40 as shown in Figure 1. The black
circle shows the location of the wells in the proximity of Barrancabermeja.

2.2. Sample Characterization. 2.2.1. X-ray Diffraction (XRD)
Analysis. Mineralogical analysis of samples was carried out by means
of XRD using Siemens D-5000 equipment with a scanning speed of 1°
(2θ)/min and Cu Kα radiation (40 kV and 20 mA). XRD is the most
widely used technique for identification of minerals. When an incident
beam of X-ray interacts with crystalline matter (regular structure), the
diffraction (constructive interference) can occur for certain directions,
giving a set of reflections characteristic of the analyzed substance
(fingerprint). The diffraction reflections are related to spacing of atomic
planes in a sample (i.e., d spacing) and wavelength of X-rays (λ).

XRD studies were achieved on both randomly oriented samples (bulk
sample) and clay fraction samples (<2 μm). Powdered whole-rock

Table 1. Depth and Mineralogical Analysis of the Samples

sample depth (m) illite (%, w/w) kaolinite (%, w/w) quartz (%, w/w) calcite (%, w/w) pyrite (%, w/w) gypsum (%, w/w) apatite (%, w/w)

S1A 2835 15 45 27 3 10 id 0
S1B 2850 11 19 54 10 6 id 0
S2A 2934 9 21 31 33 4 id <2
S2B 3004 13 15 11 50 9 id <2
S3 4430 7 22 32 28 8 id <2

Figure 3. XRD diffractograms of bulk samples. Mineralogical assemblages include phyllosilicates (kaolinite and illite, in illite/smectite mixed layers),
calcite, quartz, apatite, and pyrite. S1A shows the highest percentage of phyllosilicates (60%, mostly kaolinite), whereas the quartz content can reach
54% in S1B and the calcite content can reach 50% in S2B (see Table 1).

Table 2. Rock-Eval Analysis, HI, OI, and SSA (BET
Method)a

sample
Tmax
(°C)

TOC
(%) S1 S2 S3 HI OI SSA

S1A 459 3.8 1.93 3.75 0.14 99 3.69 6.9
S1B 463 4.7 2.00 3.61 0.23 78 4.94 10.28
S2A 478 3.1 0.35 0.70 0.18 22 5.76 13.05
S2B 487 8.8 0.39 1.90 0.42 22 4.79 26.29
S3 471 5.7 2.47 4.96 0.25 87 4.37 10.59

aTmax, thermal maturation parameter; TOC, total organic carbon
(wt %); S1, free HC (mg of HC/g of rock); S2, oil potential (mg of
HC/g of rock); S3, CO2 organic source (mg of CO2/g of rock); HI,
hydrogen index; OI, oxygen index; and SSA, specific surface area
(m2/g of rock).
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samples (milled and dry sieved at <63 μm for homogenization) were
scanned from 2° to 65° (2θ). The method of the mineral intensity
factors (MIFs) was applied to XRD peak intensity ratios normalized to
100% with calibration constants for the quantitative estimation of the
mineral contents.41 The clay fraction (<2 μm) was separated by cen-
trifugation, and samples were prepared from suspensions oriented on
glass slides. Identification of the clay fraction minerals was performed
on oriented air-dried samples and solvated with ethylene glycol after
heating at 550 °C.
2.2.2. SSA. The SSA of minerals is one of their most important

properties controlling surface phenomena. The most widely used
technique for determining SSA is based on gas adsorption, notably of

nitrogen gas. Adsorption isotherms, describing the amount of gas
adsorbed as a function of the relative pressure (p/p0), can exhibit
different features depending upon the size of particles, the presence of
organized pores, and the energetic properties of the mineral surface.
Different methods of data analysis are used to derive quantitative infor-
mation from experimental adsorption curves, of which BET42 analysis
is the most common. The BET SSA of powdered samples was analyzed
by Micromeritics ASAP 2010 equipment and determined from a low-
pressure nitrogen adsorption isotherm at 77 K (−196 °C).

2.2.3. Rock-Eval Analysis. The Rock-Eval analysis of the selected
whole rock samples was performed by a Rock-Eval VI pyrolyser.
The interesting parameters measured include TOC, Tmax, S1 [free hydro-
carbons (HC)], S2 (oil potential), S3 (CO2 organic source and carbonate),
and related indices: oxygen index (OI) and hydrogen index (HI).

2.3. Methane Adsorption Measurements. 2.3.1. Sample
Preparation. Considering that the time required to reach the equilib-
rium on intact core samples could be extremely long as a result of the
low permeability of shales,43 the samples were split. However, depend-
ent upon the organic matter distribution, the milling process may
induce variations on the available surface. Following the recom-
mendations of Gasparik et al.,20 cuttings of different particles sizes
were tested.5 For each sample, two particle size fractions ranging from
1 to 1.5 mm and from 1.5 to 5 mm were investigated. A known mass
of each sample was introduced into the adsorption cell (Figure 2) and
dried at 105 °C for 24 h to remove the moisture. The mass was care-
fully measured and chosen to obtain a large enough available adsorp-
tion area; about 30 m2 is the minimum area required.

2.3.2. Manometric Adsorption Setup. The instrument used in the
present study is a high-pressure (HP) manometric device. A schematic
view of this “homemade” apparatus is provided in Figure 2. This exper-
imental setup and the measurement principle have been previously
described.44 The main elements are the reference or dosing cell
(33.57 cm3), the adsorption 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% in the full scale ranging from the vacuum
to 3.5 MPa). The various parts are isolated with spherical valves, thus
limiting the “dead space” volume. The whole apparatus is regulated
under isothermal conditions through the use of a heater wire con-
trolled by a proportional−integral−derivative (PID) regulator (Euro-
therm 3208). Five thermocouples (type K, accuracy of ±0.1 K) were
placed in different parts of the circuit to check that the isothermal
conditions are applied along the circuit during the measurement.
The overall uncertainty of the amount adsorbed (as a result of the
helium calibration procedure and pressure accuracy) is determined to
be lower than 1% over the entire (p and T) range investigated in this
study.

Figure 4. Tmax−HI plot.

Figure 5. Correlation between BET and TOC. Note a moderate linear correlation.
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2.3.3. Calculation of Excess Adsorption. The adsorption iso-
therms were determined using an accumulative process, with a value of

increased pressure about 2−3 bar between successive gas doses.
The procedure consists of expanding a gas from the dosing volume VD

Figure 6. Methane adsorption capacity at 50 °C.

Figure 7. Methane adsorption capacity at 75 °C.

Figure 8. CH4 adsorption capacity for sample S2B at 50 and 75 °C.
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(dosing cell) into the adsorption cell (VM), which contains the sample
under isothermal conditions. Application of this experimental meth-
odology requires the previous determination of the two volumes VD
and VM. The uncertainty of these measures is inferior to 0.5% in both
cases. The mass balance involves the void volume or volume accessible
in the presence of the adsorbent, which is a key parameter for the
adsorption capacity. The void volume was determined through helium
expansions at each temperature and for different pressures. The choice
of helium was dictated considering it is an inert, non-sorbing gas.18,23

An additional drying is performed after that for 8−10 h. The methane
molar volume considered at the experimental conditions (p and T) is
determined with the Span and Wagner equation of state (EOS).45 The
return to the thermodynamic equilibrium was controlled by the pres-
sure value. It should be observed that it was reached in a range from
45 to 60 min.
2.3.4. Parameterization of Excess Adsorption Isotherms. Because

reservoir pressures are higher than the experimental pressures, it is
necessary to extrapolate data to well pressure conditions. Therefore,
the experimental data were parametrized using a fitting procedure.
Several approaches have been developed4,46−48 to this purpose.
The modified Langmuir model is used as a standard model to describe
vapor isotherms on shales,48 and it is widely accepted in the petroleum
industry.33 This model includes the adsorbed gas density as a fitting
parameter. Because this value is difficult to assess, most of the studies
have shown a good match when assuming it as the methane liquid
density at a normal boiling point.4,12,39,49,50

The experimental data were correlated using a three-parameter
Langmuir model described by Gensterblum et al.51 and applied by
Gasparik et al.4
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excess is the adsorbed amount of gas (mol/kg) at p (MPa),

pL is the Langmuir pressure, corresponding to the pressure at which
half of the adsorption sites are occupied (monolayer), nL is the amount
adsorbed (mol/kg) when all of the monolayer is filled (maximum
Langmuir capacity), ρg is the gas density (kg/m3) at p and T, and
ρads (kg/m

3) is the adsorbed phase density, which was assumed as a
fixed value of 421 kg/m3 for the adsorbed phase density.12,19,52

Standard deviation was calculated according to53

∑Δ = −n
N

n n
1

( )
N

1
exp fit

2

where N is the number of experimental data points and nexp and nfit are
experimental measured data and fitted data, respectively. The results
are shown in the next section.

3. RESULTS
3.1. Mineralogy. The XRD mineralogical analysis revealed

that the five bulk-rock samples are mostly made up of phyllo-
silicates (28−60%), quartz (11−54%), and calcite (3−50%).
Other minerals include pyrite (4−10%), apatite (<2%), and
traces of gypsum (see Table 1). The sample S1A shows the
highest content in phyllosilicates (>50%) and pyrite. The
remaining samples have a phyllosilicate content up to 30%,
whereas quartz can reach 54% in S1B and calcite can reach 50%
in S2B. The value of d(060) reflection is in all cases 1.49−1.50 Å,
indicating dioctahedral phyllosilicates. The oriented aggregates
of the clay fraction (<2 μm) show that samples are mostly com-
posed of two clay minerals: kaolinite and illite. In the bulk
sample, the kaolinite content is ranging between 15% (S2B)
and 45% (S1A). Illite is subordinated (7−15% in the bulk
sample) and always include traces of illite/smectite mixed
layers. Two representative XRD patterns of bulk samples are
shown in Figure 3.

3.2. Organic Matter Richness and Thermal Maturity.
Rock-Eval analysis can help to know the oil−gas potential of a
rock but also the type of organic matter and degree of matura-
tion. The most interesting parameters measured are shown in
Table 2.
TOC is ranging between 3.12% (S2A) and 8.77% (S2B).

TOC is the amount of organic carbon present in the sample.
In shales, TOC of 2−5% is considered good and higher than
5% very good.53 All analyzed samples have TOC higher than
3% and, in the case of S3 and S2B, higher than 5%.
Besides, TOC is important to consider the level of thermal

maturation, which can be given by the Tmax value. This parameter

Table 3. Langmuir Model Fitting Parameters at 50 °C

sample nL (mol/kg) pL (MPa) Δn

S1A 0.0848 0.711 0.00098

S2A 0.1054 1.661 0.00017

S2B 0.1926 0.680 0.00040

S3 0.0783 0.315 0.00001

Table 4. Langmuir Model Fitting Parameters at 75 °C

sample nL (mol/kg) pL (MPa) Δn

S1A 0.0169 0.071 0.00002
S2B 0.0562 0.118 0.00010
S3 0.0537 0.229 0.00021

Figure 9. CH4 adsorption capacity nexcess (at 3 MPa and 50 °C) as a function of TOC.
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is the temperature at which the maximum amount of HC deg-
raded from kerogen was generated. The Tmax values range
between 459 and 487 °C (Table 2). In general, according to
Peters,55 Tmax values lower than 435 °C are considered immature
organic matter but Tmax values between 435 and 455 °C indi-
cate “oil window” conditions (mature organic matter). Higher
values of Tmax between 455 and 470 °C are considered
transitional, and higher values than 470 °C represent the wet
gas zone (overmature organic matter). Indeed, when more
mature is the rock, the higher is the temperature (Tmax) required
to release HC from kerogen. Sample S1A shows a lower Tmax

value (459 °C); samples S1B, S2A, and S3 show intermediate
values (463−478 °C); and sample S2B shows the highest value
(487 °C). Therefore, the maturation order is S2B > S2A > S3 >
S1B > S1A. According to the Tmax−HI plot, all of the samples
are within the post-mature stage but samples S1A and S1B are
within the condensate−wet gas zone, whereas samples S2A and
S2B are within the dry gas window conditions and sample S3 is
between them (Figure 4). The samples S3, S2A, and especially
S2B (Tmax > 470 °C) are indicative of overmature organic
matter.
With regard to S1 (free HC) and S2 (oil potential), the con-

centrations are low and range between 0.35 mg of HC/g of

rock (sample S2A) and 2.47 mg of HC/g of rock (sample S3)
for parameter S1 and between 0.7 mg of HC/g of rock (sample
S2A) and 4.96 mg of HC/g of rock (sample S3) for parameter
S2. The relative amounts of parameters S1 and S2 depend upon
the type of organic matter but also the duration and tempera-
ture suffered by the rock. Parameter S3 indicates CO2 evolved
from thermal cracking during pyrolysis, reaching the highest
value in sample S2B (0.42 mg of CO2/g) and the lowest value
in sample S1A (0.14 mg of CO2/g).
The OI is derived from the ratio (S3/TOC) × 100, ranging

from 3.69 (sample S1A) to 5.76 (sample S2A). The HI is
derived from the ratio (S2/TOC) × 100, reaching 22 in sam-
ples S2A and S2B, between 78 and 87 in samples S1B and S3,
and the highest value in sample S1A (99). The type of kerogen
present in a rock determines its quality. Type I kerogen is the
highest quality, and type III is the lowest.54 The values of Tmax,
HI, and OI in the studied samples let us to include them as
kerogen of types II−III (samples S1A, S1B, and S3) to type III
(samples S2A and S2B), according to classifications by Peters,55

Gorin and Feist-Burkhardt,56 and Xu and co-workers57 (Figure 4).
The maturation degree can affect the determination of the
kerogene type. Indeed, the Tmax−HI and HI−OI plots are
especially useful to determine kerogen type of immature rocks.

Figure 10. CH4 adsorption capacity at 50 °C as a function of TOC at (a) 0.3 MPa and (b) 0.5 MPa.
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However, when a source rock is under maturation, the amount
of hydrogen and oxygen relative to carbon decreases and then
the ratios tend to converge toward the origin of the plot. There-
fore, in post-mature rocks, HI and OI are not actually indicative
of the original kerogen quality.
3.3. SSA. The BET SSA is ranging between 6.90 and

26.29 m2/g, with the highest value in sample S2B (Table 2).
Several authors reported a relationship between kerogen char-
acteristics (thermal maturity, composition, and type) and develop-
ment of nanopores enhancing the gas adsorption capacity of
shales.18,33,58−60 This fact explains the higher BET values obtained
in more mature samples S2A and S2B (13.05−26.29 m2/g)
when compared to the other samples (6.9−10.59 m2/g). The
development of nanopores in kerogen can lead to an increase in
adsorption sites with increasing TOC for the mature to post-
mature shales. Moreover, the analyzed samples show moderate
positive correlation between TOC and BET SSA values (R2 =
0.71) because of increasing adsorption sites with maturation
and TOC content (Figure 5).
3.4. Methane Adsorption Isotherms (Dry Samples).

CH4 adsorption isotherms were measured at 50 °C for all of the

samples up to 3.5 MPa and for some of them (samples S1A, S2B,
and S3) at 75 °C (up to pressures of 2 MPa). To obtain reliable
adsorption data at a high pressure is quite complicated.59 As a
result of the limitations of our own techniques, very reliable
data are accessible up to moderate pressures. In the present
work, measurements were performed with high accuracy up to
a quite restricted pressure range (up to 3.5 MPa). Then, a
phenomenological model applied to these data allows us to
extend the pressure range and to assess the CH4 uptake. Con-
sidering the difficulty associated with the very low adsorption in
shales, a set of three measurements was performed for each
isotherm. The reproducibility was always superior to 99% [aver-
age absolute deviation (AAD) inferior to 1%]. The experimental
data are displayed in Figure 6 (50 °C) and Figure 7 (75 °C).
Note that the sample S1B has very low adsorption capacity in
comparison to the other samples or literature data.4−6 Alteration
of this sample by oxidation may be the cause of this degradation.
In this context, this sample will not be considered in the study.
Figure 8 reports the effect of the temperature for sample S2B.
Because the saturation of the sample was observed at 75 °C, the
pressure range was limited to pressures around 2 MPa.

Figure 11. (a) TOC-normalized Langmuir adsorption capacity (nL) content and (b) TOC-normalized adsorption capacity at 3 MPa as a function of
the total clay content, in our work and literature data.4
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Fitting parameters are shown in Tables 3 and 4, with the
values of Δn in all of the samples indicating that the fitting
procedure was successful and that the Langmuir model repre-
sents the adsorption behavior in a good way without restric-
tions. The values obtained for nL are similar to those already
reported in the literature for shales or black shales.4,59 In addi-
tion, such a parameter should be regarded as useful information for
future assessment and exploitation of the shale wells.61 Additionally,
their knowledge represents meaningful information to study the
effect of individual contributions to the methane adsorption.

4. DISCUSSION

4.1. Effect of Organic Matter and Clay Contents on
CH4 Uptake. CH4 adsorption capacity (nexcess) shows a mod-
erate positive correlation with TOC, taking into account that
TOC contents of samples S1A and S2A are nearly similar (3.8
and 3.1). Even if no linear relationship can be fitted to the
adsorption data, TOC remains as controlling factor of the
adsorption uptake. A small discrepancy is observed for sample
S3. This is shown in Figure 9, where we plot the excess adsorp-
tion capacity (nexcess) at 3 MPa (and 50 °C) versus TOC.
When the adsorption uptake is plotted at a lower pressure (see

panels a and b of Figure 10 at 0.3 and 0.5 MPa, respectively),

a linear law is observed between TOC and adsorption. This is
due to the filling of micropores of the organic matter that
occurs at a first stage during the adsorption process.
Once that the influence of TOC over the adsorption capacity

was determined, the effect of the clay content was studied. One
way to do this is by comparing the results with shale samples
to isolated kerogen, not accessible in our case. Therefore, we
follow the methodology proposed by Gasparik et al.4 TOC-
normalized adsorption capacities were plotted versus the total
clay content for all of the samples (panels a and b of Figure 11).
Form the obtained figure, discrepancy of the adsorption capacities
of the three samples with analogous clay contents are depicted.
Meanwhile, sample S1A with a higher clay content shows adsorp-
tion capacity similar to the other samples. This lack of correlation
between the clay content and the adsorption capacities is also
observed with the literature data4 (panels a and b of Figure 11).
Similar results were observed for the detailed analysis of the

individual clays plotted in panels a and b of Figure 12, the effect
of illite and kaolinite seems to be insignificant in agreement
with previous studies.18,28 Furthermore, while the same studies
report that an important content of smectite can affect the
adsorption capacity, the studied samples on the present work
only presented trace amounts of illite/smectite.

Figure 12. TOC-normalized adsorption capacity at 3 MPa as a function of the (a) kaolinite content (%) and (b) illite content (%).

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.7b01849
Energy Fuels 2017, 31, 11698−11709

11706

http://dx.doi.org/10.1021/acs.energyfuels.7b01849


4.2. Effect of Thermal Maturity. The effect of thermal
maturity on the TOC-normalized excess adsorption capacity at
3 MPa (nexcess

3 MPa) is shown in Figure 13a. With limitation to the
samples of the present study, maturity showed no significant
effect on the total amount of methane adsorbed.
Taking into account the still relatively small database, a

general trend that correlates thermal maturity and adsorption
capacity is not observed. A wider range of sample maturities is
needed to conclude its effect over the adsorption capacity.
Using data from the literature,4 the plot between maturity and
adsorption capacity was obtained (see Figure 13b). A consis-
tency is observed between the two sets of data. The TOC-
normalized adsorption capacity linearly increases with maturity
within the investigated range.
In the literature, a variety of behaviors is reported between the

maturity and adsorption capacity. When the TOC-normalized
adsorption capacities correlated positively with maturity in terms
of vitrinite reflectance (VRr), the maximal value of VRr was
∼2.5%,4,5 which is in agreement with our observation.

5. CONCLUSION
New and reliable experimental data for methane adsorption
capacities were obtained for fully characterized Colombian
shales. To the best of our knowledge, this is the first study
devoted to Middle Magdalena Valley shale gas. For this work, a
Langmuir three-parameter model proved adequate to represent
the experimental excess adsorption, allowing for the gas-in-
place estimations to be obtained. The study samples showed a
moderate positive relationship between TOC and SSA.
The results confirmed that, even if no linear correlation was
found, TOC remains a key factor defining the adsorption capacity
of shales. Further work is needed to determine the importance
and effect of other parameters, such as the maturity of the samples.
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