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ABSTRACT 

A series of studies have investigated the applicability of kerogen, which is an amorphous 

and insoluble organic matter abundant in unconventional shale formations. This geo−materials are 

known to have undergone significant alteration in chemical structure during thermal maturation 

which is characterized using a combination of solid−state 1H & 13C−NMR, X−ray photoelectron 

spectroscopy (XPS), Fourier transform infrared (FTIR), Matrix-assisted laser desorption 

ionization-time of flight mass spectrometry (MALDI-TOF-MS) techniques. For these studies, four 

kerogen samples (type−II) from the Bakken Formation were selected based on the differences in 

their thermal maturity, as well as representing the pre−oil and oil window stages as measured 

through organic petrology and bulk geochemical screening of the samples. Results documented a 

systematic structural change in these four samples where the ratio of CH3/CH2 increased when the 

maturity increases, along with the presence of shorter aliphatic chain length. Furthermore, the 

aromatic carbon structure becomes more abundant in higher maturities and oil window stages. It 

concluded that, the structural and chemical changes that occurs in the organic matter involves 

defunctionalization of heteroatom functional groups, coupled with an increase in cross−linked 

carbon in the residual remaining kerogen. Also molecular weight distribution variations in kerogen 

samples revealed the rate of change in molecular mass populations as a function of thermal 

maturity. 

The studies using computational simulation techniques investigated the applicability of 

kerogen for separation of the mixture of gases (CO2 and CH4) in dry and wet (brine) conditions 

for an effective storage and injection operation. Here, through grand canonical Monte Carlo 

(GCMC)/molecular dynamics (MD) simulations, the studies of thermodynamics and kinetics 

investigated the CO2 transportation and adsorption behavior on three-dimensional (3D) kerogen 

molecular models from the Bakken, which contains non-periodically arrayed functional groups. 

The stronger interaction of CO2 molecules with the model leads to the penetration of CO2 

molecules to the sub-surface levels. And, the concentration of brine shows a positive effect for 

CO2/CH4 selectivity that supports our goals of sequestration and enhanced production. These 

results suggest the important role of kerogen in the separation and transport of gas in organic−rich 

shale plays that are the target for sequestration of CO2 and/or enhanced oil recovery (EOR). 
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PART 1 RESEARCH OVERVIEW 

 

CHAPTER 1. INTRODUCTION & OBJECTIVE 

 

1. Introduction 

In the past few years, there has been growing attention to organic-rich shale reservoirs due to their 

importance in hydrocarbon production and CO2 sequestration (Alvarado & Manrique, 2010; Jia et 

al., 2019). The high abundance of total organic carbon (TOC) in shale layers, which were deposited 

in these rocks hundreds of millions of years ago, would lead to the generation of oil and gas through 

thermal maturation. This process takes place due to the exposure of rocks containing organics to 

adequate temperature and pressure as the depth of burial increases. During this geologic process, 

the organic matter known as kerogen, which has a complex and amorphous molecular structure, 

breaks down and goes through a significant structural and compositional transformation (Durand, 

1980; Rullkötter & Michaelis, 1990). In this regard, the study of kerogen structural changes has 

the potential to better characterize CO2 sequestration and the enhanced oil recovery (EOR) 

methods (Lee et al., 2019). However, there is a significant difficulty in understanding the 

mechanism of kerogen cracking coupled to hydrocarbon generation due to chemical heterogeneity 

and complexity of the kerogen molecular structure. Moreover, the limitation of analytical methods 

could not thoroughly provide quantitative molecular information of kerogen structure 

(Vandenbroucke & Largeau, 2006). 

Kerogen characterization methods such as visual kerogen analysis and pyrolysis (bulk 

geochemical techniques) are limited to the determination of the type of kerogen, maturity level, 

and hydrocarbon generating potential. Hence, in order to obtain the detailed structural information 

of kerogen, a number of spectroscopic techniques have been deployed (Clough et al., 2015; Tong 

et al., 2011, 2016). The methods mentioned are destructive in addition to the limited information 

they can provide, thus other non−destructive methods such as Fourier transform infrared (FTIR) 

spectroscopy, Raman spectroscopy, X−ray photoelectron spectroscopy (XPS), X−ray diffraction 

(XRD), MALDI-TOF-MS (Matrix-assisted laser desorption ionization-time of flight mass 

spectrometry), and 1H & 13C solid−state nuclear magnetic resonance (1H & 13C−NMR) have been 

utilized to obtain quantitative structural information from the kerogen (Khatibi et al., 2018; Lis et 
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al., 2005; Z. Wei et al., 2005). These direct methods can examine the solid kerogen sample without 

imposing any alterations so that the results would enable studying the structure and assist in 

building macromolecular models of kerogen by computational technique at the same time (Khatabi 

& Aghajanpour, 2018). 

Kerogen, composed of mainly carbon, hydrogen, oxygen, nitrogen, and sulfur, experiences major 

structural and compositional changes as it undergoes maturation as a function of burial depth, i.e. 

pressure and temperature (Abarghani et al., 2018) and finally breaks down to petroleum and other 

by-products. Therefore, building computational molecular models for kerogen is a much desired 

but challenging task, and not surprisingly, it has been continuously evolving with the 

advancements in computational methods (Bousige et al., 2016; H. Wang et al., 2019). In addition 

to the development of the molecular models for this purpose, the computational techniques have 

also become frequent tools for simulating the gas adsorption and desorption processes. Simulation 

of adsorption behavior is important since organic−rich shales are becoming a repository of 

greenhouse gas storage which can also improve their productivity in CO2 enhanced oil recovery 

(EOR) and sequestration. 

Moreover, it is a challenge to produce hydrocarbons and store CO2 simultaneously due to the 

interference of hydrocarbons and brine in CO2 sorption (Alvarado & Manrique, 2010). Moreover, 

the CO2 selectivity, the ratio of the adsorbed CO2 onto the membrane (here kerogen) over 

hydrocarbons (Zhang et al., 2015), is drastically affected by temperature and pressure (Alvarado 

& Manrique, 2010). Hence, it is necessary to have a clear picture of CO2 diffusion kinetics and 

thermodynamics over a range of brine concentrations at different temperatures and pressures for 

more efficient CO2 separation, injection and sequestration. The investigation of CO2 selectivity in 

the presence of mixtures (CO2, CH4, and the brine) is the key to improving CO2 separation in 

unconventional organic-rich reservoirs. 

 

2. Research Objective 

In these studies, four isolated (extracted) kerogens from the mineral matrix at four different stages 

of natural thermal maturity from the Bakken Shale formation, from pre−oil to oil window stages, 

were examined by a combination of non−destructive analytical methods (1H & 13C−NMR, XPS, 

FTIR, MALDI-TOF-MS) for molecular weight quantification along with chemical and structural 
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analysis. This study aimed to identify structural characteristics and evolution of solid−state organic 

compounds as it undergoes thermal maturity in nature and to discover these changes in terms of 

quantitative and qualitative information from a chemical structure point of view. Additionally, the 

study investigated other aspects of thermal maturation that can help us explain processes that 

would generate hydrocarbons from the organic compounds in the source rock. 

Secondly, in order to precisely estimate the capacity of organic matter in terms of adsorption for 

sequestration and/or associated mechanisms for enhanced oil recovery, building a 3D molecular 

model of the Bakken kerogen has become imperative. Here, the study reports a new representative 

molecular model for organic matter from the Bakken (kerogen type II) based on previous 

experimental chemical compositional data (R. Kelemen et al., 2007). The models were validated 

with gas (CO2 and N2) adsorption isotherms based on both experimental techniques and theoretical 

simulations. CO2 and N2 diffusion behaviors in the kerogen system are also investigated to present 

a complete picture of interactions that would occur between kerogen and gas molecules.  

Additionally, the representative models of Bakken kerogen contain surface pores and functional 

groups consisting of carbon, hydrogen, oxygen, nitrogen, and sulfur. Having established the 

reliability of our Bakken kerogen model, here, the study employs these models to demonstrate the 

applicability of kerogen for separation of the mixture of CO2 and CH4 gases in dry and wet (brine) 

conditions via molecular simulations. Here the studies emphasized the effect of brine as the 

formation water and investigated the interaction of brine with the CO2 and CH4 gases and its 

overall effect on the gas sorption by kerogen (Fakcharoenphol et al., 2014). The study analyzed 

the diffusion and separation of CO2/CH4/brine systems which would affect the performance of the 

EOR process in particular tight shale formations where the improvement of recovery through CO2 

injection is still ambiguous and under research (Edwards et al., 2015; Jin et al., 2017). 
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CHAPTER 2. STRUCTURAL CHARACTERIZATION OF ORGANIC COMPOUNDS IN 

SHALE PLAY 

 

1. Materials and Methods 

1.1 Samples 

Solid−state organic compound, type II kerogen samples were extracted from four different wells 

in the Bakken formation which is one of the largest unconventional shale oil plays in North 

America and is currently being studied for unconventional CO2 EOR and sequestration (Lin & 

Patrick Ritz, 1993; Michels et al., 1996; Salmon et al., 2009). Initially, the degree of maturity of 

four Bakken kerogen samples (sample A−D) were examined by bitumen reflectance (%SBRo) 

along with bulk geochemical properties using Rock−Eval 6 pyrolysis that is summarized in Table 

1. In Figure 1 and Table 1, samples A−B are at the thermally immature (pre−oil window) stage, 

while, samples C−D are at the peak mature (oil window) stage.  

Table 1. Properties of four solid−state organic compound (kerogen) samples (type II)a.  

Sample No. Tmax (°C) TOC (wt %) HI (mg/g C) SBRo (%) 

A 428 14.56 569 0.33 

B 432 15.76 531 0.49 

C 449 12.69 260 0.72 

D 452 16.36 171 0.94 
aThe values were examined by the UV reflectance (%SBRo) and  Rock−Eval 6 with parameters: 

Tmax, TOC (Total organic carbon), HI (hydrogen index).  
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Figure 1 Selected samples A−D are following kerogen type II thermal maturity trend where 
Samples A−B are at the thermally immature (pre−oil window) stage, and samples C−D are at the 
peak mature (oil window) stage. 

 

1.2 Solid−State 1H & 13C−NMR (Nuclear Magnetic Resonance) 

Solid−state 1H & 13C−NMR analysis was carried out using a Bruker Avance III HD spectrometer 

with cross polarization−magic angle spinning (CP/MAS). The kerogen sample (100−150 mg) was 

packed and spun at 5 kHz. A contact time of 1.5 ms and recycle delay time of 5 s were used in the 

cross−polarization (CP). Resonance frequencies of 1H−NMR and 13C−NMR were 500 MHz and 

125 MHz, respectively with the spectral widths of 10 kHz and 25 kHz for 1H−NMR and 13C−NMR. 

The relative proportion of different carbon types in the samples was quantified through curve 

fitting of the 13C−NMR spectrum, which was conducted with the ratios of Gaussian to Lorentzian 
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distribution; the full width at half−maximum (fwhm). The details of structural parameters and 

assignments of chemical data shifts are presented.  

 

1.3 XPS (X−ray Photoelectron Spectroscopy) 

Freshly−powdered samples were pressed on indium foils and analyzed by a Al Kα (1486.6 eV) 

X−ray source with a pass energy of 89.5 eV and 44.75 eV for the survey and higher−resolution 

scans, respectively. During the XPS measurements, the pressure was kept at or below 1 × 10−9 

mbar. The angle between the X−ray source, which is aligned along the surface normal, and the 

spectrometer is 54.7. All the XPS core−level spectra were analyzed using Augerscan and Origin 

software’s. The core−level peaks are fitted using a Gaussian−Lorentzian (GL) function to include 

the instrumental response function along with the core−level line shape. The secondary electron 

background was subtracted using a Shirley function. The charging of the sample was compensated 

by irradiating the sample with an electron−flood gun (5 eV) (Van der Heide P., 2011). 

 

1.4 ATR−FTIR (Fourier transform infrared spectroscopy) 

Infrared spectra of kerogen samples were recorded in adsorption between 450 and 4000 cm-1 

wavelengths using a Thermo Fisher Scientific, Nicolet iS50 FTIR Spectrometer. Four kerogen 

samples were pulverized using a ball mill before the characterizations.  Fourier transform infrared 

(FTIR) spectroscopy using attenuated total reflectance (ATR) was utilized to analyze the isolated 

kerogens. Unlike transmittance FTIR, ATR does not require that kerogen samples to be mixed 

with potassium bromide and form into pellets under high pressure, which reduces the time needed 

to prepare the samples. Kerogen samples were placed in contact with an internal reflection material, 

and IR spectra were obtained based on the excitation of the molecular vibrations of chemical bonds 

by the absorption of light. The stretching absorption of a vibrating chemical bond is observed at 

higher frequencies (wavenumbers) than the corresponding bending or bond deformation vibrations 

(Chen et al., 2015; Coates, 2006). In this study, it was decided to analyze the C-H set of stretch 

vibrations that are observed in kerogen samples, which is also done in previous studies (Craddock 

et al., 2018). It should be noted that recorded bands of the absorption were identified through 

comparison with the published spectra shown in Table 2.  
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Table 2 Saturated aliphatic group and aromatic ring group frequencies. 

Origin Group frequency (cm-1) Functional Group/ Assignment 

Methyl(-CH3) 2970-2950 Methyl C-H asymmetric stretch 

 2880-2860 Methyl C-H symmetric stretch 

Methylene (>CH2) 2935-2915 Methylene C-H asymmetric stretch 

 2865-2845 Methylene C-H symmetric stretch 

Aromatic (C-H) 3130-3070 Aromatic C-H stretch 

 

Table 2 presents the stretching absorption for C-H stretch vibrations for methyl (-CH3), methylene 

(>CH2), and aromatics (C-H). These are the most common characteristics of an organic compound 

containing the aliphatic fragments. The intensities observed are corresponding to the asymmetric 

and symmetric stretching and bending of the C-H bonds of the central carbon atom. The C-H 

stretching vibrations for the saturated aliphatic occur between 3000 and 2800 cm-1, and the 

aromatic ring stretch vibrations occur between 3130 and 3070 cm-1. IR structural evaluations, 

which have been established in earlier studies (Lis et al., 2005), were calculated from acquired 

spectra. The intensities of bands assigned by the functional groups were deconvoluted through a 

curve fitting procedure (Chen et al., 2015; Coates, 2006). The CH3/CH2 ratio (I(2970-2950)/I(2935-2915)) 

indicates the average chain length of aliphatic and the degree of chain branching. Moreover, the 

aromaticity index (I(3130-3070)/(I(2970-2950)+I(2935-2915)) represents the degree of aromatic structures to 

aliphatic chain structures (Zodrow et al., 2012).  

 

1.5 MALDI-TOF-MS 

The AB SCIEX TOF/TOF 5800 mass spectrometry system was used for the identification and 

relative quantitation of kerogen molecular weight. A dilution series of kerogen powder were 

prepared for two different test setups, in the absence and the presence of the matrix. In the second 

set up where the matrix is presented, dilutions were mixed with α-Cyano-4-hydroxycinnamic acid 

(α‐CHCA) in 1:1 ratio. The matrix, α‐CHCA, is commonly used in conjunction with organic 

molecules, particularly for relatively higher-weight ones (Beavis et al., 1992). Each sample (1 μL) 

was spotted onto a standard stainless steel plate and allowed to air-dry. Spectra were acquired with 
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MS reflector mode for 1,000 shots, and the analysis was conducted over a range of 60 to 5000 Da 

by use of an adjusted accelerating voltage. 

 

2. Results 

2.1. Solid−State 1H & 13C−NMR  

Aromatic and aliphatic proton regions of 1H–NMR spectrum provide relatively qualitative 

information of hydrogen at different maturity levels (Wang et al., 2018). From the acquired spectra 

in Figure 2 (left), aromatic and aliphatic protons exist in the 6.4–8.3 ppm range and 0.5–4.3 ppm 

range, respectively. The 1H−NMR spectra of sample A–D in Figure 2 (left) show a broad 

asymmetric line centered around 0–1 ppm (centered at 0.64, 0.24, 0.54, and 0.91 ppm, 

respectively). Sample A (immature) has a strong intensity in the range of the aliphatic protons 

between 0.5 to 4.3 ppm; the peak at 4.15 ppm indicates that the ratio of aliphatic protons to the 

aromatic ring is higher than the rest of the samples. In this regard, the results reveal that the shape 

of the 1H−NMR spectrum becomes sharp as the degree of maturity increases, which manifests the 

number of protons attached to aliphatic carbon reduces.  

The 13C−NMR spectra of kerogen samples mainly reveal three regions: the aliphatic region at 0–

90 ppm, the aromatic region at 100–165 ppm, and carbonyl/carboxyl carbon region at 165–220 

ppm (Qing Wang et al., 2018; Q. Wei & Tang, 2018). Figure 2 (right) illustrates that the 13C−NMR 

spectrum of immature kerogen is distinct from the mature one in the range of the aromatic carbons 

between 90 to 220 ppm. Highly matured kerogen has a stronger intensity in 13C–NMR spectrum 

related to aromatic structure. To acquire the details of carbon structural information, overlapping 

peak resolving of the 13C–NMR spectra are deconvoluted by the fitting procedure. 
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Figure 2. 1H−NMR (left) and 13C−NMR (right) spectra of kerogen samples from samples A-D. 

 

All 13C chemical shift (ppm) were measured and assigned in carbon structural functionalities (fal
1: 

aliphatic methyl, fal
2: aromatic methyl, fal

H1: methylene, fal
H2: quaternary carbon, fal

O1: 

methoxyl/aromatic methoxyl, fal
O2: aliphatic carbon bonded to oxygen in cyclic hydrocarbon, far

H: 

protonated aromatic carbon, far
B: bridgehead aromatic carbon, far

S: branched aromatic carbon, far
P: 

oxy−aromatic carbon, and fa
C: carbonyl/carboxyl carbon) (Qing Wang et al., 2018; Q. Wei & Tang, 

2018) As shown in the 13C−NMR analysis, with increasing thermal maturity, the aliphatic 

functional groups (0–90 ppm) exhibit a reduction trend in the relative amount of carbon, whereas 

the aromatic carbon groups (90–165 ppm) increase. This behavior is in an agreement with 
1H−NMR spectra in Figure 2 (left). The nonpolar alkyl carbons (0–51 ppm) generally diminish 

with the degree of maturity, except the aromatic methyl (fal
2) group which could be reflected by 

the increase of aromatic carbon. In addition, the study infers that loss of oxygen at the early stages 

of maturation is due to a comparatively weak bond between oxygen–related carbon and kerogen 

backbone (Qian Wang et al., 2017).  
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2.2. XPS 

Different types of organic carbon and oxygen forms were determined by analyzing the carbon (1s) 

peak. In each sample, four peaks located approximately at 285 eV, 286 eV, 287.5 eV, and 289 eV 

were determined after fitting the XPS carbon (1s) signal. The peak at 285 was attributed to both 

aromatic and aliphatic carbon. The amount of aromatic carbon was estimated using the XPS 

technique for ∏ to ∏* signal intensity as has been used previously (Kelemen et al., 1993). This 

confirms that the highly mature kerogen has an abundance of aromatic carbon structure as revealed 

in the solid−state 1H & 13C−NMR results. The peaks at 286 eV, 287.5 eV, and 289 eV originate 

from carbon atoms bound to one oxygen atom by a single bond (C−O), carbon atoms bound to one 

oxygen atom by double bonds (C=O), and carbon atoms bound to two oxygen atoms (O=C−O), 

respectively. In the most mature stage (sample D), the results show a relatively large amount of 

enrichment for oxygen−related carbon, whereas the rest of the samples (A−C) exhibit a 

comparatively similar amount of oxygen−related carbons in kerogen structure.  

Organic nitrogen and sulfur information in kerogen structure was also obtained using XPS curve 

fitting methods, which at different energy positions are used to fit with the XPS N 1s and S 2p 

spectra, respectively. Nitrogen (1s) kerogen spectra were curve−resolved using four peaks at fixed 

energy positions of 397, 398.6, 399.4, 400.2, and 401.4 eV. Considering the organic sulfur (2p), 

the binding energy between 162−165.7 eV is assigned to pyrite, aliphatic and aromatic sulfur, and 

sulfoxide in XPS S 2p spectrum having 2p3/4 and S 2p1/2. The peaks at 168.0 (± 0.5) to 170.5 (± 

0.5) eV can be indexed to S 2p3/4 and S 2p1/2 of SOx (sulfate/sulfite/sulfone).  

 

2.3 FTIR  

The intensities, depicted in Figure 3, correspond to the asymmetric and symmetric stretching and 

bending of the C−H/C=O/C=C−C bonds about the central carbon atom on a relative basis in the 

spectra of kerogen samples. The reason for the overlapped original spectra is due to the same 

amount of energy, which is required for several vibrations. Therefore, IR structural evaluations 

have been established from acquired spectra documented in earlier studies (Rullkötter & Michaelis, 

1990; Qing Wang et al., 2018) To find the intensities at desired frequencies, the FTIR spectrum 

area 1800−1500 cm−1 and 3200−2700 cm−1 was fitted by the Fourier self−deconvolution (Yao et 
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al., 2002); the coefficients of determination (R2) of the peak fitting for the region in all spectra 

were found between 0.994−0.996.  

 

 

Figure 3. FTIR spectra of kerogens with increasing maturity exhibit the changes in the C−H stretch 
vibration area (2800−3200 cm−1), aromatic C=C−C ring stretch vibration area (1615−1580 cm−1), 
and Carbonyl/Carboxyl group vibration area (1650−1750 cm−1). 

 

Here, the study examined the C−H stretching band intensities for CH3, CH2, aromatic ring CH, 

aromatic ring C=C−C, and C=O based on the deconvolution results. Four indices (CH3/CH2 ratio, 

aromaticity, A−factor, and C−factor) were used to evaluate the structural characteristic of each 

different kerogen. The CH3/CH2 ratio [I(2970−2950)/I(2935−2915)] indicates the average chain length of 

aliphatic and the degree of chain branching. Aromaticity [I(3130−3070)/(I(2970−2950)+I(2935−2915))] 

represents the degree of aromatic structure versus aliphatic chain structure. The A−factor 

[I(2935−2915)/(I(2935−2915)+I(1615−1580))] and C−factor [I(1750−1650)/(I(1750−1650)+I(1615−1580))] describe the 

relative amount of aliphatic carbon and oxygenated carbon to aromatic carbon, respectively (Qing 

Wang et al., 2018) and all indices are calculated through integrating the area under the curves. 

When the maturity increases, the CH3/CH2 ratio acquired demonstrates that the aliphatic chain 

length is comparatively shorter, and the branching is developed. Restated, highly mature kerogen 
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has more aromatic ring contribution and less methyl/methylene involvement with the expected 

increase in aromatic structure.  

 

2.4 MALDI-TOF-MS 

The ionization process in MALDI-TOF proceeds through the capture of a proton, which forms a 

charged adduct with the molecular species of the sample. As the number of charged adducts 

reflects the signal intensity of the molecular weight, a quantitative MWD analysis of any chemical 

compound is conducted. Four kerogen samples of this study were analyzed by MALDI-TOF to 

attribute maturation effects on the MWD of organic matter. Furthermore, systematic naturally 

matured kerogens with single biogenic origin have rarely been researched with MALDI-TOF, 

which limits the guidelines for an optimal and effective matrix selection based on the literature. 

Hence, in our study, kerogen samples were examined in both the presence and in the absence of 

the matrix (α‐CHCA) for comparison and more accurate results. 

(a) 

 

(b) 

 



13 
 

(c) 

 

(d) 

 

Figure 4. Normalized MALDI-TOF spectra of kerogens in the order of increasing maturity from 
A-D (a and c) in the presence of the matrix (α‐CHCA) and (b and d) in the absence of the matrix. 
The spectra are plotted over (a and b) a range of 60 to 1000 Da and (c and d) a range of 60 to 
5000 Da. 

 

Figure 4 exhibits the mass spectra of kerogen samples obtained both in the presence and in the 

absence of the matrix. In all of these spectra for the presence of the matrix, unidentified high-

intensity signals were observed in the relatively low-mass region between 200 and 400 m/z. Also, 

the study could not find a regular ionization and pattern overall. This confirms that kerogen does 

not have a specific chemical structure and contains various functional groups which are differently 

ionized, which hinders the signal interpretation from analyzing molecules in kerogen. Also, overall 

spectra representing the samples in Figure 4 do not show a particular relationship with signal 

intensities unlike polymers and proteins. However, signal intensity changes were found with 

respect to the degree of thermal maturation. As a result of this alteration in the intensity, it is 

conclusive that the maturation process would change the molecular structure of kerogen in terms 

of the molecular mass of the organic matter. This infers that the chemical structure of kerogen has 

been evolved while bond-breaking and forming have occurred (Takeda & Asakawa, 1988). Thus, 
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the study can at least conclude that MALDI result confirms the chemical structure changes by 

maturation. Sample A, the immature kerogen, exhibits signals between 250 to 350 m/z with the 

highest intensity regardless of the presence or absence of the matrix. In addition, when the 

maturation is progressed, strong signals become evident in the presence of the matrix, near 170 

m/z and 370 m/z.  

 

3. Discussion 

3.1. Carbon Structural Changes 

(a) (b) 

  

(c) (d) 
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Figure 5. The aliphatic carbon structure changes by thermal maturity. The ratio of 

methyl/methylene is estimated from (a) 13C−NMR [(fal
1 + fal

2)/ fal
H1] and (b) FTIR 

[I(2970−2950)/I(2935−2915)] results. (c) Average aliphatic carbon chain length by 13C−NMR [(fal
1 + fal

2 + 

fal
H1 + fal

H2 + fal
O1 + fal

O2) / far
S]. (d) A−factor by FTIR [I(2935−2915)/(I(2935−2915)+I(1615−1580))]. Error bars 

represent standard errors.  

 

The ratios of CH3/CH2 from 13C−NMR have a similar order of increase to those obtained from the 

FTIR analysis when the maturity increases (Figures 5a−b), which is consistent with the previously 

described data from type II kerogen structure (Craddock et al., 2018). This growth of CH3/CH2 

ratio could be evidence of chain cleavage coupled with hydrocarbon generation. While kerogen 

maturation occurs naturally, the molecular structure of this macromolecule evolves through 

bond−breaking and bond−forming, under changing physical conditions (temperature, pressure, 

and time) of the subsurface (Durand, 1980; Takeda & Asakawa, 1988). In terms of carbon to 

carbon (C−C) bond in the kerogen structure, bond−dissociation energy (BDE) between α and β 

carbon is weaker than one between α and aromatic carbon (Manka et al., 1985; Yao et al., 2002). 

Also, short branching carbon (such as methyl) to carbon in the backbone structure has less BDE 

than longer chain carbon (Lin & Patrick Ritz, 1993). It appears that kerogen samples of the Bakken 

shale play also follow this mechanism which indicates a higher ratio of CH3/CH2 during thermal 

maturation as shown in Figures 5a−b. In addition to the ratio of CH3/CH2, the average aliphatic 

carbon length and the amount of aromatic carbon follows this trend too. Figure 5c explains that 

the average length of aliphatic carbon reduces as the maturity increases, indicating that thermal 

maturation accompanies the structural changes in kerogen with both shorter aliphatic chain and a 

higher ratio of CH3/CH2, as delineated by FTIR and 13C−NMR. 

 

(a) (b) 
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(c) (d) 

  

Figure 6. The aromatic carbon structural changes by thermal maturity. The aromaticity (aromatic 
carbon/aliphatic carbon) was calculated from (a) 13C−NMR [far

H + far
B + far

S + far
P], (b) FTIR 

[I(3130−3070)/(I(2970−2950)+I(2935−2915))], and (c) XPS [mole % aromatic carbon].  (d) Comparison of 
aromaticity slop trends (linearly fitted). Error bars represent standard errors. 

 

Figure 6 depicts the aromatic carbon as investigated by three different analytical methods, 
13C−NMR, FTIR, and XPS. Figures 6a−c verifies our finding that higher maturity kerogen overall 

tends to have more amount of aromatic carbon. This is also compatible with the 1H−NMR result, 

which infers to the ratio of aliphatic protons to the aromatic ring compared to the rest of protons. 

With an increase of maturity (sample A to D), the spectrum becomes sharper and has diminished 

intensity in the range of the aliphatic protons between 0.5 to 4.3 ppm, which represents the 

abundance of aromatic structure. This observation is collectively acceptable excluding sample B 
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with the amount of aromatic carbon of XPS being comparatively 13% lower than the one of 
13C−NMR.  

FTIR results also propose that the aromaticity value of sample B is similar to sample A, which is 

different than the overall observed trend. This latest outcome can support lower A-factor values 

for Sample B compared to Sample A, as seen in Figure 5d. In addition, the degree of aromaticity 

(Figure 6d) estimated from three techniques (13C−NMR, FTIR, and XPS) strongly confirms that 

the aromaticity is increasing. Notably, the study found that based on the aromaticity results there 

is relatively a considerable rift between pre−oil and oil window stage samples. Following the oil 

window stage, the amount of aromatic carbon fairly increases, as well as the rate of change in 

aromaticity as seen by the slope of the curve which is found higher through advancing thermal 

maturity in the oil generation window.  

 

3.2 Heteroatoms 

The loss of oxygen functional groups drives early structural changes. Because the oxygen−related 

carbon bonds have relatively weak BDE, the carboxyl and carbonyl groups can be easily 

defunctionalized (Craddock et al., 2018; Salmon et al., 2009). In our study, the results revealed 

that kerogen maturation involves relatively bulky oxygen−related carbon reduction at the early 

stage of maturation (pre−oil window) then it increases in oil window stage, which is verified by 
13C−NMR and XPS. 
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Figure 7. The ratios of C=O/aromatic carbon were estimated from 13C−NMR, FTIR, and XPS 
results, which were calculated by fa

C/(far
H + far

B + far
S + far

P), C−factor 
[I(1650−1750)/(I(1650−1750)+I(1615−1580))], and [(mole % of total oxygen) × (C=O and C−O=O 
fraction)/(mole % of aromatic carbon)], respectively. 

 

The changes in the ratios of C=O/aromatic carbon were investigated by three methods (13C−NMR, 

FTIR, and XPS) depicted in Figure 6. Because it is difficult to analyze the organic oxygen group 

from 13C−NMR (R. Kelemen et al., 2007), the comparison of the three methods is presented in the 

same graph to help us better understand and verify the results. As thermal maturity increases, 

first, the ratio of C=O/aromatic carbon decreases regardless of the method, along with the ratio of 

carbonyl/carboxyl functional groups to aromatic carbon which also was found to reduce at the 

early stages of maturation. Then, in the oil−window stage (sample C−D), the ratio of 

C=O/aromatic carbon starts to rise showing that the amount of oxygen estimated in sample D to 

become higher than sample C. Although most oxygen−containing functional groups will be 

expelled from the organic matter during the initial stages of thermal maturation, the results exhibit 

an unexpected increase in the oxygen content of the functional groups in the higher maturity ranges 

of kerogen. This can be explained by the enrichment of oxygen through the addition of oxygen 

from inorganic mineral or water (interstitial water) impurities as thermal maturity increases which 

are also observed in other studies (Craddock et al., 2018; Michels et al., 1996). It’s also expected 

that the formation of insoluble pyro−bitumen, which is highly oxidized as thermal maturity 

advances, may lead to an unexpected increase of C=O/aromatic carbon ratio in higher thermal 

maturation (Lis et al., 2005).  
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3.3 Molecular Weight 

 

Figure 8. Molecular weight distribution (MWD) diagram of four samples presents different 
molecular weight ranges at different thermal maturity stages in the absence of the matrix. The 
relative areas of each sample are compared within the designated intervals.  This specific MWD 
and intervals are used since this particular format showed the most distinct variation in MWs. The 
smaller image is based on MWD, rate of change (derivatives) of integrated MALDI-TOF signals 
with respect to molecular weight over the interval 0 to 5 kDa. 

 

Figure 8 exhibits four molecular weight distribution (MWD) diagrams in separate intervals 

obtained from immature to late mature organic matters. Each independent value of four samples 

was created through the summation of the area under molecular weight signals based on the 

normalized spectra (Figure 4). Furthermore, this particular partitioning (distribution) of MWs is 

decided through trying different molecular weight intervals and plotting MWDs of these four 

different samples when the most distinct and meaningful trends are delineated. The study also 

notes that the quantitative value in Figure 8 disregards total MW and solely pertains to the 

comparative change of MWD regarding the maturity since the area ratio was adopted. It was found 

that, for relatively immature kerogen (A and B), around 60% of the signals are under 1 kDa range, 

whereas the majority of recorded signals for relatively higher maturity kerogen samples (C and D) 
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are found between 1 to 2 kDa range. Immature sample (A) has the highest signal in the range under 

500 Da; this indicates that relatively lighter molecular structures exist in kerogen compound prior 

to maturation. Meanwhile, the MWD for samples A and B continuously decreases in higher mass 

ranges. Remarkably, as the degree of the maturation increases, the higher signal distribution in the 

heavier range is observed in Figure 8.  

Additionally, the rate of change in MW is also investigated for each maturity stage over the entire 

range from 0 to 5 kDa. The smaller graph in Figure 8 is obtained through taking the derivatives of 

the integral of MALDI-TOF spectra to represent the rate of change in the quantity of that specific 

MW interval for each sample. The most important aspect of this graph is that at a specific MW 

(around 2.5 kDa) all of four samples start to show relatively similar increasing trends in the rate 

of MW quantities, and then this becomes constant regardless of their maturity at higher MW region 

(> 4 kDa). The difference in MWD and rate of change in MWs between the immature (A and B) 

and late mature (C and D) kerogens could refer to the boundary from pre-oil to oil generation 

window and to the phenomenon where hydrocarbons are generated and expelled from the OM 

through a nonlinear trend (Abarghani et al., 2019). This major change in molecular structure 

corresponds to the onset of oil-window, when a major alteration is expected to take place 

(molecular structure and molecular weight) around 2.5 kDa where all MW rate of change graphs 

in the smaller image in Figure 8 coincide and start to perform with a similar increasing trend. 
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CHAPTER 3. COMPUTATIONAL MOLECULAR MODELLING AND SIMULATIONS 

 

1. Kerogen Model 

The molecular models of the Bakken kerogen were obtained from computational simulations in 

accordance with experimental analysis obtained from geochemistry screening by Rock-Eval 

pyrolysis (T. Wang et al., 2018), 13C nuclear magnetic resonance (NMR) spectroscopy, X-ray 

photon spectroscopy (XPS) and gas adsorption isotherms (Liu et al., 2017; R. Kelemen et al., 2007) 

The organic matter structures were modeled based on type II kerogen (representative of the Bakken) 

in the pre-oil window (immature) and were mainly composed of carbon and hydrogen with 

nitrogen, oxygen, and sulfur atoms as attachments (Fig. 9).  

(a) (b) (c) 

   
Figure 9. Constructed and optimized Bakken kerogen model A (a), model B (b), and model C (c). 
Different geometric configuration and chemical compositions with the following color code, 
carbon: black; hydrogen: white; oxygen: red; sulfur: yellow and nitrogen: blue. (a) 
C141H187N6O15S4, (b) C152H193N6O15S4, and (c) C158H207N6O16S4.  

 

The structures of these three Bakken kerogen models (Models A, B, and C) are a complicated 

mixture of chain and mesh. Each model owns a different chemical composition and topology, 

C140H176N6O15S4, C151H179N6O15S4, and C158H188N6O16S4, respectively. The structures contain 

disordered pores with the radius 37 Å while the calculated densities of Models A, B, and C are 

around 1.1, 1.2, and 1.3 gcm3-, respectively. These models have been already shown to reproduce 

the experimental adsorption isotherms for CO2 and N2 uptake at low pressure and correctly assign 

Bakken kerogen as a selective CO2 absorbent in the presence of N2 (Liu et al., 2017).  
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Figure 10. Schematic illustration of alternating Feed/Permeate compartment; molecular kerogen 
model is collected and tethered into one gas diffusion/separation system.  

 

The study collected and tethered all three molecular models into one gas diffusion/separation 

system to avoid a biased outcome from our simulation results. Packmol package was utilized to 

place one of each kerogen models (Models A, B, and C) in a feed compartment, as shown in Fig. 

10. These two systems were then allowed to come to relaxation by running NVT molecular 

dynamics simulations. Since the three kerogen models were simply adhered to one another and 

clustered, packing them in different modes was not considered. In this system, gaseous fluids in 

feed compartment would diffuse to two different surfaces of kerogen, to the left and right models 

in Fig. 10. The details of all parameters which attribute to chemical composition and carbon-based 

structure of these molecules are described in Table 3. The kerogen model in this system is 

composed of inner and outer pores, which is a disordered molecular structure and includes 

functional groups.  

Table 3. Average of carbon structural parameters for the Bakken kerogen models (combination of 
model A, B, and C).   

Structure Kerogen model (Combined) 

Aromatic 35 

Carboxyl/Amide/Carbonyl 2.6 

Protonated aromatic 17 

Phenoxy/Phenolic 2.1 

Alkyl-substituted aromatic 6.6 
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Bridged aromatic 9.2 

Aliphatic 62 

Methylene/Methine 32 

Methyl/Methoxy 12 

Alcohol/ether 4.1 

Note: the data presented here are ratio per 100 number of carbon. 

 

2. Molecular dynamics Simulation Setup 

Simulation of molecular transport utilizes a system setup that is developed by others on an 

osmosis/reverse osmosis system (Murad & Lin, 2001). The simulation system for studying gas 

separation/diffusion based on our kerogen model can be found in Fig. 10. Two identical kerogen 

models are used along with periodic boundary conditions to create alternating fluid compartments 

in the x-direction, while the system is infinite in the transverse dimensions (y,z) (Fig. 10). Kerogen 

atoms are tethered to their known equilibrium positions using a simple harmonic tether. The region 

between the two kerogen models (feed compartment) was filled with the fluid to be separated at 

the desired conditions. Initially empty left and right permeate compartments were set up to provide 

the driving force while periodic boundary conditions would allow a continuous compartment. 

Long-range site−site interactions are modeled using Lennard-Jones (LJ) and Coulombic potentials 

as following: 

E = ∑ 4ε  −   + ∑         , r < r             (1) 

where r  is the distance between sites i and j, r  is the cutoff radius beyond which the short-range 

interactions are neglected, σ  and ε are the L-J parameters, q  and q  represent the charges on sites 

i and j, and C is a unit conversion constant. These potentials are summed over all sites to obtain 

the total intermolecular interactions. 

To carry out molecular dynamics simulation on the mixture fluid (CO2, CH4, H2O, Na1+, and Cl1−), 

the harmonic potential was employed between the model and gas molecules, along with the site to 

site non-bonding interaction potential. Transportation of fluid particles within the kerogen models 

was investigated using molecular dynamics simulations at a practical temperature and pressures 
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relevant to the Bakken Formation (T = 333 to 393 K and P = 1 to 30 Bar) (Gosnold, W. and 

McDonald, M.R. and Klenner, Robert and Merriam, 2012). Water was modeled under a simple 

point charge (SPC) (Berendsen et al., 1981), while CO2 is modeled using the flexible force field 

developed by Cygan et al.(Cygan et al., 2012), CH4 is represented by the TraPPE force field and 

Na1+ and Cl1− ions are modeled using the parameters proposed by Smith and Dang (G. Martin & 

Ilja Siepmann, 1998; Smith & Dang, 1994) The parameters and charges used in this study are 

summarized in Table 4. 

Table 4. Parameters related to the adsorbates (CH4, CO2, and Brine).  

Molecules Atoms/Ions Charge σ(Å) ɛ (Kcal/mol) CH  C 0.00 3.73 0.2941 H O O -0.82 3.17 0.1554 

 H 0.41 0.0 0.0 CO  C 0.65 2.80 0.0559 

O -0.325 3.028 0.1597 

Salt Na1+ 1.00 2.35 0.13 

 Cl1- -1.00 4.40 0.10 

 

Initial configurations were created using Packmol to construct non-overlapping random fluid 

initial configurations.31 All equilibrium simulations (EMD) of the systems considered here, were 

carried out by molecular dynamics of gas adsorption processes using “osmosis and reverse osmosis” 

technique with LAMMPS simulation package (Murad & Lin, 2001; Plimpton, 1995) The 

particle−particle/particle−mesh (PPPM) technique was used in the treatment of long-range 

Coulombic interactions beyond the cutoff radius of 1.4 nm (Brown et al., 2012).  

All simulation cells are parallel to the kerogen/mixture fluid interface, and periodic boundary 

conditions are employed in all of the three dimensions. The system size is sufficiently large to 

ensure that finite-size effects are negligible in our 1 ns equilibration simulations that are performed 

in the NPT ensemble, where the volume variations are achieved by changing the box length only 

in the x-direction. Then, NVT ensemble equilibrium molecular dynamics simulations were 

performed, in which the temperature of the system is kept at a fixed value by a Gaussian thermostat. 

All simulations were carried out at three different temperatures, 333K, 363K, and 393K, which are 
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typical temperatures for the Bakken formation (Gosnold, W. and McDonald, M.R. and Klenner, 

Robert and Merriam, 2012). 

 

3. Molecular dynamics Result and Discussion 

(a) (b) 

  
(c) (d) 

  
Figure 11. (a) Estimated CO2/CH4 selectivity for the binary mixture (CO2/CH4:50/50 mol%) on 
the kerogen model. Estimated CO2/CH4 selectivity for the mixture of CO2/CH4/Brine on the 
kerogen model at (b) 333K, (c) 363K, and (d) 393K. In panels b-d, the comparative 
concentration of CO2/CH4/H2O/NaCl in solutions of 5%, 7%, and 10% brine is 
42.3/42.3/15.2/0.2 mol%, 42.3/42.3/15.1/0.4 mol%, and 42.5/42.5/14.5/0.5 mol%, respectively. 
Error bars are shown at certain pressure steps. 

 

Fig. 11 displays CO2/CH4 selectivity of the Bakken kerogen in the presence of 5%, 7%, and 10% 

brine concentrations at different system temperatures. The motivation of this study was to 
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investigate the possibility of a successful CO2 EOR and sequestration operation from the molecular 

point of view in the Bakken at different concentrations of brine, since it varies regionally in the 

Williston Basin where this rock unit is extended in the subsurface. Considering this important 

factor, the concentration of brine was broadly selected to particularly explain the effects of brine 

on such operation, i.e. a range of 3 to 10% of brine concentration in the mixture with 10 wt% of 

the whole mixture. The very notable result is that when the gas mixture contains a higher 

concentration of brine, kerogen demonstrates a much higher CO2/CH4 selectivity over the entire 

pressure range (1 to 30 bar).  

 

Figure 12. Density mass profile for CO2 and CH4 molecules with 10 wt% brine at 333K in a 
steady-state simulation, and an initial solution concentration of 42.5 CO2/42.5 CH4/14.5 H2O/0.5 
NaCl mol%. Lx is the system dimension perpendicular to the kerogen model. 

 

It was found that when CO2 containing mixtures diffuse in the system, Fig. 12, the interaction 

between the kerogen model and each molecule would vary. Considering the competitive diffusion 

of CO2 and CH4 in the system, CO2 molecules are mainly observed to place on the surface region 

of the model, while CH4 molecules are detected on both the bulk and the surface of the model due 

to weaker interactions with the kerogen molecule and functional groups. CO2 molecules express 
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higher interactions with kerogen pore surfaces than CH4 and water molecules, thus occupying 

available space and sites on the kerogen surface. Based on these results, the injection of CO2 in 

the Bakken can provide us with the desired outcome to satisfy a successful and economical carbon 

capture and EOR operation simultaneously.  
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CHAPTER 4. CONCLUSIONS 

 

1. Structural Characterization of Organic Compounds in Shale Play Bakken 

These studies show how hydrocarbon generation can impose changes in the source rock organic 

compound structure during the maturation process. The analysis of extracted kerogen through 

spectroscopic techniques (1H & 13C−NMR, XPS, FTIR, and MALDI-TOF) was used to determine 

chemical contents and molecular structures as maturation advances. This study will enable us to 

better model separation and capture processes in shale play via theoretical methods. Based on the 

results the following conclusions can be made: 

 The structural changes of kerogen pertaining to the abundance of the aromatic and aliphatic 

chain length correlate well with the maturity of kerogen. Based on the aliphatic carbon 

chain that is detected in kerogen structure by 1H & 13C−NMR and FTIR, the ratio of 

CH3/CH2 increases when the maturity increases accompanied with the shorter aliphatic 

chain length. 

 In contrast to aliphatic carbon, the aromatic carbon structure becomes more abundant in 

higher maturity and oil window stage. All three techniques (13C−NMR, XPS, and FTIR) 

confirms an increasing trend similar to aromaticity with the same rate of changes. Also, a 

considerable discrepancy between pre−oil window and oil window stage regarding 

aromaticity was observed.  

 The MWD variation provided different molecular weight ranges at different thermal 

maturity stages in the absence of the matrix. Relatively immature kerogens exhibited 

around 60% of the signals under 1 kDa range, with the strongest signals in the range under 

500 Da, whereas the majority of signals of mature kerogens were found between 1 to 2 

kDa range. 

 The shorter aliphatic chain length and abundant aromatic structure are expected and 

delineated based on FTIR structural indices (CH3/CH2 and Aromaticity) when the degree 

of maturity increases which was correlated to the MWDs. The structural kerogen alteration 

in the abundance of the aromatic and shorten aliphatic chain length as its maturity progress 

tends to make the weight of molecules/fragments in kerogen heavier. 

 



29 
 

2. Computational Molecular Modelling and Simulation 

The studies report a molecular model for amorphous organic matter (kerogen) built based on 

experimental constraints. GCMC and MD simulations were run to compute gas adsorption 

isotherms on the model and were compared to our experimental results. We have demonstrated 

that electrostatic and van der Waals interactions between the disordered surface of the kerogen and 

different gases govern the separation process. The provided insights into the thermodynamics and 

kinetics of the adsorption selectivity phenomenon in this work could be useful to design a more 

effective CO2 separation and capture process in kerogen. Based on the results the following 

conclusions can be made: 

 Adsorption of CO2 molecules on a clustered model also shows similar adsorption isotherm 

behavior overall. Based on the simulation results the study uncovered, the kerogen model 

seems to have a stronger interaction with CO2 molecules than N2 molecules such that CO2 

molecules are not only adsorbed on the surface but also penetrate to the sub-surface level 

of the model.  

 Higher CO2/CH4 selectivity happens when the gas mixture contains a higher concentration 

of brine at a given temperature and pressure. When the mixture contains pure water, 

CO2/CH4 selectivity will become less than a dry system. 

 Brine and its concentration seem to have a significant impact on the CO2/CH4 selectivity 

at different temperature and pressure, and can be the main controlling factor for a 

successful carbon dioxide capture and EOR operation in an unconventional organic-rich 

shale. 
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ABSTRACT: Amorphous organic matter in geomaterials also known as kerogen undergoes significant alteration in chemical
structure during thermal maturation, which is characterized using a combination of solid-state 1H and 13C nuclear magnetic
resonance (NMR), X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared (FTIR) techniques. For this study, four
kerogen samples (type II) from the Bakken Formation were selected on the basis of the differences in their thermal maturity as well
as representing the pre-oil and oil window stages as measured through organic petrology and bulk geochemical screening of the
samples using programmed pyrolysis. Later, organic matter was extracted from selected aliquots for chemical spectroscopy. Results
documented a systematic structural change in these four samples, where the ratio of CH3/CH2 increased when the maturity
increases, along with the presence of a shorter aliphatic chain length. Furthermore, the aromatic carbon structure becomes more
abundant in higher maturities and oil window stages quantified by 13C NMR, XPS, and FTIR. Also, the rate of increase in
aromaticity demonstrates a considerable rift between the pre-oil window and oil window stages, as verified through bulk geochemical
screening of the samples with Rock-Eval 6 pyrolysis hydrogen index. Notably, it is found that kerogen maturation causes the
relatively bulky oxygen-related carbon compounds to reduce at the early stages of maturation (pre-oil window), followed by the
concentration of such compounds at higher maturity stages. Next, the ratio of carbonyl/carboxyl functional groups to aromatic
carbon shows an increase in the oil window stage, while a reduction of sulfur in higher maturities was detected mainly in the SOx

forms. Finally, the nitrogen content of the samples is reported in a variety of forms, which varied regardless of the thermal
maturation. It is concluded that the structural and chemical changes that occur in the organic matter involve defunctionalization of
heteroatom functional groups, coupled with an increase in cross-linked carbon in the residual remaining kerogen.

1. INTRODUCTION

The abundance of organic carbon and heteroatoms in shale
layers, which are deposited in source rocks in the form of
organic matter, leads to the generation of hydrocarbon through
thermal maturation. The solid-state organic compound
(known as kerogen) of these atoms breaks down and
undergoes a significant structural and compositional trans-
formation during thermal maturation.1,2 In this regard, the
study pertaining to these changes in kerogen structure has the
potential to better characterize CO2 sequestration and
enhanced oil recovery (EOR) methods.3 However, there is
significant difficulty in understanding the mechanism of
kerogen cracking coupled to hydrocarbon generation as a
result of chemical heterogeneity and complexity of the kerogen
molecular structure. Moreover, the limitation of analytical
methods could not thoroughly provide quantitative molecular
information on the kerogen structure.4

Kerogen characterization methods, such as visual kerogen
analysis (VKA) and pyrolysis (bulk geochemical techniques),
are limited to the determination of the type of kerogen,
maturity level, and hydrocarbon generating potential. Hence,
to obtain detailed structural information on kerogen, a number

of spectroscopic techniques have been deployed.5−7 The
methods mentioned are destructive in addition to the limited
information that they can provide; thus, other non-destructive
methods, such as Fourier transform infrared (FTIR) spectros-
copy, Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), and 1H and 13C solid-state
nuclear magnetic resonance (NMR) have been used to obtain
quantitative structural information from kerogen.5,8−10 These
direct methods can examine the solid kerogen sample without
imposing any alterations, so that the results would enable
studying the structure and assist in building macromolecular
models of kerogen though a computational technique at the
same time.11,12

Organic carbon in source rocks has been investigated by the
solid-state 13C NMR technique coupled with FTIR.13,14 These
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spectroscopic tools can provide the qualitative and quantitative
information related to both the structural assignment of carbon
and the distribution of aromatic/aliphatic carbons in organic
compounds in the past decade.15−17 To study the organic
heteroatoms (oxygen, nitrogen, and sulfur), FTIR and Raman
are common methods employed for the analysis of functional
groups in complex organic solids. However, as a result of the
limitations of the functional groups acquired from these
techniques, quantitative analysis is not adequate to fully
provide detailed structural information. To complement
missing data, XPS has been used to evaluate the organic
compounds by overcoming this inherent deficiency to quantify
organic heteroatoms with acceptable results.18,19

In this study, four isolated (extracted) kerogens from the
mineral matrix at four different stages of natural thermal
maturity from the Bakken shale formation, from pre-oil to oil
window stages, were examined by a combination of non-
destructive analytical methods (1H and 13C NMR, XPS, and
FTIR) for chemical and structural analyses. The aim of this
study was to identify structural characteristics and evolution of
solid-state organic compounds as they undergo thermal
maturity in nature and to discover these changes in terms of
quantitative and qualitative information from a chemical
structure point of view. Additionally, we investigated other
aspects of thermal maturation that can help us explain
processes that would generate hydrocarbons from the organic
compounds in the source rock.

2. MATERIALS AND METHODS

2.1. Samples. Solid-state organic compound, type II kerogen
samples were extracted from four different wells in the Bakken
formation, which is one of the largest unconventional shale oil plays in
North America and is currently being studied for unconventional CO2

EOR and sequestration.20−22 Initially, the degree of maturity four
Bakken kerogen samples (samples A−D) was examined by bitumen
reflectance (% SBRo) along with bulk geochemical properties using
Rock-Eval 6 pyrolysis that is summarized in Table 1. In Figure 1 and

Table 1, samples A and B are at the thermally immature (pre-oil
window) stage, while samples C and D are at the peak mature (oil
window) stage. It is important to note that selected kerogen samples
were isolated using HCl and HF, and details of the sample preparation
and organic matter extraction procedure can be found in studies by
Abarghani et al.23 and Khatibi et al.24

2.2. Solid-State 1H and 13C NMR. Solid-state 1H and 13C NMR
analysis was carried out using a Bruker Avance III HD spectrometer
with cross-polarization/magic angle spinning (CP/MAS). The
kerogen sample (100−150 mg) was packed and spun at 5 kHz. A
contact time of 1.5 ms and recycle delay time of 5 s were used in the
cross-polarization (CP). Resonance frequencies of 1H and 13C NMR
were 500 and 125 MHz, respectively, with the spectral widths of 10
and 25 kHz for 1H and 13C NMR. The relative proportion of different
carbon types in the samples was quantified through curve fitting of the

13C NMR spectrum, which was conducted with the ratios of the
Gaussian/Lorentzian distribution, the full width at half maximum
(fwhm). The details of structural parameters and assignments of
chemical data shifts are presented in Table 2.25,26

2.3. XPS. Freshly powdered samples were pressed on indium foils
and analyzed by a Al Kα (1486.6 eV) X-ray source with pass energy of
89.5 and 44.75 eV for the survey and higher resolution scans,
respectively. During the XPS measurements, the pressure was kept at
or below 1 × 10−9 mbar. The angle between the X-ray source, which
is aligned along the surface normal, and the spectrometer is 54.7. All
of the XPS core-level spectra were analyzed using Augerscan and
Origin software. The core-level peaks are fitted using a Gaussian−
Lorentzian (GL) function to include the instrumental response
function along with the core-level line shape. The secondary electron
background was subtracted using a Shirley function. We compensated
the charging of the sample by irradiating the sample with an electron-
flood gun (5 eV).27

2.4. FTIR. The infrared (IR) spectra of kerogen samples were
recorded in the adsorption range between 450 and 4000 cm−1 using a
Thermo Fisher Scientific, Nicolet iS50 FTIR spectrometer. Four
kerogen samples were pulverized using a ball mill prior to
characterizations. FTIR spectroscopy using attenuated total reflec-
tance (ATR) was employed to analyze kerogen extracts. Unlike
transmittance FTIR, ATR does not require that kerogen samples be
mixed with potassium bromide and formed into pellets under high
pressure, thus reducing the time needed for the sample preparation.
Kerogen samples were placed in contact with an internal reflection
compound, and IR spectra were obtained on the basis of the
excitation of the molecular vibrations of chemical bonds by the
absorption of the light. The stretching absorptions of a vibrating
chemical bond are observed at higher frequencies (wavenumbers)
than the corresponding bending or bond deformation vibrations.28

Because kerogen is a rather complex entity, which limits the analysis

Table 1. Properties of Four Solid-State Organic Compound
(Kerogen) Samples (Type II)a

sample Tmax (°C) TOC (wt %) HI (mg/g of C) SBRo (%)

A 428 14.56 569 0.33

B 432 15.76 531 0.49

C 449 12.69 260 0.72

D 452 16.36 171 0.94
aThe values were examined by the ultraviolet (UV) reflectance (%
SBRo) and Rock-Eval 6 with parameters: Tmax, total organic carbon
(TOC), and hydrogen index (HI).

Figure 1. Selected samples A−D are following the kerogen type II
thermal maturity trend, where samples A and B are at the thermally
immature (pre-oil window) stage and samples C and D are at the
peak mature (oil window) stage.
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of integrated bands in the bending vibration area, we decided to look
at the C−H set of stretch vibrations observed in kerogen samples, as
proposed in previous studies;28,29 bands of the absorption were
identifying by comparison to published spectra.

3. RESULTS

3.1. Solid-State 1H and 13C NMR. Aromatic and aliphatic
proton regions of the 1H NMR spectrum provide relatively
qualitative information on hydrogen at different maturity
levels.26 From the acquired spectra on the left panel of Figure
2, aromatic and aliphatic protons exist in the 6.4−8.3 and 0.5−
4.3 ppm ranges, respectively. The 1H NMR spectra of samples
A−D on the left panel of Figure 2 show a broad asymmetric
line centered around 0−1 ppm (centered at 0.64, 0.24, 0.54,
and 0.91 ppm, respectively). Sample A (immature) has a
strong intensity in the range of the aliphatic protons between
0.5 and 4.3 ppm; the peak at 4.15 ppm indicates that the ratio
of aliphatic protons to the aromatic ring is higher than the rest
of the samples. In this regard, the results reveal that the shape
of 1H NMR spectrum becomes sharp as the degree of maturity
increases, which manifests the number of protons attached to
aliphatic carbon reduces. However, the 1H NMR spectra
output as a result of highly overlapping peaks was difficult to
distinguish and quantify the structural formation of hydrogen,
which has been a problem in the past.30,31 Therefore, we
decided to rely solely on the result of 13C NMR to extract
quantitative information about carbon-related structures.

The 13C NMR spectra of kerogen samples mainly reveal
three regions: the aliphatic region at 0−90 ppm, the aromatic
region at 100−165 ppm, and carbonyl/carboxyl carbon region
at 165−220 ppm.25,26 The right panel of Figure 2 illustrates
that the 13C NMR spectrum of immature kerogen is distinct
from that of mature kerogen in the range of the aromatic
carbons between 90 and 220 ppm. Highly matured kerogen
has a stronger intensity in the 13C NMR spectrum related to
the aromatic structure. To acquire the details of carbon
structural information, overlapping peak resolving of the 13C
NMR spectra is deconvoluted by the fitting procedure. The
relative areas calculated by the peak fitting, which represent the
relative amount of the carbon-containing functional groups, are
listed in Table 2.
As shown in the 13C NMR analysis (Table 2), with

increasing thermal maturity, the aliphatic functional groups
(0−90 ppm) exhibit a reduction trend in the relative amount
of carbon, whereas the aromatic carbon groups (90−165 ppm)
increase. This behavior is in an agreement with 1H NMR
spectra on the left panel of Figure 2. The nonpolar alkyl
carbons (0−51 ppm) generally diminish with the degree of
maturity, except the aromatic methyl ( fal

2) group, which could
be reflected by the increase of aromatic carbon. In addition, we
infer that loss of oxygen at the early stages of maturation is due
to a comparatively weak bond between oxygen-related carbon
and the kerogen backbone.19 However, the results revealed

Table 2. Structural Parameters and Assignments from 13C NMR Spectra of the Samplesa

fal
1 fal

2 fal
H1 fal

H2 fal
O1 fal

O2 far
H far

B far
S far

P fa
C

ppm (0−16) (16−25) (25−36) (36−51) (51−75) (75−90) (90−129) (129−137) (137−150) (150−165) (165−220)

A 0.080 0.050 0.240 0.20 0.056 0.02 0.23 0.032 0.047 0.015 0.030

B 0.075 0.064 0.196 0.19 0.057 0.03 0.25 0.035 0.052 0.024 0.027

C 0.070 0.067 0.165 0.10 0.049 0.05 0.34 0.037 0.061 0.029 0.032

D 0.056 0.066 0.120 0.10 0.051 0.04 0.37 0.045 0.084 0.030 0.038
aAll 13C chemical shifts (ppm) were measured and assigned in carbon structural functionalities ( fal

1 , aliphatic methyl; fal
2 , aromatic methyl; fal

H1,
methylene; fal

H2, quaternary carbon; fal
O1, methoxyl/aromatic methoxyl; fal

O2, aliphatic carbon bonded to oxygen in cyclic hydrocarbon; far
H, protonated

aromatic carbon; far
B , bridgehead aromatic carbon; far

S , branched aromatic carbon; far
P , oxy-aromatic carbon; and fa

C, carbonyl/carboxyl carbon).25,26

Figure 2. (Left) 1H NMR and (right) 13C NMR spectra of kerogen samples of samples A−D.
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that there is not any meaningful relationship between oxygen-
related carbons ( fal

O1, fal
O2, and fa

C) and thermal maturity. We
understand that, because the stoichiometry of the oxygen-
related signal is uncertain,29 it is difficult to estimate the
accurate values concerning oxygen-related carbon. However,
this study additionally investigated the changes of oxygen-
related carbon with XPS and FTIR during the maturation, and
on the basis of the results given in Table 2, the evaluations of
the carbon skeletal structure were correlated to the maturity
levels of kerogen that is discussed later.
3.2. XPS. Different types of organic carbon and oxygen

forms were determined by analyzing the carbon (1s) peak. In
each sample, we determined four peaks located at approx-
imately 285, 286, 287.5, and 289 eV after fitting the XPS
carbon (1s) signal. The peak at 285 eV was attributed to both
aromatic and aliphatic carbon. The amount of aromatic carbon
was estimated using the XPS technique for ∏ to ∏* signal
intensity, as used previously.32 This confirms that highly
mature kerogen has an abundance of the aromatic carbon
structure, as revealed in the solid-state 1H and 13C NMR
results. The peaks at 286, 287.5, and 289 eV originate from
carbon atoms bound to one oxygen atom by a single bond (C−
O), carbon atoms bound to one oxygen atom by double bonds
(CO), and carbon atoms bound to two oxygen atoms via
both double and single bonds (OC−O), respectively. In the
most mature stage (sample D), the results show a relatively
large amount of enrichment for oxygen-related carbon, whereas
the rest of the samples (A−C) exhibit a comparatively similar
amount of oxygen-related carbons in the kerogen structure
(Table 3).
Organic nitrogen and sulfur information in the kerogen

structure was also obtained using XPS curve-fitting methods,
which at different energy positions are used to fit with the XPS
N 1s and S 2p spectra, respectively. Nitrogen (1s) kerogen
spectra were curve-resolved using four peaks at fixed energy
positions of 397, 398.6, 399.4, 400.2, and 401.4 eV.

Considering organic sulfur (2p), the binding energy between
162 and 165.7 eV is assigned to pyrite, aliphatic, and aromatic
sulfur and sulfoxide in the XPS S 2p spectrum having 2p3/4 and
S 2p1/2. The peaks from 168.0 (±0.5) to 170.5 (±0.5) eV can
be indexed to S 2p3/4 and S 2p1/2 of SOx (sulfate/sulfite/
sulfone). The peak locations, which are a little higher than the
expectation, could be affected by the poor electrical contact in
surface oxidation; the accumulation of positive charge shifts
peaks toward a higher binding energy. Because the peaks at
168.0 and 160.5 eV are overlapped and have also been
observed in previous literature, we consider that the
summation of this region presents the SOx assignment of
sulfate, sulfite, and sulfoxide.5,29 Table 3 exhibits the details of
quantitative structural parameters based on the curve fitting
into different components of the selected kerogen samples
(A−D).

3.3. FTIR. The intensities, depicted in Figure 3, correspond
to the asymmetric and symmetric stretching and bending of

the C−H/CO/CC−C bonds about the central carbon
atom on a relative basis in the spectra of kerogen samples. The
reason for the overlapped original spectra is due to the same
amount of energy, which is required for several vibrations.
Therefore, IR structural evaluations have been established from
acquired spectra documented in earlier studies.2,26 To find the
intensities at desired frequencies, the FTIR spectrum areas
1800−1500 and 3200−2700 cm−1 were fitted by the Fourier
self-deconvolution;33 the coefficients of determination (R2) of
the peak fitting for the region in all spectra were found between
0.994 and 0.996.
Here, we examined the C−H stretching band intensities for

CH3, CH2, aromatic ring CH, aromatic ring CC−C, and
CO based on the deconvolution results. Four indices (CH3/
CH2 ratio, aromaticity, A factor, and C factor) were used to
evaluate the structural characteristic of each different kerogen.
The CH3/CH2 ratio [I(2970−2950)/I(2935−2915)] indicates the
average chain length of the aliphatic and the degree of chain
branching. Aromaticity [I(3130−3070)/(I(2970−2950) + I(2935−2915))]
represents the degree of aromatic structure versus aliphatic

Table 3. Structural Parameters and Assignment for the XPS
Spectra of the Kerogen Samples

mole percent

elemental functionality
binding energy

(eV) A B C D

C1 1s aliphatic 248.8 49 58 40 16.4

aromatica 39 34 50 55

C−O 286 1.2 0.6 1.4 23.1

O−CO 287.5 3.5 6.2 11 6.2

CO 289 7.3 4.6 2.8 2.3

N 1s nitride 397 19.8 24.8 12.5

pyridinic 398.6 16.4 15.7 22.2

quaternary 401.4 23.6 10.6 31.3

amino 399.4 20.6 42 9.8

pyrrolic 400.2 19.6 6.8 24.2

S 2p pyrite
(FeS2)

162 13.5 16.4 6.2 0.5

aliphatic 163 10.1 1.7 1.5 11.9

aromatic 164 20.1 1.3 3 14.9

sulfoxide 165.7 0.3 0 0 5.3

SOx
b 168−170.5 58.0 80.6 89.4 67.4

aThe amount of aromatic carbon was estimated by the technique of
XPS ∏ to ∏* signal intensity in previous literature.32 bThe
summation of the region presents the SOx assignment of sulfate,
sulfite, and sulfoxide.

Figure 3. FTIR spectra of kerogens with increasing maturity exhibit
the changes in the C−H stretch vibration area (2800−3200 cm−1),
aromatic CC−C ring stretch vibration area (1615−1580 cm−1),
and carbonyl/carboxyl group vibration area (1650−1750 cm−1).
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chain structure. The A factor [I(2935−2915)/(I(2935−2915) +
I(1615−1580))] and C factor [I(1750−1650)/(I(1750−1650) +
I(1615−1580))] describe the relative amount of aliphatic carbon
and oxygenated carbon to aromatic carbon, respectively,26 and
all indices are calculated through integrating the area under the
curves. When the maturity increases, the CH3/CH2 ratio
acquired demonstrates that the aliphatic chain length is
comparatively shorter and the branching is developed.
Restated, highly mature kerogen has more aromatic ring
contribution and less methyl/methylene involvement with the
expected increase in the aromatic structure (aromaticity
index). The observed trends corroborate findings from
previous studies where, during the maturation, chemical
structure changes have been drawn into shorten aliphatic
chain length and expanding aromaticity.26 The result of the A
factor, regarding the relative amount of aliphatic to aromatic
carbon, indicates that there is generally a decreasing trend over
the degree of maturation. Oxygen-related information (C
factor) reveals that the ratio of oxygen-related carbon to
aromatic carbon initially decreases (immature stage) and then

rises as the mature stage advances; the comparative details of
the indices are discussed in more details in the Discussion.

4. DISCUSSION

4.1. Carbon Structural Changes. The ratios of CH3/CH2

from 13C NMR have an order of increase similar to those
obtained from the FTIR analysis when the maturity increases
(panels a and b of Figure 4), which is consistent with the
previously described data from the type II kerogen structure.34

This growth of the CH3/CH2 ratio could be evidence of chain
cleavage coupled with hydrocarbon generation. While kerogen
maturation occurs naturally, the molecular structure of this
macromolecule evolves through bond breaking and bond
forming, under changing physical conditions (temperature,
pressure, and time) of the subsurface.1,35 In terms of carbon−
carbon (C−C) bond in the kerogen structure, bond
dissociation energy (BDE) between α and β carbon is weaker
than that between α and aromatic carbon.33,36 Also, short
branching carbon (such as methyl) to carbon in the backbone
structure has less BDE than longer chain carbon.20,34 It appears
that kerogen samples of the Bakken shale play also follow this

Figure 4. Aliphatic carbon structure changes by thermal maturity. The ratio of methyl/methylene is estimated from (a) 13C NMR [( fal
1 + fal

2)/fal
H1]

and (b) FTIR [I(2970−2950)/I(2935−2915)] results. (c) Average aliphatic carbon chain length by 13C NMR [( fal
1 + fal

2 + fal
H1 + fal

H2 + fal
O1 + fal

O2)/far
S ]. (d) A

factor by FTIR [I(2935−2915)/(I(2935−2915) + I(1615−1580))]. Error bars represent standard errors.
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mechanism, which indicates a higher ratio of CH3/CH2 during
thermal maturation, as shown in panels a and b of Figure 4. In
addition to the ratio of CH3/CH2, the average aliphatic carbon
length and amount of aromatic carbon follows this trend too.
Figure 4c explains that the average length of aliphatic carbon
reduces as the maturity increases, thereby meaning that
thermal maturation accompanies the structural changes in
kerogen with both shorter aliphatic chain and a higher ratio of
CH3/CH2, as delineated by FTIR and 13C NMR.
Also, the A factor calculated through FTIR data (Figure 4d)

shows that the relative ratio of aliphatic to aromatic carbon
generally decreases in accordance with the shape of the 1H
NMR spectrum, apart from sample B that has the highest
overall value. The higher A factor value of sample A than
sample B was expected because the ratio of CH3/CH2

increases, and as a result, the aliphatic chain length becomes
shorter. However, sample B was found to have the largest A
factor, and this could be explained by the fact that the
quantities of aromatic carbon in sample B are relatively lower
than expected. This result is confirmed by the information that
is obtained from the analysis of aromatic carbon that is
presented in Figure 5.

Figure 5 depicts aromatic carbon as investigated by three
different analytical methods: 13C NMR, FTIR, and XPS. Panels
a−c of Figure 5 verify our findings that a higher maturity
kerogen overall tends to have a larger amount of aromatic
carbon. This is also compatible with the 1H NMR result, which
infers the ratio of aliphatic protons to the aromatic ring
compared to the rest of the protons. With an increase of
maturity (from samples A to D), the spectrum becomes
sharper and has diminished intensity in the range of the
aliphatic protons between 0.5 and 4.3 ppm, which represents
the abundance of the aromatic structure. This observation is
collectively acceptable, excluding sample B, with the amount of
aromatic carbon of XPS being comparatively 13% lower than
that of 13C NMR.
FTIR results also propose that the aromaticity value of

sample B is similar to that of sample A, which is different from
the overall observed trend. This latest outcome can support
lower A factor values for sample B compared to sample A, as
seen in Figure 4d. In addition, the degree of aromaticity
(Figure 5d) estimated from three techniques (13C NMR,
FTIR, and XPS) strongly confirms that the aromaticity is
increasing. Notably, we found that, on the basis of the
aromaticity results, there is relatively a considerable rift

Figure 5. Aromatic carbon structural changes by thermal maturity. The aromaticity (aromatic carbon/aliphatic carbon) was calculated from (a) 13C
NMR ( far

H + far
B + far

S + far
P), (b) FTIR [I(3130−3070)/(I(2970−2950) + I(2935−2915))], and (c) XPS (mole percent aromatic carbon). (d) Comparison of

aromaticity slope trends (linearly fitted). Error bars represent standard errors.
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between pre-oil and oil window stage samples. Following the
oil window stage, the amount of aromatic carbon fairly
increases as well as the rate of change in aromaticity, as seen by
the slope of the curve, which is found higher through
advancing thermal maturity in the oil generation window.
On the basis of the results, the structural changes of Bakken

kerogen, coupled with hydrocarbon generation, are affected by
the C−C BDE during the thermal maturation process. As a
result of the weaker BDE between α and β carbons than that
between α and aromatic carbons, breaking the aliphatic chain
bond leads to both hydrocarbon generation and the aromatic
abundant structure in the kerogen backbone. In other words,
during the thermal maturation, a comparatively light hydro-
carbon was detached and the remaining kerogen backbone
became a relatively solid-state organic compound having an
abundant aromatic structure and well-organized rings.
4.2. Heteroatoms. The loss of oxygen functional groups

drives early structural changes. Because the oxygen-related
carbon bonds have relatively weak BDE, the carboxyl and
carbonyl groups can be easily defunctionalized.21,34 In our
study, the results revealed that kerogen maturation involves
relatively bulky oxygen-related carbon reduction at the early
stage of maturation (pre-oil window) and then increases in the
oil window stage, which is verified by 13C NMR and XPS in
Tables 2 and 3.
The changes in the ratios of CO/aromatic carbon were

investigated by three methods (13C NMR, FTIR, and XPS)
depicted in Figure 6. Because it is difficult to analyze the
organic oxygen group from 13C NMR,29 the comparison of the
three methods is presented in the same graph to help us better
understand and verify the results. As thermal maturity
increases, first, the ratio of CO/aromatic carbon decreases,
regardless of the method, along with the ratio of carbonyl/
carboxyl functional groups to aromatic carbon, which was also
found to reduce at the early stages of maturation. Then, in the
oil window stage (samples C and D), the ratio of CO/
aromatic carbon starts to rise, showing the amount of oxygen
estimated in sample D to become higher than sample C.
Although most oxygen-containing functional groups will be
expelled from the organic matter during the initial stages of
thermal maturation, the results exhibit an unexpected increase
in the oxygen content of the functional groups in the higher

maturity ranges of kerogen. This can be explained by the
enrichment of oxygen through the addition of oxygen from
inorganic mineral or water (interstitial water) impurities as
thermal maturity increases, which are also observed in other
studies.22,34 It is also expected that the formation of insoluble
pyrobitumen, which is highly oxidized as thermal maturity
advances, may lead to an unexpected increase of the CO/
aromatic carbon ratio in higher thermal maturation.8

The observations pertaining to organic sulfur in our kerogen
samples clearly exhibit that the amount of sulfur would
decrease significantly as maturation progresses, even from the
early onset of this process. The result that is obtained from the
XPS data analysis depicts that sample A contains the largest
number of sulfur atoms (2.8 sulfur atoms per 100 carbon
atoms), whereas samples B−D were measured with lower
quantities of sulfur (1.4, 1.1, and 0.7 sulfur atoms per 100
carbon atoms, respectively) compared to sample A. This
observed phenomenon is due to the fact that the maturation
process entails the depolymerization of the kerogen structure
by breaking the weaker bonds (C−O and C−S) that led to
generating heavier soluble bitumen compounds, as explained in
the literature.37 Organic sulfur in aliphatic and aromatic
compounds, sulfoxide, and SOx (sulfate/sulfite/sulfone) in
addition to inorganic sulfur and pyrite is clearly recorded in the
analysis and appears in all spectra, as shown in Table 3.
Organic nitrogen as detected by XPS revealed that it mainly
contains pyrrolic, pyridinic, quaternary, and amino, which is
detected by several peaks based on their energy positions;5,29

the nitrogen data for each kerogen sample is summarized in
Table 3. On the basis of the XPS results from the Bakken
kerogen samples, we deduced that a variety of nitrogen-
containing compounds can exist in the samples, regardless of
their thermal maturation stage. This means that we were not
able to establish a meaningful pattern in the changes that
would occur in nitrogen quantities as a function of thermal
maturation in our samples, and further studies are required to
investigate the role of organic nitrogen during depolymeriza-
tion of the kerogen structure.
Generally speaking, on the basis of the results, the weak

bonds in the complex structure of kerogen start to detach
containing bonds between C and O and between C and S at
the early stages of maturation. These bond-breaking reactions

Figure 6. Ratios of CO/aromatic carbon were estimated from 13C NMR, FTIR, and XPS results, which were calculated by fa
C/( far

H + far
B + far

S + far
P ),

C factor [I(1650−1750)/(I(1650−1750) + I(1615−1580))], and [(mole percent of total oxygen)(CO and C−OO fraction)/(mole percent of aromatic
carbon)], respectively.
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would lead to the generation of H2S gas, NSO compounds, and
a heavy soluble compound (bitumen). It needs to be reiterated
that the structural and chemical evolution of Bakken kerogen
involves defunctionalization of heteroatom functional groups,
coupled with an increase in cross-linked carbon in residual
higher maturity kerogen.

5. CONCLUSION

This study shows how hydrocarbon generation can impose
changes in the source rock organic compound structure during
the maturation process. The analysis of extracted kerogen
through spectroscopic techniques (1H and 13C NMR, XPS,
and FTIR) was used to determine chemical contents and
molecular structures as maturation advances. This study will
enable us to better model separation and capture processes in
shale plays via theoretical methods. On the basis of the results,
the following conclusions can be made: (1) The structural
changes of kerogen pertaining to the abundance of the
aromatic and aliphatic chain length correlate well with the
maturity of kerogen. On the basis of the aliphatic carbon chain
that is detected in the kerogen structure by 1H and 13C NMR
and FTIR, the ratio of CH3/CH2 increases when the maturity
increases, accompanied with the shorter aliphatic chain length.
(2) In contrast to aliphatic carbon, the aromatic carbon
structure becomes more abundant in higher maturity and oil
window stage. All three techniques (13C NMR, XPS, and
FTIR) confirm an increasing trend similar to aromaticity with
the same rate of changes. Also, a considerable discrepancy
between pre-oil window and oil window stages regarding
aromaticity was observed. (3) Kerogen maturation causes the
relatively bulky oxygen compound reduction at the early stage
of maturation (pre-oil window) with an increase in the oil
window stage based on 13C NMR and XPS results. In addition,
the ratio of carbonyl/carboxyl functional groups to aromatic
carbon shows an increase in the oil window stage (mature
kerogen). This may be driven by contamination from inorganic
oxygen in mineral or interstitial water impurities. Besides, the
formation of insoluble oxygen-rich pyrobitumen can lead to
enrichment of the CO/aromatic carbon ratio. (4) The
reduction of sulfur in kerogen was observed as the level of
maturity increases, mostly in SOx forms. Finally, the XPS
results exhibited that the diverse form of nitrogen could exist
regardless of the thermal maturation stage; however, further
investigations of heteroatoms are necessary for a better
understanding of changes in the NSO content as a function
of thermal maturity.
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Kerogen is an amorphous organic matter (AOM) in fine grain sediments, which produces petroleum and other

byproducts when subjected to adequate pressure and temperature (deep burial conditions). Chemical char-

acteristics of kerogen by considering its biogenic origin, depositional environment, and thermal maturity has

been studied extensively with different analytical methods, though its molecular structure is still not fully

known. In this study, conventional geochemical methods were used to screen bulk rock aliquots from the Bakken

Shale with varying thermal maturities. Organic matter was isolated from the mineral matrix and then a mass

spectrometry method was utilized to quantify molecular weight distribution (MWD) of four different kerogens at

various thermal maturity levels (immature to late mature). Furthermore, to complement mass spectrometry,

Fourier transform infrared (FTIR) spectroscopy was employed as a qualitative chemical and structural in-

vestigation technique. The MWD of four samples was obtained by matrix-assisted laser desorption/ionization

time-of-flight (MALDI-TOF) mass spectrometry, and the results are correlated with the absorption indices (CH3/

CH2 ratio and aromaticity) calculated from the FTIR attenuated total reflectance (ATR) method. The results

showed when the degree of maturity increases, the aliphatic length shortens, and the branching develops, as well

as the aromatic structure becomes more abundant. Moreover, based on the MWD results, higher maturity

kerogen samples would consist of larger size molecular structures, which are recognized as more developed

aromatic, and aliphatic branching stretches. The combination of infrared spectroscopy (AFT-FTIR) and mass

spectrometry (MALDI-TOF) provided MWD variations in organic matter samples as a function of maturity based

on varying absorption indices and revealed the rate of change in molecular mass populations as a function of

thermal maturity in a type II kerogen.

1. Introduction

In the past few years, there has been growing attention to organic-

rich shale reservoirs due to their importance in hydrocarbon production

and CO2 sequestration [1,2]. The high abundance of total organic

carbon (TOC) in shale layers, which are deposited in these rocks hun-

dreds million years ago, would lead to the generation of oil and gas

through thermal maturation. This process takes place due to the ex-

posure of rocks containing organics to adequate temperature and

pressure as the depth of burial increases. During this geologic process,

the organic matter known as kerogen, which has a complex and

amorphous molecular structure, breaks down and goes through a

significant structural and compositional transformation [3,4].

Thermal maturity of organic matter is an important phenomenon

that still requires further studies at the molecular scale from various

perspectives to help us better explain this process [3] which enables us

to better explain the phenomenon that’d generate hydrocarbons from

the organic matter. In this regard, there has been a limited number of

studies to investigate molecular structure of organic matter (kerogen) at

different stages of thermal maturity using various spectroscopy

methods such as: 13-C nuclear magnetic resonance (13C NMR) [25], X-

ray photoelectron spectroscopy (XPS), and X-ray absorption near-edge

structure (S-XANES) [5], Raman [6], and infrared (IR) [7,26] spectro-

scopy. Even though these studies have clarified the structural evolution
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of kerogen to some extent, this task still demands further analysis since

kerogen has different biogenic origins (e.g., lacustrine and mar-

ine algae and plankton or terrestrial higher-order plants). One of the

methods in better characterizing the molecular structure of organic

matter during thermal maturation is measuring its molecular weight

(MW) and relating that to the existing chemical compounds or func-

tional groups at every stage of maturity.

Mass spectrometry (MS) technique has been widely utilized in

biology [8] and chemistry [9] for decades to identify the molecular

weight of various materials such as proteins and synthetic polymers,

which is now extended to petroleum and fossil fuels arena. This being

said, in the first attempt to characterize kerogen with MALDI by Li

et al., [13], a relationship between the minimum laser power sufficient

for activating the MALDI-ionization process and the thermal maturity

level (reported in the age of samples) of kerogens, was established. This

study was later continued by Herod et al. [14], where several isolated

kerogens from various thermal maturities and mixed depositional en-

vironments (marine, lacustrine and terrestrial) were analyzed by

MALDI-TOF-MS (Matrix-assisted laser desorption ionization-time of

flight mass spectrometry). Authors found that spectra of isolated

kerogens from ‘younger’ deposits (less mature or less buried) showed

larger molecular mass distributions compared to the spectra obtained

from extracts of older sediments. Furthermore, kerogen molecular

weight estimation measured by MALDI-TOF was in agreement with the

values obtained by conventional techniques, such as SEC-chromato-

grams [13,14]. The issue with these two studies that employed MALDI

spectroscopy is that neither of them studied a single origin kerogen

specimen, and there was a mixture of samples without a systematic

maturity trend among them. The importance would be to reveal the rate

of molecular weight alteration at specific thermal maturity stage and

the rate of change in the population of molecular fragments, which is

missing.

Recently, molecular weight of the organic matter that was artifi-

cially matured in a semiopen pyrolysis system to various levels of

thermal maturities from Green River Shale Formation was quantified

using various mass spectrometry methods including laser desorption

laser ionization (L2MS), surface assisted laser desorption ionization

(SALDI) [10], and matrix-assisted laser desorption ionization (MALDI)

[11,12]. Results showed a systematic change in molecular weights and

correlation between elemental analysis and mass spectroscopy results.

It should be mentioned that although chemical information that is

provided by MALDI-TOF is considered accurate for both identification

and in quantification of chemical substances in a material, it would be

difficult to determine the existing functional groups (e.g. carboxyl/

amide/carbonyl/methylene/methine functional groups), and non-de-

gradable fractions in the studied compounds. This adds a drawback to

MALDI-TOF-MS, which makes it inevitable to be coupled with other

analytical techniques such as IR, Raman or nuclear magnetic resonance

(NMR) spectroscopy, as was done on these limited studies of kerogen, to

provide us more detailed information about the components and ma-

terials that are being analyzed [15].

In this study, four isolated (extracted) kerogens from the mineral

matrix at four different stages of natural thermal maturity (immature to

late mature) from the Bakken Shale were examined by MALDI-TOF-MS

combined with FTIR spectroscopy for molecular weight quantification

along with chemical and structural analysis. This study enabled us to

identify structural characteristics of organic matter as it undergoes

thermal advance in nature to relate these variations to both qualitative

information from chemical structures and quantitative molecular

weight distributions (MWD). Additionally, the outcome helps us to

delineate the rate of change in molecular weight intervals populations

as thermal maturity progresses.

2. Materials and methods

2.1. Samples

Kerogen samples (type II representing a marine environment) were

collected from the Bakken Formation which is one of the largest un-

conventional shale oil plays in North America and is currently being

studied for potential CO2-EOR and sequestration [16,17]. Samples were

retrieved from four different wells that are drilled at different locations

in the Williston Basin in ND, where the Bakken has different thermal

maturities. Aliquots of the bulk samples were examined with pro-

grammed pyrolysis (Rock Eval 6) for determining the thermal maturity

level of the samples. To be more accurate, samples were also analyzed

for the solid bitumen reflectance in the absence/scarcity of the vitrinite

maceral, and the measured values then converted to the equivalent

vitrinite reflectance using the appropriate conversion equations. Results

are summarized in Table 1, where it shows sample A is immature and

sample D is late mature. To perform MALD-TOF analysis, which is done

on isolated organic matter, first rock pieces are crushed and then wa-

shed to remove all contaminations and then submerged in concentrated

37% HCl. This is followed by placing samples in concentrated 48% HF.

In the next step, the samples are placed into concentrated HCl for the

second time. Using acid will ensure removal of all inorganic minerals

including carbonates and silicates. Finally, centrifugation is done to

create the kerogen slide and separates insoluble organic matter in the

solid form the organic solvents [18,19] a process necessary prior to the

mass spectrometry experiments.

2.2. ATR-FTIr

Infrared spectra of kerogen samples were recorded in adsorption

between 450 and 4000 cm−1 wavelengths using a Thermo Fisher

Scientific, Nicolet iS50 FTIR Spectrometer. Four kerogen samples were

pulverized using a ball mill before the characterizations. Fourier

transform infrared (FTIR) spectroscopy using attenuated total re-

flectance (ATR) was utilized to analyze the isolated kerogens. Unlike

transmittance FTIR, ATR does not require that kerogen samples to be

mixed with potassium bromide and form into pellets under high pres-

sure, which reduces the time needed to prepare the samples. Kerogen

samples were placed in contact with an internal reflection material, and

IR spectra were obtained based on the excitation of the molecular vi-

brations of chemical bonds by the absorption of light. The stretching

absorption of a vibrating chemical bond is observed at higher fre-

quencies (wavenumbers) than the corresponding bending or bond de-

formation vibrations [22,23]. Although the bending vibrations can

support to obtain more details from the chemical structure, we’d face

limitations in the analysis of integrated bands in bending vibration

areas because kerogen is a complex macromolecule. In this study, it was

decided to analyze the C–H set of stretch vibrations that are observed in

kerogen samples, which is also done in previous studies [7,26]. It

should be noted that recorded bands of the absorption were identified

through comparison with the published spectra shown in table 2.

Table 2 presents the stretching absorption for C–H stretch vibrations

for methyl (–CH3), methylene (>CH2), and aromatics (C–H). These are

Table 1

Properties of Four Kerogen Samples (type II).a

Sample No. Tmax (°C) TOC (wt %) HI (mg/g C) SBRo (%)

A 428 14.56 569 0.33

B 432 15.76 531 0.49

C 449 12.69 260 0.72

D 452 16.36 171 0.94

a The values were examined by the solid bitumen reflectance (%SBRo) and

Rock–Eval 6 derived parameters including Tmax, TOC (Total organic carbon),

and HI (hydrogen index).
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the most common characteristics of an organic compound containing

the aliphatic fragments. The intensities observed are corresponding to

the asymmetric and symmetric stretching and bending of the C–H bonds

of the central carbon atom. The C–H stretching vibrations for the sa-

turated aliphatic and the aromatic ring occur between 2800 and

3000 cm−1 and 3070–3130 cm−1 bandwidths, respectively. Acquired

spectra were analyzed in order to evaluate the IR structural properties

[24,26] utilizing the Gaussian curve functions to attain the best possible

statistical reconstruction of the evaluated peaks. CH3/CH2 and ar-

omaticity index were calculated utilizing the integrated area under the

peaks. In this regard, the CH3/CH2 ratio was computed based on the

ratio of the asymmetrical CH3 stretching (2970–2950) to the asym-

metrical CH2 stretching (2935–2915). This ratio indicates the average

chain length of aliphatic and the degree of chain branching where the

lower ratio values indicate the longer aliphatic chains and a lower

degree of branching and therefore the high potential for oil generating.

Furthermore, the aromaticity index was calculated based on the ratio of

the aromatic C–H stretching to the summation of asymmetrical CH3

and CH2 stretching {(3130–3070)/(2970–2950) + (2935–2915)}

which is representing the degree of aromatic structures to aliphatic

chain structures [7,26,27]. These ratios were considered to better

analyze MWD that is acquired by MALDI-TOF at different stages of

maturity and were related to the variations in the overall molecular

weight of the specimens.

2.3. Maldi-TOF-MS

The AB SCIEX TOF/TOF 5800 mass spectrometry system was used

for the identification and relative quantitation of kerogen molecular

weight. A dilution series of kerogen powder were prepared for two

different test setups, in the absence and the presence of the matrix. In

the second set up where the matrix is presented, dilutions were mixed

with α-Cyano-4-hydroxycinnamic acid (α‐CHCA) in 1:1 ratio. The

matrix, α‐CHCA, is commonly used in conjunction with organic mole-

cules, particularly for relatively higher-weight ones [28]. Each sample

(1 μL) was spotted onto a standard stainless steel plate and allowed to

air-dry. Spectra were acquired with MS reflector mode for 1000 shots,

and the analysis was conducted over a range of 60 to 5000 Da by use of

an adjusted accelerating voltage.

It should be noted that MALDI-TOF-MS analysis has been utilized to

characterize kerogen in a very limited scope. However, previous studies

conducted on heavy fossil fuels and aromatic compounds have de-

monstrated the applicability of MALDI-TOF to characterize similar

macromolecules [11,12]. These studies suggested that the matrix would

not always be necessary to obtain MALDI mass spectra, because lower

molecular weight aromatics, can play the role of the matrix for the

ablation of the higher molecular weight compounds. Even though

suggestions have been made regarding the matrix, its role in the ana-

lysis of kerogen has not yet fully understood. Therefore, in our study,

the MALDI-TOF spectrum of kerogen samples at various maturations is

obtained in the absence and presence of the matrix, and the results are

compared and reorganized to delineate the MWDs more accurately and

help us investigate the necessity of having a matrix.

In order to confirm accurately the compound measurements vali-

dating the technique, we performed control procedures for MALDI-TOF

[29,30]. MS technique is possible to detect varying components

(fragments) of a complex structure. Hence, we made a 1:1 and 1:1:1

mixture of model compounds including kerogens spanning the mass

range occurred for kerogen samples. Then, we checked that MALDI can

detect all of these model compounds with about the same cross-section,

and that the results give a spectrum with peaks regarding references

and kerogens. Additionally, we confirmed that the measured molecular

weight (WD) is not adjusted changed by the laser pulse energy. Fur-

thermore, to find optimum laser power for kerogen samples, multiple

tests with model compound were performed to obtain clear and exact

signals. As a result, we set the laser intensity at 5000 (in-

strument‐specific units) for the case when matrix is absent and at 4200

for the presence of matrix which provided us with consistent spectra.

3. Results and discussions

Since kerogen consists of amorphous and complex chemical com-

pounds, spectroscopy analysis would be inadequate to evaluate its

chemical structure quantitatively. As a result, in this study, FTIR and

MALDI-TOF-MS are integrated, to assist the chemical characterization

of this geo-macromolecule. We have interpreted spectra obtained from

several extracted kerogens at different stages of thermal advance to

reveal the relationship between various functional groups and mole-

cular weight distributions and chemical alterations in a type II kerogen.

3.1. Structural characterization by FTIR

Considering the FTIR intensities, a given absorption band that is

assigned to a specific functional group has a direct relationship with the

amount of that functional group overall existence in the structure of the

macromolecule [23]. We noted that the methyl group (CH3) is con-

sidered as the terminal for the aliphatic chain, where a methylene

group (CH2) is linked to a neighboring group which can also be at-

tached to another methylene group. This framework presents a carbon

to carbon bond, forming the aliphatic chain. Because each section of

this group has its corresponding C–H stretching and bending vibrations,

identification of this group and skeletal frequency would help to esti-

mate a carbon-based organic compound such as the kerogen. Especially,

a strong methylene band (2935–2915 cm−1) and a weak methyl band

(2970–2950 cm−1) indicates a longer-chain aliphatic structure. In

contrast, the strong methyl band and a comparatively weaker methy-

lene band indicate shorter-chain branching.

Fig. 1 represents the intensities measured for frequency absorptions

assigned to methyl, methylene, and aromatic on a relative basis in the

spectrum of each kerogen samples. The reason for the overlapped ori-

ginal spectra is due to the same amount of energy required for various

vibrations [23]. To analyze each functional group at desired fre-

quencies, the FTIR spectrum area from 2700 to 3200 cm−1 was fitted

(Fig. 2). In order to do so, intensities and frequencies of the bands in the

desired regions were estimated by curve fitting where the peak se-

paration and quantitative calculation were performed using the Fourier

self-deconvolution method.

Here, we examined the C–H stretching band intensities for CH3, CH2

and, aromatic ring CH-based that was obtained from the deconvolution

results. CH3/CH2 ratio and the aromaticity indices were calculated

based on the relationships that were stated earlier. Considering CH3/

CH2 ratio, smaller values (sample A) implies comparatively longer and

Table 2

Saturated aliphatic group and aromatic ring group frequencies [23].

Origin Group frequency (cm−1) Functional Group/ Assignment

Methyl (–CH3) 2970–2950 Methyl C–H asymmetric stretch

2880–2860 Methyl C–H symmetric stretch

Methylene (>CH2) 2935–2915 Methylene C–H asymmetric stretch

2865–2845 Methylene C–H symmetric stretch

Aromatic (C–H) 3130–3070 Aromatic C–H stretch
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straight chains, whereas larger values (sample D) means shorter and

more branched chains (Fig. 3-Left). In other words, when kerogen

thermal maturation is advanced, relatively, the aliphatic chain length

will become shorter, and branching is developed. As a result, the ar-

omaticity index (Fig. 3-Right), representing the abundance of aromatic

structures in the kerogen molecule is also increased as thermal maturity

is increased. Furthermore, at a higher degree of thermal maturation

where the abundance of aromatic rings and the reduction of methyl/

methylene is observed, it is expected this phenomenon to result in a

significant change in the molecular weight of the remaining substance.

The observed trends in Fig. 3 are consistent with the results from pre-

vious findings, which proved that the aliphatic chain lengths have

shortened and increased aromaticity during the maturation [7]. It

should be stated again during the maturation process, as a result of

organic matter exposure to temperature, hydrocarbons are generated

and expelled from the organic matter and the remaining molecule is

undergone major molecular alteration as being investigated here.

3.2. Molecular characterization by MALDI-TOF MS

The ionization process in MALDI-TOF proceeds through the capture

of a proton, which forms a charged adduct with the molecular species of

the sample. As the number of charged adducts reflects the signal in-

tensity of the molecular weight, quantitative MWD analysis of any

chemical compound is conducted. Four kerogen samples of this study

were analyzed by MALDI-TOF to attribute maturation effects on the

MWD of organic matter. Furthermore, systematic naturally matured

kerogens with single biogenic origin have rarely been researched with

MALDI-TOF, which limits the guidelines for an optimal and effective

matrix selection based on the literature. Hence, in our study, kerogen

samples were examined in both the presence and in the absence of the

matrix (α‐CHCA) for comparison and more accurate results.

Fig. 4 exhibits the mass spectra of kerogen samples obtained both in

the presence and in the absence of the matrix. In all of these spectra for

the presence of the matrix, unidentified high-intensity signals were

observed in the relatively low-mass region between 200 and 400 m/z.

Also, we could not find a regular ionization and pattern overall. This

confirms that kerogen does not have a specific chemical structure and

contains various functional groups which are differently ionized, which

hinders the signal interpretation from analyzing molecules in kerogen.

Also, overall spectra representing the samples in Fig. 4 does not show a

particular relationship with signal intensities unlike polymers and

proteins. However, we found that signal intensity changes with respect

to the degree of thermal maturation. As a result of this alteration in the

intensity, it is conclusive that the maturation process would change the

molecular structure of kerogen in terms of the molecular mass of the

organic matter. This infers that the chemical structure of kerogen has

been evolved while bond-breaking and forming have occurred [31].

Thus, we can at least conclude that MALDI result confirms the chemical

structure changes by maturation. Sample A, the immature kerogen,

exhibits signals between 250 and 350 m/z with the highest intensity

regardless of the presence or absence of the matrix. In addition, when

the maturation is progressed, strong signals become evident in the

presence of the matrix, near 170 m/z and 370 m/z.

On the other hand, in the absence of the matrix, the highest in-

tensity signals are recorded in the similar mass region in all maturation

stages, while molecular alterations have occurred in the higher mass

region of the spectra. When the degree of maturation is higher, it was

seen that signals become more transparent in the relatively heavier

mass regions. This observation was not quite similar to the changes of

signals in the presence of the matrix. In the latest experimental condi-

tions, the spectra do not display any clear signals over 800 m/z.

Therefore, it is probably understood not only that α‐CHCA is not the

best matrix to investigate complex mixtures of organic matter (kerogen)

for the higher mass regions, but also that an excess of matrix inhibits to

precisely conduct the ionization process. Based on this, in our study, the

mass spectra without any matrix was utilized for the MWD analysis of

the kerogen samples to avoid erroneous results.

Fig. 5 exhibits four molecular weight distribution (MWD) diagrams

in separate intervals obtained from immature to late mature organic

matters. Each independent value of four samples was created through

the summation of the area under molecular weight signals based on the

normalized spectra (Fig. 4). Furthermore, this particular partitioning

(distribution) of MWs is decided through trying different molecular

weight intervals and plotting MWDs of these four different samples

when the most distinct and meaningful trends are delineated. We also

note that the quantitative value in Fig. 5 disregards total MW and solely

pertains to the comparative change of MWD regarding the maturity

since the area ratio was adopted. It was found that, for relatively im-

mature kerogen (A and B), around 60% of the signals are under 1 kDa

range, whereas the majority of recorded signals for relatively higher

maturity kerogen samples (C and D) are found between 1 and 2 kDa

range. Immature sample (A) has the highest signal in the range under

500 Da; this indicates that relatively lighter molecular structures exist

in kerogen compound prior to maturation. Meanwhile, the MWD for

samples A and B continuously decreases in higher mass ranges. Re-

markably, as the degree of the maturation increases, the higher signal

distribution in the heavier range is observed in Fig. 5. It is verified that

the MWD variation is certainly a function of the degree of thermal

maturation, reflecting the existence of separate molecules detected

through the MALDI-TOF-MS process. Although in all kerogen samples,

the distributions are almost similar in the ranges over 5 kDa, generally

higher maturity kerogens should contain larger size molecular com-

pounds and fragments than lower maturity ones.

Additionally, the rate of change in MW is also investigated for each

maturity stage over the entire range from 0 to 5 kDa. The smaller graph

in Fig. 5 is obtained through taking the derivatives of integral of

MALDI-TOF spectra to represent the rate of change in the quantity of

that specific MW interval for each sample. The most important aspect of

this graph is that at a specific MW (around 2.5 kDa) all of four samples

Fig. 1. FTIR spectra of four kerogen samples with varying maturity.
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start to show relatively similar increasing trends in the rate of MW

quantities, and then this becomes constant regardless of their maturity

at higher MW region (> 4 kDa). This means there isn’t any change in

the molecule’s population at higher weights regardless of the maturity.

In sample A, the most immature kerogen, relatively large negative rate

of change in the lower MW region is observed and the degree of change

presents a decreasing trend as the molecular weight increases. The rate

of change in sample B rapidly decreases up to around 1.5 kDa MW, then

alleviates in higher MW ranges showing similar positive rate over 2 kDa

similar to sample A. Unlike immature kerogens, two higher maturity

specimens (C and D) have comparable MW rate of changes over the

entire MW range. Positive change is observed near lower MW region

(< 2 kDa), which means the molecules in 1–2 kDa are becoming more

abundant than other MW regions, then the rate of popularity decreases

and becomes unchanged like other samples. The difference in MWD and

rate of change in MWs between the immature (A and B) and late mature

(C and D) kerogens could refer to the boundary from pre-oil to oil

generation window and to the phenomenon where hydrocarbons are

generated and expelled from the OM through a nonlinear trend [21].

This major change in molecular structure corresponds to the onset of

oil-window, when a major alteration is expected to take place (mole-

cular structure and molecular weight) around 2.5 kDa where all MW

rate of change graphs in the smaller image in Fig. 5 coincide and start to

perform with a similar increasing trend. These two graphs combined

illustrate, although we have a relatively linear increase in thermal

maturity index (in Table 1) from samples, the variations are nonlinear

which is at the onset of oil generation.

The MWD results can be correlated to the structural indices from the

FTIR as well. As we discussed in this study, the carbon chain (aliphatic)

length has shortened and branching has developed as the degree of

maturation is increased, as well as the aromatic structure becomes more

abundant. From Sample A to D, the abundancy in lower MW intervals

decreases which corresponds to the increase in CH3/CH2 ratio. On the

contrary, the higher quantity of heavier MW intervals is correlated to

Fig. 2. Peak fitting results for the C–H stretch vibration area for samples A to D respectively. The black line is the original observed spectrum, while the solid line is

the fitted spectrum. The coefficients of determination (R2) of the peak fitting for the region 3200–2700 cm−1 in all spectra were between 0.998 and 0.994.
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the aromaticity index where it increases from Sample A to D. These two

combined, as a function of increasing the maturity, kerogen should

contain a greater number of heavier molecules that are more developed

aromatic and aliphatic branching structures. It should be noted that the

trend observed here cannot directly convey the change of total weight

of kerogen due to fragmentation of larger molecules. In order to provide

the exact molecular weight of organic matter which is a large and

complex macromolecule, a combination of mass spectrometry in-

strumentation and methods including MALDI, surface-assisted laser

desorption/ionization (SALDI) combined with C and H NMR, and de-

tailed elemental analysis would be necessary. Although this study did

not delineate exact molecular weight of existing compounds and frag-

ments in the samples but was able to explain molecular weight dis-

tribution and pertaining variations in MW of a single type (type II)

kerogen during thermal maturation for the first time and the rate of

such a change in a range of samples at various maturity levels.

Therefore, it can be said that the structural changes that kerogen un-

dergoes due to the abundance of the aromatic and shorten aliphatic

chain length as its maturity progresses is well correlated with the

heavier molecular weight of the product.

Ultimately, authors understand that thermal maturation that occurs

in nature and sample selection from various locations can affect ele-

mental structure, particularly the NSO content of the samples and

overall results of the study. Hence, the best approach would be to ar-

tificially take an immature sample through pyrolysis in the lab and then

perform all analysis on controlled samples. Though, this study was a

preliminary approach to examine how MALDI-TOF can be used to

evaluate MS of kerogen and other larger organic compounds.

4. Conclusion

This article presented a characterization of kerogen at 4 different

maturity levels using infrared spectroscopy and mass spectrometry.

Spectrums obtained by FTIR and MALDI-TOF from organic matters

(kerogens) isolated from the bulk rock aliquots collected from the

Bakken Shale were analyzed. The results were useful to better under-

stand hydrocarbon generation and maturation process through in-

vestigation of a chemical structure and molecular weight variations

during the expulsion of hydrocarbons as maturity progresses. Based on

the results, the following conclusions can be made:

• MALDI-TOF spectra in the presence of the matrix (α‐CHCA) show

irregular ionization and pattern between 200 and 400 m/z for all

maturity stages. It follows that kerogen does not have a specific

chemical structure and hardly can be analyzed regarding its com-

position and molecular weights for specific fragments in the

presence of the matrix. Since kerogen is a complex macromolecule,

the matrix (α‐CHCA) maybe inappropriate to be used during the

ionization/mass spectroscopy experiments and existing lower MW

aromatic fragments can take the role of the matrix.

• It was found while the increase in the maturation takes place, the

results of MALDI-TOF in the absence of the matrix demonstrates that

kerogen consists of heavier molecules. The result without the matrix

shows obvious signals in the heavier mass regions (over 1000 m/z).

Based on this, MWD was generated from MALDI-TOF spectra in the

absence of matrix.

• The MWD variation provided different molecular weight ranges at

different thermal maturity stages in the absence of the matrix.

Relatively immature kerogens exhibited around 60% of the signals

under 1 kDa range, with the strongest signals in the range under

500 Da, whereas the majority of signals of mature kerogens were

found between 1 and 2 kDa range.

• In terms of major changes (molecular structure and molecular

weight) through maturation, the boundary from pre-oil to oil gen-

eration window can be distinguished based on the rate of change of

integrated MALDI-TOF signals with respect to molecular weight.

After a specific MW (over 2.5 kDa), all kerogens would show a si-

milar increasing trend in the rate of change of the population of MW

intervals.

• The shorter aliphatic chain length and abundant aromatic structure

are expected and delineated based on FTIR structural indices (CH3/

CH2 and Aromaticity) when the degree of maturity increases which

was correlated to the MWDs. The structural kerogen alteration in the

abundance of the aromatic and shorten aliphatic chain length as its

maturity progress tends to make the weight of molecules/fragments

in kerogen heavier.
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Adsorption based realistic molecular model of
amorphous kerogen

Hyeonseok Lee,b Farnaz A. Shakib,*c Kouqi Liu,b Bo Liu,a Bailey Bubach,b

Rajender S. Varma,e Ho Won Jang, *d Mohammadreza Shokouhimher *bd

and Mehdi Ostadhassan *a

This paper reports the results of Grand Canonical Monte Carlo (GCMC)/molecular dynamics (MD)

simulations of N2 and CO2 gas adsorption on three different organic geomacromolecule (kerogen)

models. Molecular models of kerogen, although being continuously developed through various analytical

and theoretical methods, still require further research due to the complexity and variability of the organic

matter. In this joint theory and experiment study, three different kerogen models, with varying chemical

compositions and structure from the Bakken, were constructed based on the acquired analytic data by

Kelemen et al. in 2007: 13C nuclear magnetic resonance (13C-NMR), X-ray photoelectron spectroscopy

(XPS), and X-ray absorption near-edge structure (XANES). N2 and CO2 gas adsorption isotherms obtained

from GCMC/MD simulations are in very good agreement with the experimental isotherms of physical

samples that had a similar geochemical composition and thermal maturity. The N2/CO2 uptake by the

kerogen model at a range of pressure shows considerable similarity with our experimental data. The

stronger interaction of CO2 molecules with the model leads to the penetration of CO2 molecules to the

sub-surface levels in contrast to N2 molecules being concentrated on the surface of kerogen. These

results suggest the important role of kerogen in the separation and transport of gas in organic-rich shale

that are the target for sequestration of CO2 and/or enhanced oil recovery (EOR).

Introduction

The worldwide increase of energy consumption was accompa-

nied by a shi of interest from conventional resources to the

unconventional shale gas and oil1 leading to continuous

research and development on how to extract from these reser-

voirs2,3 even though such reservoirs require more costly and

advanced technologies to exploit.4–6 In these reservoirs, organic

matter or kerogen, which is the source of hydrocarbons,7,8 is

a major but poorly understood constituent compared to inor-

ganic minerals. This is mostly because of the complexity in

chemical composition, structure, and properties of kerogen

which originates from its biogenic origin.9 Kerogen, composed

of mainly carbon, hydrogen, oxygen, nitrogen, and sulfur,

experiences major structural and compositional changes as it

undergoes maturation as a function of burial depth, i.e. pres-

sure and temperature,10 and nally breaks down to petroleum

and other by-products. Maturation is a complex chemical

transformation that encompasses free-radical mechanisms,

causing the investigation of volumetric, thermodynamic, and

stereochemical properties of porous kerogen to be a highly

taxing process. Furthermore, the high submicron porosity of

kerogen drastically impacts the storage and transport proper-

ties of the entire shale layer1,7 and adds another layer of

complexity to the investigation of this macromolecule. There-

fore, building molecular models for kerogen is a much desired

but challenging task, and not surprisingly, it has been contin-

uously evolving with the advancements in computational

methods.8,11

The rst kerogen model was published by Burlingame et al.

in 1968 which had focused on the study of the kerogen extracted

from the Green River shale.12 The suggested model did not

represent a comprehensive chemical structure of the sample

though, as it did not contain molecular topology. Later in 1995,

Siskin et al. proposed an updated model for kerogen, particu-

larly by adding the functional groups with oxygen and

nitrogen.13 Recent advancements in computational 3D

modeling, drastically renewed the interest in exploring
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kerogen's molecular structure. Varying types of maturity models

were introduced for kerogen by Ungerer et al. in 2015 (ref. 14)

wherein they analyzed diverse kerogen types (based on their

biogenic origin) grounded on a set of experimental data and

PM7 semiempirical calculations as implemented in MOPAC.15

In addition to the development of the molecular models for this

purpose, the computational techniques have also become

frequent tools for simulating the gas adsorption and desorption

processes.16–18 Simulation of adsorption behavior is important

since organic-rich shales are becoming a repository of green-

house gas storage which can also improve their productivity in

CO2 enhanced oil recovery (EOR) and sequestration.

The Bakken formation is one of the largest unconventional

shale oil plays in North America and is currently being studied

for potential CO2-enhanced oil recovery and sequestration;19

recent studies suggest that an injection of CO2 into organic-rich

shales can increase their production potential.16,19 Hence, in

order to precisely estimate the capacity of organic matter in

terms of adsorption for sequestration and/or associated mech-

anisms for enhanced oil recovery, building a 3D molecular

model of the Bakken kerogen has become imperative. Here, we

report a new representative molecular model for organic matter

from the Bakken (kerogen type II) based on previous experi-

mental chemical compositional data.20 We validate our models

with gas (CO2 and N2) adsorption isotherms based on both

experimental techniques and theoretical simulations. We also

investigate CO2 and N2 diffusion behavior in the kerogen system

to present a complete picture of interactions that would occur

between kerogen and gas molecules.

Methods
Model preparation

A variety of methods can be utilized to provide the chemical

composition of organic matter. While 13C-NMR is used to

examine the chemical structures and parameters related to

carbon, the sulfur and nitrogen content are revealed through

the X-ray absorption near-edge structure (XANES) analysis. The

X-ray photoelectron spectroscopy (XPS) is capable of quanti-

fying several functional groups in carbonaceous materials

associated with carbon, oxygen, sulfur, and nitrogen.21 This

information can then be used to build a representative model of

any organic material. Here, to build our molecular model of

Bakken kerogen, we use the chemical and structural informa-

tion of kerogen from diverse origins including Bakken, using
13C-NMR, XPS, and XANES data as were reported by Kelemen

et al. in 2007.20 The Bakken organic matter is an immature (pre-

oil window) type II kerogen representing a marine environment

with Tmax of 419
�C and hydrogen index (HI) of 580 mg g�1.20

The atomic ratios of carbon, hydrogen, sulfur, and nitrogen

atoms were decided by considering the 13C-NMR, XANES, and

XPS analysis results. In particular, 13C-NMR data were utilized

for carbon and XPS/XANES for heteroatoms estimations to build

the molecular model. From this data, around 35% of the total

carbon concentration is included within aromatic structures

that also contain nitrogen and sulfur, such as pyridine, pyrrole,

and thiophene. The functional groups related to sulfur were set

as sulfate and sulfoxide structures, while the oxygen-related

functional groups were set as carbonyl and ether.

Throughout the text, the theoretical results obtained from

our molecular model of the Bakken kerogen will be compared

and contrasted to a set of experimental results from literature20

plus two other sets of results that were collected from the

Bakken (type II) and tested for gas adsorption in our lab. For the

ease of comparison, we refer to the rst set of experimental

results as sample B1 and the other two as samples B2 and B3

(sampled at 8387 and 9814 feet in vertical depths, respectively).

The geochemical characteristics of all these three samples,

obtained from programmed pyrolysis,22 are reported in Table 1.

It can be seen from this table that the two B2 and B3 samples

have the same Tmax of 429
�C, and hydrogen index (HI) of 555

and 513 mg g�1, respectively. Based on this analysis, we

conclude that all of these three samples have similar chemical

and physical properties and can equivalently represent the

immature Bakken kerogen since they are all in the pre-oil

generation window. Thus, while we used the data from

sample B1 for building molecular models, we obtained the

adsorption isotherm data from sample B2 and B3 to verify

proposed molecular model.

Molecular model building

The construction of macromolecule kerogen models in this

paper consists of the following major steps.

(a) First, the details of chemical composition including the

nature and ratio of functional groups were determined through

analyzing the experimental data reported by Kelemen et al.,20

sample B1.

(b) Using this information, fragments of monoaromatic/

polyaromatics moieties (benzene, pyrrolic, pyridinic, and thio-

phene) and functional groups (sulfate, sulfoxide, carboxylate,

amino) and alkanes were built using molecular drawing so-

ware, Avogadro.23 These fragments were built using General

AMBER Force Field (GAFF) parameters.24,25 The fragments

contained the as accurate number of nitrogen, sulfur, and

aromatic carbon atoms as possible based on the experimental

data. The partial charges on all atoms were assigned by the

Gasteiger–Marsili sigma charges26 at the initial stage of the

macromolecular model building. The nature of bridges (e.g.

ketone and ether) between the fragments were assigned based

on the sample analysis and were selected to satisfy the number

of oxygen, and carbon atoms.

Table 1 Properties of the Bakken shale kerogen samples, all belonging

to type II kerogen and in the pre-oil window (immature)

Property B1a B2b B3b

Tmax (
�C) 419 429 429

HI (mg g�1) 580 555 513

a Tmax and HI data of Bakken sample B1 were estimated by Kelemen
et al.20 b For Bakken sample B2 and B3, Rock-Eval pyrolysis was
applied to quantify Tmax and HI.22

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 23312–23320 | 23313
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(c) In designing aromatic fragments, 13C-NMR data were

used to nd the percentage of protonated, non-protonated, and

bridge carbons, where XPS results were used to obtain the ratio

of nitrogen and sulfur-containing aromatic structure.

(d) In order to cross-link all of the prebuilt fragments, we

used the “bond creation” feature of the LAMMPS package.27

This feature can create bonds between specied atomic sites as

a molecular dynamics (MD) simulation running, if the distance

between the two atoms becomes less than a threshold value. As

such, we carefully selected the bonding sites in the form of

aromatic carbon (protonated, non-protonated) and oxygen-

related fragments, because in that format they can better t

the designed model. The pre-built fragments were positioned in

a rectangular simulation box using Packmol package.28 Then,

the cross-linkings between the fragments and bridges were

generated during an MD trajectory that converged towards local

equilibrium with GAFF force eld parameters.25,27

(e) When the fragments were branched, conforming to the

desired ratio of hydrogen to carbon atoms led to the creation of

unpaired free radical sites. Therefore, the cross-linked frag-

ments were inspected and improved maximally by adding or

removing hydrogen or methyl groups. Thus, by trial and error

process, we built the molecular model of kerogen that inter-

weaves all of the constituent fragments within a single

macromolecule.

Quantum mechanics calculations

To obtain the quantitative electrostatic properties and opti-

mized geometries of our kerogen model, we performed

quantum mechanical (QM) calculations using the ORCA

package29 based on the density functional theory (DFT) method.

As DFT considered to be suitable for organic compounds, we

ran our calculations at B3LYP/6-31G(d) method/basis set level.30

Hirshfeld atomic population31 analysis was carried out to obtain

atomic partial charges since it is less basis-set dependent and

can be derived for optimal partitioning of electron density. The

partial charges obtained from the QM calculations replaced the

initial partial charges which had been set without the polari-

zation of atoms.

Gas adsorption and diffusion simulation (GCMC + MD)

Gas adsorption simulations were carried out using Grand

Canonical Monte Carlo (GCMC) simulation, and gas diffusion

simulations were utilized by Molecular Dynamics (MD) tech-

nique efficiently converging towards local equilibrium for

diffusion equation. The equilibrium can be determined in the

molecule conguration considering uctuations in the internal

energy and number of adsorbed molecules. We used a hybrid

molecular simulation that consists of combining GCMC and

MD to perform simulations implemented in LAMMPS

package27,32 (schematic illustration of the simulation system is

shown in Fig. 1). At every time step of the simulation, we

attempted both GCMC exchanges (insertions and deletions)

and MC moves (translations and rotations), followed by MD

simulation steps in the canonical ensemble at the constant

number of molecules. This process allows the gas molecule

diffusion and kerogen model relaxation at each GCMC time

step. Technically, every 100 GCMC insertion/deletion attempts

followed by 200 MD time steps. In GCMC simulation, the

chemical potential of the gas phase was related to the gas

pressure using the ideal gas equation of state. The Metropolis

algorithm was utilized to calculate the potential energy in the

system and to control GCMC exchange or MC move. The gas

adsorption and diffusion simulations were run for 5 � 107 MD

steps and 2.5 � 105 GCMC cycles using a Nosé–Hoover ther-

mostat to keep the temperature constant. The time step in all

simulations was 1 fs.

Interactions were modeled by the sum of short-range Pauli

repulsion and long-range electrostatic attraction embedded

within Lennard-Jones potential with a cutoff distance of 10 �A

using a particle–particle particle–mesh solver (PPPM).33,34 The

N2 and CO2 molecules were simulated using the TraPPE force

eld parameter set shown in Table 2,35 which is useful for

complex chemical systems with molecular simulation. In the

TraPPE force eld, CO2 was modeled as a linear triatomic and

N2 as a diatomic molecule with xed bond lengths and bond

angles. These models are suitable for reproducing the densities

and the diffusion of N2 and CO2 in bulk and surface phases at

the conditions simulated in this work. The system was set in

order to maintain a constant temperature of 77 K and 273 K

which is the experimental gas adsorption temperatures and

Fig. 1 Schematic illustration of the simulation system. (a) Initial gas

adsorption/diffusion simulation set-up within the kerogen models. (b)

The system becomes equilibrated and the gas molecules are diffused.

Gas molecules are diffuse and adsorbed by driving force along the x-

axis.

Table 2 Parameters related to the adsorbates (CO2 and N2).
35

Molecules Atoms Charge s (�A) 3/kB (K)

N2 N �0.482 3.31 36.0
N-COM +0.964 0.0

CO2 C +0.70 2.80 27.0

O �0.35 3.05 79.0

23314 | RSC Adv., 2020, 10, 23312–23320 This journal is © The Royal Society of Chemistry 2020

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 J

u
n
e 

2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 6

/2
9
/2

0
2
0
 5

:2
1
:1

1
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra04453a


applied with the Nosé–Hoover thermostats. All partial charges

of the kerogen models were obtained from QM calculations as

explained in the previous section. At equilibrium, the number

of gas molecules in the kerogen surface and bulk phase was

kept constant.

Gas adsorption experiment

Gas adsorption experiments were performed on isolated

kerogen from the bulk shale based on already established

procedures.36 Briey, we collected the samples and removed the

bitumen using a mixture of methanol and toluene. Then, we

added HCl into the solid residue to remove carbonates. Subse-

quently, HF was added to remove the silicate minerals, and

pyrite was removed by using CrCl2, and nally, acid with dis-

solved inorganic minerals was separated from the organic

matter by centrifugation.

Aer isolation from the rock matrix, the solid kerogen was

degassed for at least 8 hours at 110 �C to remove moisture and

volatiles, crushed (to less than 250 mm size) and loaded into the

instruments. Low-pressure N2 was measured on a Micro-

meritics® Tristar II apparatus at 77 K while CO2 adsorption was

performed on a Micromeritics® Tristar II plus apparatus at 273

K. The gas adsorption quantity was measured over the relative

equilibrium adsorption pressure (P/P0) range of 0.01–0.99,

where P is the gas vapor pressure in the system and P0 is the

saturation pressure of N2.

Results and discussion
Bakken molecular models

The Bakken shale models were constructed and veried by

analyzing experimental data coupled with computational tech-

niques (molecular builder, quantum mechanics calculations,

and Monte Carlo/molecular dynamics simulation). The models

consist of a complicated mixture of chain and mesh structures.

Fig. 2 visualizes the three molecular models, before and aer

the optimization process, which do not have the same chemical

composition and structure. The nal chemical compositions of

models A, B, and C are C141H187N6O15S4, C152H193N6O15S4, and

C158H207N6O16S4, respectively.

Table 3 summarizes the aromatic carbons in the constructed

models that were found compatible with 13C-NMR data in

Table 3 Structural parameters relevant to carbons in the Bakken

kerogen (sample B1 (ref. 20)) and the constructedmodels (A, B, and C)a

Structure

Sample

B1 Model A Model B Model C

Aromatic 0.35 0.371 0.344 0.330
Carboxyl/amide/carbonyl 0.02 0.028 0.026 0.025

Protonated aromatic 0.17 0.180 0.180 0.140

Phenoxy/phenolic 0.02 0.021 0.021 0.021
Alkyl-substituted aromatic 0.08 0.064 0.064 0.070

Bridged aromatic 0.09 0.092 0.092 0.092

Aliphatic 0.63 0.61 0.63 0.64

Methylene/methine 0.46 0.44 0.45 0.48
Methyl/methoxy 0.15 0.12 0.12 0.13

Alcohol/ether 0.06 0.04 0.04 0.04

H/C ratio 1.22 1.32 1.27 1.31

Average density (g cm�3) — 0.927 0.919 0.974

a The data presented here are ratio per 1 number of carbon.

Fig. 2 Constructed and optimized Bakken kerogen model A (a), model B (b), and model C (c). Different geometric configuration and chemical

compositions with the following color code, carbon: black; hydrogen: white; oxygen: red; sulfur: yellow and nitrogen: blue. (a) C141H187N6O15S4,

(b) C152H193N6O15S4, and (c) C158H207N6O16S4.
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sample B1. Since aromatic carbons were set up at the initial

stage of molecular model building, where aromatic fragments

were prebuilt, carbons in aromatic structures are very close to

sample B1 in regard to the structural parameters (e.g. proton-

ated, non-protonated, and bridged carbon in aromatic struc-

ture). However, some discrepancies were detected such as the

ratio of hydrogen to carbon atoms and methylene/methine

structure. Because we improved the models by adding or

removing methyl groups and hydrogens, it was not possible for

every structure parameter of the models to meet the sample B1

perfectly.

The models have average densities between 0.92 and

0.98 g cm�3 (in Table 3) demonstrating density proles along

the x-axis around 1.6 to 0.1 g cm�3 (in Fig. 3). The density

Fig. 3 Density (g cm�3) profiles of the model A (a), B (b), and C (c) along the x-axis.

Fig. 4 (a) Pair distribution functions (PDF) or G(r) of the Bakken kerogenmodels. The comparison between sample B1 and themodels in terms of

(b) the ratio of oxygen-containing functional groups, (c) the ratio of nitrogen-containing functional groups, and (d) the ratio of sulfur-containing

functional groups.
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proles of models exhibit that the generated kerogen structures

are amorphous and the internal/external surfaces are rough at

the sub-nanometer level in Fig. 3. Since gas molecules diffuse

and adsorbed along the x-axis (Fig. 1), the gas molecules could

heavily be affected this internal density of models.

The pair distribution function (PDF) prole, Fig. 4a, shows

the probability of carbon existence at the distance r (�A) from

another carbon, and it is exclusively related to carbon structure.

The highest peak position is between 1.4 and 1.45 �A which

represents aromatic carbons. Since almost 35% of the carbons

in the models have an aromatic structure, this is the highest

peak of all. The three models have similar peak positions with

a similar width. Fig. 4b shows the comparison of the three

models with sample B1 based on the total oxygen, i.e. carbonyl,

ether, and alcohol groups per 100 carbons. It is apparent from

this gure that the constructed models (A–C) contain a higher

total number of oxygens per carbon than sample B1. It is the

result of sample B1 having a higher number of ether and

alcohol groups compared to the models but a similar ratio of

carbonyl functional groups. It should be noted since the

carboxyl and alcohol groups both contain –OH, the peak

involving ether and alcohol groups could have been overlapped

and intensied as a result, in the XPS spectrum.20 This

phenomenon has led to a higher amount of alcohol/ether as

a result of the summation of carboxyl and alcohol with –OH

group shown in Fig. 4b. Fig. 4c and d also indicate that both

prebuilt aromatic fragments (pyrrolic, pyridinic, and thiophene)

and the bridges (quaternary, sulfate, and aliphatic sulfur) have

comparable ratio with sample B1. However, the ratio of amino

and sulfoxide in the models are somewhat higher. Screening

Fig. 4b–d, one can also nd that all three models have a smaller

percentage of oxygen, nitrogen, and sulfur atoms than the

original input data from XPS of sample B1. Our macromolecule

models of Bakken kerogen consist of around 150 carbon atoms

due to the size limitation of the model building. This limited

total number of atoms in the models is not enough to thor-

oughly represent the perfect ratios.

Gas diffusion/adsorption on the surface of kerogen

The ultimate goal of this study is to develop reliable amorphous

kerogen molecular models. In order to verify the reliability of

these models, here we compare and contrast the gas

adsorption/diffusion simulation results of these models with

the experimental gas adsorption isotherms that we have ob-

tained from Bakken kerogen samples B2 and B3. We performed

GCMC/MD simulations to investigate N2 and CO2 gas molecular

adsorption on the surface of the models as well as their diffu-

sion to the sub-surface levels. Apart from validating our models,

because the three kerogen models cover a variety of structure

and chemical composition and contain small size pore (<1 nm)

that are irregularly spread all over the models, we expect that

this study sufficiently claries the behavior of N2 and CO2

molecules through the small size pores of organic matter.

First, we focus on the results of adsorption/diffusion of N2

molecules on/into three molecular models (A–C) and compare

the results to the experimental N2 adsorption isotherms of

samples B2 and B3 in Fig. 5.

As can be clearly seen, samples B2 and B3 capture around

43.18 and 40.78 (cm3 g�1 STP) of the N2 gas, respectively, at 100

kPa and 77 K. N2molecules adsorption behavior with the model

A and B (40.29 and 40.15 cm3 g�1 STP, respectively) are fairly

close to the two experimental samples. Meanwhile, the number

of adsorbed molecules into model C (38.5 cm3 g�1 STP) is

almost 4% lower than both of the other two models and the

experimental samples B2 and B3. We conclude that the differ-

ence of functional group distribution and internal density

prole among the three models affects the adsorption of N2

molecules on the kerogen surface and pores. For instance, the

model C containing a larger ratio of aliphatic carbon structure,

specically more methyl groups, cannot provide adequate space

for N2 molecules for adsorption as much as the model A and B.

The steric effect of the methyl groups may be the main reason

preventing the attachment of N2 molecules to the framework

compared to the planar congurations of aromatic structures.37

Since the overall results of N2 adsorption on the three

models were close to the experiment, we clustered the three

models for CO2 gas adsorption and diffusion simulations.

Packmol package was utilized to place one of each kerogen

models (A, B, and C) in two sides of a feed compartment with

the size of around 16 � 57 � 40 angstrom, as shown in Fig. 1.

These two systems were then allowed to come to relaxation by

running a 1 ps NVT molecular dynamics simulations. The nal

average density of the kerogen models compartment is

0.922 g cm�3. Since the three kerogen models were simply

adhered to one another and clustered, packing them in

different modes was not considered. In this system, gaseous

uids would diffuse to two different surfaces of the clustered

kerogen model. Unlike N2 gas adsorption experimental condi-

tions, CO2 gas adsorption experiment, and accordingly theo-

retical simulations, were performed under a series of varying

pressure values at 273 K (Fig. 6).

Fig. 5 The comparison of the simulated excess nitrogen (N2)

adsorption isotherms between the models (A–C) with experimental

loadings (sample B2 and B3) at 100 kPa, 77 K.
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The result of CO2 gas adsorption isotherms of the samples

B2 and B3 show a nearly linear relationship of gas adsorption

with respect to the pressure. The cluster model very closely

follows this behavior and only slightly deviates at higher

pressure. At lower pressure of 10, 30, and 50 kPa, the cluster

model shows a total amount of adsorbed CO2 molecules of

1.53, 3.05, and 4.58 cm3 g�1 STP, respectively. These are very

close to those of experimental samples B2 (1.59, 3.22, and 4.52

cm3 g�1 STP), and B3 (1.45, 3.05, and 4.35 cm3 g�1 STP). The

small discrepancy, around 5%, between the cluster model and

samples B2 and B3 occurs when the simulation and experi-

mental pressures reach 70 kPa. This phenomenon can be

explained due to the increase in chemical potential in the

smaller pores. As the pore radius decreases, the overlapping

potentials from the strong pore wall–wall interactions and the

strong CO2–wall interactions would lead to higher amounts of

CO2 molecules to get adsorbed in smaller pores compared to

the larger ones.38,39 Since the model hosts ultra-micro pores

(0.3 nm to 0.7 nm) and larger number of CO2 molecules are

placed in a xed system at higher pressures (larger number of

CO2 molecules in GCMC/MD simulation), it is observed that

higher quantities of CO2 are adsorbed on the pore surfaces.

This is in contrast with how samples B2 and B3 that both

contain meso (less than 3–5 nm) and ultra-micro pores per-

formed. The results proclaim that the pore structure plays an

important role in adsorption mechanisms as a function of

pressure.

The simulated mass density prole in Fig. 7 shows that CO2

and N2 molecules have migrated to the kerogen model during

the process and penetrated to the sub-surface levels of the

model as well as being adsorbed on the surface. This simulation

conrms that the interaction between gas (CO2 and N2) mole-

cules and kerogen molecular models is strong enough to

capture the molecules on or inside the models. Because the

internal density of themodel is irregular and highly densed sub-

surfaces are existed (Fig. 3), the gasmolecules could be captured

into these densed areas inside the kerogen model. In particular,

CO2 molecules show a much stronger interaction than N2 such

that a considerable number of CO2 molecules penetrate to the

sub-surface levels of the kerogen model. N2 molecules, on the

other hand, are mostly diffused in the bulk region with

a smaller number of molecules detained on the surface of the

kerogen model. These results demonstrate that kerogen can be

used as a porous lter for optimal separation of CO2 and N2 gas

molecules.

Fig. 7 Normalized mass density profile of CO2 from clustered Bakken kerogenmodels at 100 kPa and 273 K, and of N2 from kerogenmodel A at

100 kPa and 77 K from GCMC/MD simulation. This density profile shows that CO2 and N2 molecules are crowded near Bakken models at one

million time steps.

Fig. 6 Comparison of simulated excess CO2 adsorption isotherms

between the cluster kerogen model, blue dots, and the experimental

samples B2, orange, and B3, black, at 273 K.
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Conclusion

In this work, we reported a molecular model for amorphous

organic matter (kerogen) built based on experimental

constraints. The numerical analysis of the kerogen by the

methods 13C-NMR, XPS, and XANES was used to determine the

chemical composition and structure of three different models.

GAFF parameters combined with partial charges computed via

quantum mechanics calculations were used to build a more

realistic model. GCMC and MD simulations were run to

compute N2 and CO2 gas adsorption isotherms on the model

and were compared to our experimental results. N2 gas

adsorption behavior in the three kerogen model systems was in

very good agreement with experimental results in similar

conditions, 100 kPa and 77 K. Adsorption of CO2 molecules on

a clustered model also shows similar adsorption isotherm

behavior overall. Based on the simulation results we uncovered,

the kerogen model seems to have a stronger interaction with

CO2 molecules than N2 molecules such that CO2 molecules are

not only adsorbed on the surface but also penetrate to the sub-

surface level of the model.
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ABSTRACT: Carbon dioxide (CO2)-enhanced oil recovery and sequestration are both
processes that are associated with the separation and storage of gas in organic-rich shale
formations. The current study investigates the applicability of kerogen, an amorphous
and insoluble organic matter abundant in unconventional shale formations, for the
separation of the mixture of gases (CO2 and CH4) in dry and wet (brine) conditions for
an effective storage and injection operation. Here, through molecular dynamics,
thermodynamics, and kinetics, we investigate the CO2 transportation and adsorption
behavior on three-dimensional kerogen molecular models from the Bakken, which
contains nonperiodically arrayed functional groups. The diffusion/separation of CO2

and CH4 is probed subject to a varying range of concentrations as well as pressure from
atmospheric to high (30 bar) and realistic temperatures (333−393 K) to represent an
unconventional reservoir system. It is found that kerogen models from the Bakken would
demonstrate an unprecedented CO2 sorption selectivity over methane in the presence of
brine (formation or interstitial water, a mixture of water and salt). Moreover, the concentration of brine shows a positive effect
for CO2/CH4 selectivity that supports our goals of sequestration and enhanced production. Based on the quantitative results,
the developed kerogen model is suggested as an appropriate framework for CO2 sequestration and injection to further facilitate
hydrocarbon-improved recovery in organic-rich shale reservoirs and promote sequestration in a major shale formation.

■ INTRODUCTION

Over the last two decades, there has been growing attention
toward separation and sequestration of greenhouse gases using
organic-rich shales, which can also address a viable injection/
production scheme for CO2 enhanced oil recovery (EOR)
operation.1,2 The injection of CO2 into unconventional
organic-rich shales is not only an effective method to boost
hydrocarbon productivity and more efficient recovery but also
can serve as a large-scale CO2 capture technique.3−6 The
organic matter, which is abundant in shale formations, also
known as kerogen, has a complex molecular structure and
mainly consists of carbon, hydrogen, oxygen, nitrogen, and
sulfur.7 Studies have found that kerogen in shale formations
can chemically interact with CO2 and hydrocarbons to
enhance the selectivity of CO2 over hydrocarbons in the
presence of other fluids.8 However, it is a challenge to produce
hydrocarbons and store CO2 simultaneously due to the
interference of hydrocarbons and brine in CO2 sorption.9

Moreover, the CO2 selectivity, the ratio of the adsorbed CO2

onto the membrane (here kerogen) over hydrocarbons,10 is
drastically affected by temperature and pressure.9 Hence, it is

necessary to have a clear picture of the CO2 diffusion kinetics
and thermodynamics over a range of brine concentrations at
different temperatures and pressures for more efficient CO2

separation, injection, and sequestration. The investigation of
CO2 selectivity in the presence of mixtures (CO2, CH4, and the
brine) is the key to improve CO2 separation in unconventional
organic-rich reservoirs.
Kerogen, which contains a large surface area within its nano-

to micrometer pore spaces,9,11 is inherently CO2-phillic,
meaning this macromolecule compound would act as a CO2-
selective membrane.7 The selectivity of this amorphous organic
material for CO2 sorption over CH4 has been confirmed
through experimentally measured volumetric uptake as well as
computational simulations.12−16 Although the large surface
area of the adsorbent encourages high uptake of CO2 gas
molecules, it is not necessarily advantageous for optimal
separations in a specific system in the presence of other
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important influencing components such as temperature,
pressure, and existing fluids.
In a recent study, we have developed three different

computational models to represent the Bakken kerogen.17

The Bakken formation is one of the largest unconventional
shale oil plays in North America and is currently being studied
for potential CO2-enhanced oil recovery and sequestration. It
has also attracted extensive geochemistry and organic
petrography studies entailing its geological background and
physical properties.18,19 Representing Bakken kerogen, our
models contain surface pores and functional groups consisting
of carbon, hydrogen, oxygen, nitrogen, and sulfur. Using these
models, we studied the diffusion of CO2 and N2 molecules
through the kerogen membrane obtaining comparable results
to the experimental adsorption outcomes.17,20 Having
established the reliability of our Bakken kerogen model, here,
we employ these models to demonstrate the applicability of
kerogen for the separation of the mixture of gases CO2 and
CH4 in dry and wet (brine) conditions via molecular
simulations. Here, we put a special emphasis on the effect of
brine as the formation water and investigate the interaction of
brine with the gases CO2 and CH4 and its overall effect on the
gas sorption by kerogen.21 We analyze the diffusion and
separation of CO2/CH4/brine systems, which would affect the
performance of the EOR process in particular tight shale
formations where the improvement of recovery through CO2

injection is still ambiguous and under research.22,23

■ MATERIALS AND METHODS

Statistical mechanics, equilibrium molecular dynamics, in
particular, was employed to study the selectivity of CO2 over
CH4 in realistic molecular models of the Bakken kerogen to
report diffusion/separation that occurs under three variants of
environments: pressure, temperature, and various existing
fluids (CH4, H2O, and NaCl).
Bakken Kerogen Model. The molecular models of the

Bakken kerogen were obtained from computational simu-
lations in accordance with the experimental analysis obtained
from geochemistry screening by the Rock−Eval pyrolysis,13 C-
13 nuclear magnetic resonance (NMR) spectroscopy, X-ray
photon spectroscopy (XPS), and gas adsorption isotherms.20,24

The organic matter structures were modeled based on type II

kerogen (representative of the Bakken) in the preoil window
(immature) and were mainly composed of carbon and
hydrogen with nitrogen, oxygen, and sulfur atoms as
attachments (Figure 1). A brief introduction to the models is
presented here, whereas readers are referred to Lee et al.17 and
the Supporting Information (SI) for further details.
Kerogen is a heavy and amorphous organic material, which

is quantitatively difficult to describe in terms of its chemical
composition and functional groups. This originates from the
fact that the chemical structure of the organic matter varies
significantly based on its biogenic origin whether it is animal
based or plant based, from marine environments or terrestrial.
Bakken, in particular, is a type II kerogen, which is made up of
marine organisms. The difference in each kerogen type is
represented by their O/C and H/C ratios in elemental
analysis.7 Although a general chemical composition for
kerogen can be used, the models in this study are based on
the experimental data collected exclusively from the Bakken to
ensure the highest level of similarity to physical samples.17 The
structures of these three Bakken kerogen models (models A, B,
and C) are a complicated mixture of chain and mesh. Although
these models were constructed through the same procedure
(i.e., analyzing experimental data, molecular mechanics
simulation, and quantum mechanics calculations), each
model owns a different chemical composition and topology,
C140H176N6O15S4, C151H179N6O15S4, and C158H188N6O16S4,
respectively.17 The structures contain disordered pores with
the radius ∼3−7 Å, the calculated densities of models A, B, and
C are around 1.1, 1.2, and 1.3 g cm−3, respectively. These
models have been already shown to reproduce the
experimental adsorption isotherms for CO2 and N2 uptake at
low pressure and correctly assign Bakken kerogen as a selective
CO2 absorbent in the presence of N2.

17,20

In the current study, we collect and tether all three
molecular models into one gas diffusion/separation system to
avoid a biased outcome from our simulation results. The
Packmol package was utilized to place one of each kerogen
models (models A, B, and C) in a feed compartment with the
size of 16 × 57 × 40 Å, as shown in Figure 2. These two
systems were then allowed to come to relaxation by running a
1 ps NVT molecular dynamics simulations. Since the three
kerogen models were simply adhered to one another and

Figure 1. Immature (preoil window) Bakken kerogen models. Different geometric configurations and chemical compositions with the color code,
carbon in black; hydrogen in white; oxygen in red; sulfur in yellow; and nitrogen in blue.16
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clustered, packing them in different modes was not considered.
In this system, gaseous fluids in the feed compartment would
diffuse to two different surfaces of kerogen, to the left and right
models in Figure 2. The details of all parameters, which
attribute to the chemical composition and the carbon-based
structure of these molecules, are described in Table 1. The
kerogen model in this system is composed of inner and outer
pores, which is a disordered molecular structure and includes
functional groups.

Simulation Setup. The simulation of molecular transport
utilizes a system setup that is developed by others on an
osmosis/reverse osmosis system and is briefly discussed here.25

The simulation system for studying gas separation/diffusion
based on our kerogen model can be found in Figure 2. Two
identical kerogen models are used along with periodic
boundary conditions to create alternating fluid compartments
in the X-direction, whereas the system is infinite in the
transverse dimensions (y, z) (Figure 2). Kerogen atoms are
tethered to their known equilibrium positions using a simple
harmonic tether. The region between the two kerogen models
(feed compartment) was filled with the fluid to be separated at
the desired conditions. Initially, empty left and right permeate
compartments were set up to provide the driving force,
whereas periodic boundary conditions would allow a
continuous compartment. Long-range site−site interactions
are modeled using Lennard−Jones (LJ) and Coulombic
potentials as followingÄ

Ç
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where rij is the distance between sites i and j, rC is the cutoff
radius beyond which the short-range interactions are neglected,
σij and ε are the L−J parameters, qi and qj represent the charges
on sites i and j, and C is a unit conversion constant. These
potentials are summed over all sites to obtain the total
intermolecular interactions.
To carry out molecular dynamics simulation on the mixture

fluid (CO2, CH4, H2O, Na1+, and Cl1−), the harmonic
potential was employed between the model and gas molecules,
along with the site to site nonbonding interaction potential.
The transportation of fluid particles within the kerogen models
was investigated using molecular dynamics simulations at a
practical temperature and pressures relevant to the Bakken
Formation (T = 333−393 K and P = 1−30 bar).26 Water was
modeled under a simple point charge (SPC),27 whereas CO2 is
modeled using the flexible force field developed by Cygan et
al.,28 CH4 is represented by the TraPPE force field, and Na1+

and Cl1− ions are modeled using the parameters proposed by
Smith and Dang.29,30 The parameters and charges used in this
study are summarized in Table 2. The reliability of the SPC

water model is confirmed by utilizing two other models, TIP3P
and SPC/Fw, for similar calculations, which resulted in
consistant results, Figures S1 and S2 in the SI.
Initial configurations were created using the Packmol to

construct nonoverlapping random fluid initial configurations.31

All equilibrium simulations (EMD) of the systems considered
here, were carried out by molecular dynamics of gas adsorption
processes using the “osmosis and reverse osmosis” technique
with the LAMMPS simulation package.25,32 The particle−
particle/particle−mesh (PPPM) technique was used in the
treatment of long-range Coulombic interactions beyond the
cutoff radius of 1.4 nm.33

All simulation cells are parallel to the kerogen/mixture fluid
interface, and periodic boundary conditions are employed in all
of the three dimensions. The system size is sufficiently large to
ensure that finite-size effects are negligible in our 1 ns
equilibration simulations that is performed in the NPT
ensemble, where the volume variations are achieved by
changing the box length only in the x-direction. Then, NVT
ensemble equilibrium molecular dynamics simulations were
performed, in which the temperature of the system is kept at a
fixed value by a Gaussian thermostat. All simulations were
carried out at three different temperatures, 333, 363, and 393
K, which are typical temperatures for the Bakken formation.26

A time step of 1 fs was used for runs up to 10 ns in length (10
million steps).
To further clarify the competitive separation, the selectivity

of CO2 over CH4 in the mixture of CO2 and CH4 is
determined using the following equation16,35

Figure 2. Schematic illustration of alternating Feed/Permeate
compartment; the molecular kerogen model is collected and tethered
into one gas diffusion/separation system.

Table 1. Average of Carbon Structural Parameters for the
Bakken Kerogen Models (Combination of Models A, B, and
C)17a

structure kerogen model (combined)

aromatic 35

carboxyl/amide/carbonyl 2.6

protonated aromatic 17

phenoxy/phenolic 2.1

alkyl-substituted aromatic 6.6

bridged aromatic 9.2

aliphatic 62

methylene/methine 32

methyl/methoxy 12

alcohol/ether 4.1
aNote: the data presented here are ratio per 100 number of carbon.

Table 2. Parameters Related to the Adsorbates (CH4, CO2,
and Brine)

molecules atoms/ions charge σ (Å) ε (kcal/mol)

CH4 C 0.00 3.73 0.2941

H2O O −0.82 3.17 0.1554

H 0.41 0.0 0.0

CO2 C 0.65 2.80 0.0559

O −0.325 3.028 0.1597

salt Na1+ 1.00 2.35 0.13

Cl1− −1.00 4.40 0.10
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where x and y refer to the mole fractions of the component of
the adsorbed surface phase and the bulk phase, respectively.
Higher adsorption selectivity (values over 1) indicates a
stronger adsorption capacity of CO2 over CH4. We also used
the isosteric heat of adsorption (Qst) to estimate the strength
between molecules and the molecular models. The adsorption
is accompanied by temperature variations since the adsorbed
molecules are more stabilized on the adsorbent surface than in
the bulk phase. Qst is defined by the Clausius−Clapeyron
equation34 ÄÇÅÅÅÅÅÅÅÅ ÉÖÑÑÑÑÑÑÑÑQ RT

P

T

ln

N
st
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where P is the equilibrium pressure at temperature T and N
represents the number of adsorbed species. The equation,
when integrated, allows one to calculate Qst obtained at two or
more temperatures. Prediction is based on the assumption that
the isosteric heat of adsorption is independent of temperature.

■ RESULTS AND DISCUSSION

Open data points in Figure 3a,b illustrate CO2 and CH4

molecules uptake in/on the dry Bakken model surface region
collected from atmospheric pressures to an elevated pressure
(30 bar) at 333, 363, and 393 K temperatures. Overall, the
CO2 uptake capacity is higher than CH4, in the range of 0.35−
1.85 vs 0.2−1.26 mmol/g, indicating that CO2 is preferably
adsorbed in/on the Bakken kerogen model surface region
compared to CH4. It is worth mentioning that due to the
structural properties of the kerogen molecular model, the final
gas uptake is the result of the presence of both the functional
groups and the porous structure.
Moreover, the presence of water (10 wt %) in the single

CO2 and CH4 gas is shown to have a negative effect on gas
uptake (filled data points in Figure 3a,b). The uptake of CO2

gas molecules at higher pressure (over 20 bar) declines as
much as 60%, whereas the ones at lower pressures (less than
15 bar) show a decrease of about 50%. On the other hand, the
uptake of CH4 gas molecules at lower pressures (less than 20
bar) demonstrates a smaller reduction compared to the higher
pressures (above 20 bar), around 15 vs 55% decrease. The
observed trends are consistent with the previous studies where
the uptake capacity of gases on moist type II kerogen exhibited

a decline with the increasing moisture content at constant
temperatures.35,36

Figure 4 presents the isosteric heat of adsorption (Qst) of
CO2 and CH4 on the kerogen model as a function of the

amount of molecules adsorbed, obtained from the CH4 and
CO2 single systems (Figure 3a,b). It is seen that Qst decreases
at the beginning of the adsorption process and then stays
relatively constant. This infers that the adsorbent (the kerogen
model) becomes a homogeneous binding site on its surface
over 0.9 mmol/g of CO2 and 0.3 mmol/g of CH4 loadings
(Figure 4). The reduction in the isosteric heat of total
adsorption at low coverage indicates that the electrostatic and
van der Waals interactions between gas molecules and the
kerogen model are dominant in the system.37 Notably, Qst of
CO2 is found to be larger than CH4, which represents the
strong interaction between the positively charged carbon atom
and negatively charged oxygen atoms of CO2 and the
functional groups of the kerogen model. These results
demonstrate that the kerogen model is a good absorbent for
CO2 separation from the CH4, which is also confirmed by its
selectivity of CO2 over CH4 (Figure 6a).
Figure 5 represents the mean square displacement (MSD) of

CO2 and CH4 at 333 K temperature. It is shown that CO2

diffuses much faster than CH4 within the kerogen macro-
molecule. We have confirmed that this is the outcome of any
scenario at different pressure/temperature conditions where
CO2 always shows a higher self-diffusion in single-gas systems.
Figure 5 also shows that at a constant temperature, 333 K, the
self-diffusion of CO2 decreases with the increase of pressure. It
can be said that higher pressures would have a negative effect

Figure 3. Gas uptake in single and binary (with 10 wt % of H2O) systems for CO2 (a) and CH4 (b) on the kerogen model at variable temperatures
(333, 363, and 393 K) and pressures (1−30 bar) with corresponding error bars at certain pressures.

Figure 4. CO2 and CH4 isosteric heat of adsorption (Qst) in the low-
pressure region.
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on the diffusion of both CO2 and CH4 molecules but with a
more pronounced effect on the former.
To better understand the governing thermodynamics and

kinetics parameters on CO2 capture, the competitive
adsorption kinetics of the CO2/CH4 gas mixtures was
investigated in the presence of brine (formation water), Figure
6. The CO2/CH4 selectivity of the model was investigated
using CO2/CH4:50/50 gas mixtures at 333, 363, and 393 K
temperatures and a range of pressure from 1 to 30 bar. CO2

molecules are preferentially adsorbed on the surface of the
kerogen with higher potential than CH4 when both exist in the
dry system, as shown in Figure 6a. In the system, where the
Bakken kerogen and mixed gases are present, CO2 can displace
CH4, which would facilitate the production of CH4 from
unconventional gas reservoirs. The result indicates that a
relatively good production of CH4 and simultaneously high
CO2 capture capacity could be expected. Remarkably, CO2/
CH4 selectivity decreases with increasing pressure at any
temperature. Considering the CO2/CH4:50/50 mixture, CO2/

CH4 selectivity slightly declines in the presence of pure water
at 10 wt % (Figure 6a−d). This is also in agreement with the
previous findings that CO2/CH4 selectivity decreases when
water is added to the mixture.35

Figure 6b−d displays CO2/CH4 selectivity of the Bakken
kerogen in the presence of 5, 7, and 10% brine concentrations
at different system temperatures. The motivation of this study
was to investigate the possibility of a successful CO2 EOR and
sequestration operation from the molecular point of view in
the Bakken at different concentrations of brine, since it varies
regionally in the Williston Basin where this rock unit is
extended in the subsurface. Considering this important factor,
the concentration of brine was broadly selected to particularly
explain the effects of brine on such operation, i.e., a range of
3−10% of brine concentration in the mixture with 10 wt % of
the whole mixture. The very notable result is that when the gas
mixture contains a higher concentration of brine, kerogen
demonstrates a much higher CO2/CH4 selectivity over the
entire pressure range (1−30 bar). To be more specific, the
selectivity of the mixture system comprising of CO2/CH4/
brine is found to be higher than the mixture system of CO2/
CH4/pure water, at the same pressure and temperature;
furthermore, the selectivity increases in the presence of higher
concentrations of brine. It has been previously discussed that
salinity will result in an increase of interfacial tension (IFT)
not only in the CO2/CH4/brine but also in both the CH4/
Brine and CO2/brine systems.38 It has been demonstrated that
IFT of CO2/Brine is generally lower than CH4/Brine at the
same brine concentration confirming the weaker intermolec-
ular interaction between CO2 and brine compared to CH4.
Therefore, lower IFT between CO2 and brine can be generally
inferred as the higher selectivity of Bakken kerogen for CO2

over CH4 in the presence of brine.

Figure 5. Mean square displacement (MDS) of CO2 and CH4 over
pressure difference.

Figure 6. (a) Estimated CO2/CH4 selectivity for the binary mixture (CO2/CH4:50/50 mol %) on the kerogen model. Estimated CO2/CH4

selectivity for the mixture of CO2/CH4/brine on the kerogen model at (b) 333 K, (c) 363 K, and (d) 393 K. In panels (b)−(d), the comparative
concentrations of CO2/CH4/H2O/NaCl in solutions of 5, 7, and 10% brine are 42.3/42.3/15.2/0.2, 42.3/42.3/15.1/0.4, and 42.5/42.5/14.5/0.5
mol %, respectively. Error bars are shown at certain pressure steps.
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On the other hand, the selectivity declines as a function of
pressure when the system reaches equilibrium, regardless of the
presence of brine. The highest CO2/CH4 selectivity (max-
imum of 1.76) is found in the highest brine concentration
(10%) at a comparatively lower temperature (333 K) and
pressure (1 bar), whereas the mixture including pure water had
the lowest CO2/CH4 selectivity at every simulation condition.
Also, the pure water mixture did not support increasing CO2/
CH4 selectivity at higher pressures and nearly converged to 1.
Moreover, the simulation results demonstrate that when the
concentration of the brine reaches over 7%, the presence of
brine has a more positive impact on the selectivity, compared
to the scenario when water is absent. Hence, it can be
concluded that brine plays an important role in CO2/CH4

selectivity, which can cause sequestration and EOR outcome to
vary in the field based on regional interstitial water chemistry
within the organic-rich shale formation.
To better evaluate higher CO2/CH4 selectivity trends,

diffusion/separation of single and mixture of gases (CO2, CH4,
and brine) was measured at both low and high pressures, in a
long simulation run (over 10 ns). This will enable us to predict
diffusion equilibria for the CO2/CH4:50/50 mixtures with
different concentrations of brine. The molecules were diffused
and separated in the system dominantly on a count of the
electrostatic and van der Waals interactions between gas
molecules and the kerogen model. It was found that when CO2

containing mixtures diffuse in the system, Figure 7, the

interaction between the kerogen model and each molecule
would vary. Considering the competitive diffusion of CO2 and
CH4 in the system, CO2 molecules are mainly observed to
place on the surface region of the model, whereas CH4

molecules are detected on both the bulk and the surface of
the model due to weaker interactions with the kerogen
molecule and functional groups. CO2 molecules express higher
interactions with kerogen pore surfaces than CH4 and water
molecules, thus occupying available space and sites on the
kerogen surface. This will result in the exclusion of other gases
to get adsorbed to the kerogen surface. Additionally, increasing
the temperature of the CO2 diffusion/separation system did
not meaningfully decrease the CO2/CH4 selectivity at higher
pressures, which makes it beneficial in the CO2 separation and
sequestration applications. Based on these results, the injection
of CO2 in the Bakken can provide us with the desired outcome
to satisfy a successful and economical carbon capture and EOR
operation simultaneously.

■ CONCLUSIONS

CO2 selectivity and the effect of brine for both sequestration
and EOR in the Bakken, which is an organic-rich shale, were
studied. We have demonstrated that electrostatic and van der
Waals interactions between the disordered surface of the
kerogen and different gases govern the separation process. The
provided insights into the thermodynamics and kinetics of the
adsorption selectivity phenomenon in this work could be
useful to design a more effective CO2 separation and capture
process in kerogen. Based on the results, the following
conclusions can be made:

• Considering the case of a single gas (CO2 and CH4) in
the system, the temperature has a negative effect on the
adsorption of the gas where the gas uptake capacity
decreases with increasing temperature at a given
pressure. On the other hand, the pressure has a positive
effect on the gas uptake capacity at given a given
temperature. Similar results were found to govern
adsorption of the mixture of gas and pure water
(nonsaline) system.

• The interactions between the Bakken kerogen models
and CO2 are stronger than the one with CH4. The self-
diffusion of gases decreases as the pressure increases at a
given temperature.

• Higher CO2/CH4 selectivity happens when the gas
mixture contains a higher concentration of brine at a
given temperature and pressure. When the mixture
contains pure water, CO2/CH4 selectivity will become
less than a dry system.

• Based on the previous conclusion, brine and its
concentration seem to have a significant impact on the
CO2/CH4 selectivity at different temperature and
pressure and can be the main controlling factor for a
successful carbon dioxide capture and EOR operation in
an unconventional organic-rich shale.
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