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Abstract: The present study aims to provide fundamental, molecular- to microscopic-level 
descriptions of methane gas within natural source clay minerals. Texas montmorillonite (STx-1), 
Georgia kaolinite (KGa-2), and Ca2+ saturated Texas montmorillonite (Ca-STx-1, Ca-bentonite) were 
used as subsurface model systems for elucidating nano-confinement behaviors of 13C labeled 
methane gas. High-pressure Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) was 
utilized to characterize the interactions between methane and the clays by varying temperature and 
pressure. In the pure state, no significant thermal effect on the behavior of methane was observed. 
However, there was a perceptible change in the chemical shift position of confined methane in the 
mixtures with the clays up to 346 K. Conversely, the 13C-NMR chemical shift of methane changed as 
a function of pressure in a pure state, and the mixtures with clays, attributed to the interaction of 
methane with the clay surfaces or the nanopore network of the clay-silica mixed phase. There was 
only one 13C-NMR peak of methane in the mixture with either kaolinite (KGa-2) or Ca-bentonite with 
line-broadening compared to that of pure methane, but two peaks were observed in the mixture with 
STx-1, explained by the imbibition and mobility of methane in the pore network. 

Keywords: natural gas; shale gas; confinement; montmorillonite; kaolinite; methane; high-pressure 
NMR 
 

1. Introduction 

There is a general agreement that the properties of bulk fluids are changed by solid substrates, 
confinement between two solid surfaces, or narrow pores due to the interplay of the intrinsic length 
scales of the fluid and the length scale due to confinement [1]. The behavior of fluids (i.e., gases and 
liquids) in confined geometries (pores, fractures) deviates from their bulk behavior in several ways 
[2,3]. Phase transitions (i.e., freezing and capillary condensation), sorption and wetting, and 
dynamical properties, including diffusion and relaxation, may be modified, with the most decisive 
changes observed for pores ranging in size from <2 nm to 50 nm—the micro- and mesoporous 
regimes [3]. Important factors affecting the structure and dynamics of the confined fluids include the 
average pore size and the pore size distribution, the degree of pore interconnection, and the strength 
of the fluid-substrate interaction. A quantitative understanding of the complex solid-fluid 
interactions under various thermodynamic conditions will influence the design of better substrates 
for technological applications (e.g., chromatography, fluid capture, storage and release, and 
heterogeneous catalysis) and gain insight into the essential energy-related environmental procedures 
(i.e., fluid and waste mitigation, carbon sequestration, gas shale recovery, etc.). 
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Industry exploration and exploitation of shale gas (e.g., the Marcellus, Utica, and Barnett 
formations) have focused on understanding the fundamental behavior of volatile hydrocarbon—rock 
matrix interactions [4,5]. Hydrocarbon fluids, including methane (most abundant), ethane, and other 
longer chained alkanes, are stored in three forms: free gas in pores, free gas in natural fractures, and 
adsorbed on organic matter and silicate mineral surfaces [6]. The pores are typically submicron in 
size, cylindrical or slit-like shape, and commonly dominated by those as small as a few nm [7]. 
Understanding the molecular features of methane structure and dynamics in narrow silica-based 
pores might help quantify the molecular phenomena that occur during natural gas production 
following hydraulic fracturing. Several subsurface phenomena, including hydrocarbon migration, 
could be better understood and predicted once the adsorption and diffusion of hydrocarbons in 
narrow pores are clarified [8]. Gaining insight into methane behavior in narrow pores might have 
industrial applications, such as catalytic reactions. Moreover, revealing the characteristics of methane 
molecules in mixtures with natural clay might be useful in exploring “unconventional” shale gas 
reservoirs for large quantity production of natural gas [9]. 

1.1. Background and Objectives 

In the recent contributions to understanding methane behavior under nanoconfinement relevant 
to subsurface energy systems, to overcome technical issues in mimicking the high-pressure 
conditions, the high-pressure magic angle spinning (MAS) nuclear magnetic resonance (NMR) 
method is employed in the current study [10,11]. High-pressure MAS NMR allows systematic 
investigation of methane dynamics in confined states at pressures such as 60 and 120 bar. In MAS, if 
the sample is spun at spinning frequencies in the range between 5 and 65 kHz [12], around an axis 
with an angle of 54.74° with respect to the static magnetic field, the anisotropy of nuclear interactions, 
exhibiting frequency dependence on the orientation according to a second order Legendre 
polynomial, is averaged out. Studying behaviors of gases by MAS NMR was rare [13] until the mid-
2000s. In 2006, Deuchande et al. built a high-pressure insert made up of the polymer (poly ether ether 
ketone) (PEEK) [14]. Hoyt et al. [10] and Turcu et al. [11] improved the high-pressure MAS NMR 
technique by developing a unique gas loading chamber that permitted pressurization of the gas-tight 
rotors capable of hosting variable density gasses like methane and carbon dioxide (CO2). Recently, 
the high-pressure MAS NMR technique has been utilized to investigate methane and/or CO2 in 
mixtures with natural clays, including smectites [15,16], natural shale [17,18] and clay swelling in dry 
supercritical CO2 [19]. 

In the current contribution, Texas montmorillonite from Gonzales County [20,21], was used as a 
subsurface model system for exploring the nano-confinement behavior of 13C-labeled methane gas. 
Montmorillonite is a natural aluminosilicate having negatively charged layers balanced by cations 
[22]. The montmorillonite structure contains two tetrahedral sheets of silica and a central octahedral 
sheet. The sheets are connected by oxygen atoms shared by both sheets [23,24]. The unit layers are 
approximately 1-2 nm thick, and the clay minerals consist of micrometer-sized crystalline particles 
[25,26]. The clay mineral's layered structure has two surface types: edges and basal planes [27]. Due 
to surface activity and large surface area, clay minerals have been used in industrial catalysis, 
providing adsorption sites for gases such as methane [28,29]. 

Among different natural clays, Texas montmorillonite (STx-1) is known as dioctahedral, with 
low iron content [30]. Recently characterized STx-1 reportedly contains 73% smectite, ~25% silica (as 
cristobalite>tridymite>quartz) [31]. The study by Chipera and Bish [32] identified the silica as 
primarily opal-CT, a weakly ordered crystalline version of silica, plus 3% quartz + feldspar + kaolinite 
+ talc(?) [32]. Referring to the literature, this mineral assemblage could be represented by an inter-
grown pore network model [33]. According to this model, the pore network comprises pores and 
throats where the pores govern the storage of the confined fluid, while the throats direct the fluid 
flow during the production procedures. There could also be an irregular network of pores and pore 
throats [34]. Such network models motivate us to consider the silica could be intimately intergrown 
with the STx-1, resulting in a partially mixed ordered and disordered network system. In STx-1, 
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quartz, silica, and carbonate minerals are considered contaminants. The octahedral sheet has a charge 
of -0.68 per formula unit, and the tetrahedral sheet has no permanent charge [35]. According to the 
report by Castellini et al. [31] STx-1 has a MgO concentration of 1.87 and CaO of 1.59 wt.%. Mg2+ is 
the main reason for the elevated permanent charge of STx-1 montmorillonite.35-36 According to the 
transmission electron microscopy (TEM) findings of Thao [36], the particle size of STx-1 could be 
categorized as follows: i) the bigger one with about 0.5 μm of thickness, moré, and curled edge 
particles, ii) the smaller one as thin, moré, and xenomorphic particles. 

The other natural silicate of interest is kaolinite, which has a one-to-one aluminosilicate with two 
layers. The octahedrally coordinated aluminum layer is bridged to a tetrahedrally coordinated silicon 
sheet via oxygen atoms [27]. Kaolinite has no active layer, but OH groups are on the structure's 
surface [37]. The kaolinite sample from Warren County, Georgia (KGa-2) contains 96% kaolinite, 3% 
anatase, 1% crandallite, and mica and/or illite [32]. Kaolinite (KGa-2) has a zero tetrahedral charge 
and a positive octahedral charge of 0.16 e, probably from substituting Al3+ with Ti4+ in the octahedral 
sheet [35]. 

The present study aims to probe the fundamental, molecular- to microscopic-level behavior of 
the methane interaction with natural Earth minerals: montmorillonite, kaolinite, and purified Ca-
bentonite, free of any natural metal carbonates [38,39]. Systematic high-pressure MAS NMR 
measurements have been conducted after carefully characterizing natural clay minerals to achieve 
this goal. Thus, we show how the behavior of methane changes in mixtures with high surface area 
clay minerals. In addition, how the available space in the clay mineral's interlayer structure might 
influence methane behavior is discussed based on experimental results. The controlled release 
experiment also reveals how methane mobility could be retarded by confinement within interlayers 
of montmorillonite. 

2. Materials and Methods 

2.1. Materials 

Clay minerals were purchased from the Source Clays Repository, an entity of the Clay Minerals 
Society at Purdue University (West Lafayette, Indiana). Kaolinite sample was obtained from Warren 
County, Georgia, as high-defect kaolin (KGa-2), while montmorillonite was from Gonzales County, 
Texas (STx-1). The clay minerals' BET surface area values were measured with nitrogen adsorption 
and desorption at 77 K in liquid nitrogen with a Micromeritics ASAP 2020 surface area and porosity 
analyzer (Table 1). Before the adsorption-desorption measurements, kaolinite and montmorillonite 
were degassed at 423 K for 120 hours under a vacuum pressure of 10 μmHg. 

Table 1. Surface areas of the clay minerals. 

Sample Name Specifications Surface Area (m2/g) 
Texas Montmorillonite (STx-1) Gonzales County, Texas, USA 75.0 

Kaolinite (Georgia) (KGa-2) Warren county, Georgia, USA  19.7 

In addition, the Ca2+ saturated bentonite sample (Ca-STx-1) is purified from naturally occurring 
metal carbonate solids and has a < 2 μm fraction prepared by following the procedures in the 
literature [38,39]. Ca2+ saturation is also designed by suspending the clay in a 5M CaCl2 solution for 
two weeks. The excess salt was removed by dialysis in deionized water. Furthermore, CO2 
intercalation into Ca-STx-1 was studied by in situ Attenuated total reflection Fourier Transform 
Infrared (ATR-FTIR) and in situ X-ray Diffraction (XRD) with anhydrous supercritical CO2 [20]. The 
swelling property of Ca-STx-1 was also reported recently [21]. 

The morphology of the clays and silica (Figure 1(a–g)) was characterized by scanning electron 
microscopy using an FEI Quanta 250 Field Emission Gun scanning electron microscopy (SEM). SEM 
samples were prepared by depositing small quantities of the clay particles (without pre-treatment or 
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grinding) on carbon tape mounted on aluminum stubs and then lightly coating with Au/Pd using a 
Denton Desk V sputter coater. 

 

 

e f500 nm 10 ∝m

g 600 nm

STx-1 STx-1

STx-1
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Figure 1. Representative examples of Scanning (SEM) and Transmission Electron Microscopy (TEM) images: (a) 
& (b) SEM image of Texas montmorillonite (STx-1) and Georgia Kaolinite (KGa-2). (a) & (b) SEM images of STx-
1 (Au/Pd coated on conductive carbon tape) depicting morphology of irregularly shaped variable size platy 
grains that occur individually or as clusters that can exhibit curling along the edges; (c) & (d) SEM images of 
KGa-2 (Au/Pd coated on conductive carbon tape) generally as clusters of plates and grains of diverse size 
revealing basal plane morphology; (e) varying size clusters of silica outlined in yellow circles dispersed among 
the STx-1; (f) more magnified view of the silica with “opal-like” spherical textural habit, in part, intimately 
connected with the montmorillonite (black arrows); and (g) Bright Field TEM image of STx-1 capturing one of 
the silica “opal-like” clusters revealing a mottled appearance (with permission of H-M Thao, 2006 Ph.D. 
dissertation [35]. 

2.2. Nuclear Magnetic Resonance: 13C Direct Polarization (DP) and 1H-13C Cross Polarization (CP) 

The high-pressure MAS experiments were performed on a Varian 300 MHz spectrometer 
operating at 75.4 MHz for the 13C channel with 7.5 mm high-pressure specially designed rotors. 
Temperature calibration of the high-pressure probe was done by acquiring 207Pb NMR spectra of lead 
nitrate as a function of temperature, as mentioned in the literature [40,41]. The details of the high-
pressure chamber are explained elsewhere [10,11]. As explained previously [42], the samples for 13C 
NMR spectra were loaded with pressures of approximately 30.0, 60.0, and 120.0 bar and at 323 K ± 
1.0 K. Two temperatures were applied for studies at each pressure (307 and 346 K ± 1.0 K) for 13C 
NMR spectra resulting in internal sample pressures of 28.2, 56.4, 112.7, or 32.6 bar, 65.1 bar, 130.3 bar 
(±0.3 bar), respectively. Varying the pressure changed the density of methane and allowed the 
interrogation of the influence that phase change (gas to supercritical state) had on the fluid-silica 
interaction. The critical pressure (Pc) and critical temperature (Tc) of bulk methane are 45.992 bar and 
190.564 K (−82.7 °C), respectively [43]. Thus, the temperature−pressure (density) regimes provided 
by the high-pressure MAS NMR method within the density regimes of shale gas systems are observed 
at the specified depths in the subsurface of the earth. The amount of methane used either in the pure 
state or in mixtures with the clays was determined by ultra-sensitive microbalance, taking the mass 
values before and after methane loading into the NMR rotors. The proton decoupled 13C NMR spectra 
were acquired at 28.2 bar at 307 K, 32.6 bar at 346 K, 56.4 bar at 307 K, 65.1 bar at 346 K, 112.7 bar at 
307 K, and 130.3 bar at 346 K. Varying the pressure produced a change in the ratio of the clay to 
methane gas. Moreover, to mimic a natural environment, the clay minerals (excluding Ca-STx-1 free 
from natural metal carbonates) were not exposed to further purification before the NMR 
measurements. 

Further, switching the pressure from 28.2 to 56.4 bar or even to 112.7 bar allows changing the 
state from gas to supercritical state. The spinning frequency was 3 kHz. Proton-decoupled 13C NMR 
spectra were acquired with 120 repetitions. Thus, the temperature-pressure (density) capabilities of 
the recently established high-pressure MAS technique are consistent with those identified for shale 
gas systems encountered at depth in the subsurface. 

3. Results and Discussion 

3.1. Natural Clay Characterization 

3.1.1. BET 

Table 1 summarizes the results of the BET measurements. Texas montmorillonite (STx-1) has a 
larger surface area than Georgia Kaolinite (KGa-2). The surface area of both clays is slightly lower 
than the values mentioned in the literature [27]. 
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3.1.2. SEM Measurements 

The natural clay SEM images (Figure 1a–d) show morphology as clusters composed of 
irregularly shaped flakes often curled along the edges for STx-1 (Figure 1a,b) and basal plane 
morphology for KGa-2 (Figure 1c,d). Silica occurs as distinct assemblies of spherical grains generally 
clustered together (Figure 1e) and in intimate contact with the clay (Figure 1f). Our XRD 
characterization, coupled with the SEM images and associated Energy Dispersive X-ray (EDX) 
spectroscopy, would suggest this silica is more opal-like than cristobalite or tridymite, so for the 
purposes of this study, we will simply refer to it as “silica.” Figure 1g comes from the work of Thao 
who used TEM to characterize a number of clays including STx-1, revealing a mottled appearance 
reflecting the spherical texture observed in the SEMs. In addition, detailed characterization of the 
reactive surface area of both clays has been done by solid-state NMR [27]. The details of the Ca-STx-
1 properties can be found in the literature [20,21,38,39]. According to Leong et al. [35], STx-1 has a 
BET surface area of 83.8 m2/g, while the BET surface area of KGa-2 is reported as 23.5 m2/g. Widjaja 
and Inkiriwang also reported a BET surface area of 69.3 m2/g for Ca-bentonite [44]. 

3.2. High-Pressure MAS NMR 

Earlier NMR reports in the literature focused on the methane behavior at pressures below the Pc 
of methane [45–47]. The temperature and pressure ranges in our study are above methane's critical 
point values, allowing us to probe clay-supercritical methane interactions. The observations of the 
methane behavior in mixtures with clays demonstrate how the unique high-pressure MAS method 
helps follow the NMR shifts by temperature, pressure, composition, etc. The high-pressure MAS 
NMR46 gives maximal NMR sensitivity with low 1H and 13C background signals. MAS NMR also 
allows the collection of high-resolution spectra because the line-broadening arising from various 
internal and external nuclear interactions is averaged by the mechanical spinning of the samples 
[10,11]. In addition, anisotropic contributions to the 13C-NMR spectrum of methane are also 
eliminated by MAS [45]. Thus, separate spectral components can be distinguished by rotating the 
sample at the magic angle and recording the proton-decoupled 13C spectrum. In our previous high-
pressure MAS-NMR study [42] of 4 nm nanoporous silica-methane interaction, we observed two 
distinct peaks, one like bulk methane and a second attributed to methane nanopore confinement. In 
the case of the silica-methane study, the bulk-like fluid could include the fluids between nanoporous 
particles and/or more free fluid in the centre of the 4 nm pores. It is hypothesized that methane 
confinement within a clay-silica pore network may exhibit a two-peak NMR spectrum. This outcome 
could potentially include variations in peak broadening and chemical shifts relative to adamantane, 
as observed through high-pressure MAS NMR spectroscopy. 

3.2.1. Methane Interaction with Kaolinite: Role of Surfaces 

Kaolinite is a non-expandable clay and, as such, acts as a control sample due to the absence of 
an accessible interlayer [48]. Methane molecules can interact only with the external surfaces of 
kaolinite, dominated primarily by aluminum hydroxide gibbsite-like layers. The kaolinite-methane 
spectrum exhibits a single 13C NMR peak in Figure 2(a) with two distinct changes compared to bulk 
methane. There is a noticeable isotropic 13C chemical shift of the mixture compared to the bulk fluid, 
ranging from 0.15 to 0.28 ppm depending on the temperature-pressure condition (Table 2). Further, 
there is a definite line broadening in the kaolinite-methane peak relative to bulk methane. The lack 
of an accessible interlayer does not result in two peaks as hypothesized for methane behavior 
associated with nanoconfinement. The observations can also be explained by susceptibility effects, 
where the broadened line-shapes are a result of inhomogeneities in the sample. 
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(c) 

Figure 2. (a) Stack plot of proton decoupled 13C NMR spectra of methane in the pure state and in mixture with 
montmorillonite (b) Stack plot of proton decoupled 13C NMR spectra of methane in the pure state and in mixture 
with Ca-bentonite (c) Stack plot of proton decoupled 13C NMR spectra of methane in the pure state and in 
mixture with kaolinite. The spectra were acquired at 28.2 bar and 307 K. 

Table 2. Sample conditions, compositions, and measured 13C isotropic chemical shift values of methane in the 
pure state and mixtures with clay minerals. 

Sample P (bar) Temp (K) bulk (ppm) 

Interfacial 

(ppm) 
amount of 
clay (mg) 

amount of 
CH4 (mg) 

methane+Tx_Montmorillonite (STx-1) 28.2 307 -10.74 -10.13 0.2016 0.0057 
microparticles 32.6 346 -10.71 -10.25 0.2016 0.0057 

1-2 nm interlayer 56.4 307 -10.42 -9.89 0.2045 0.0192 
natural clay 65.1 346 -10.41 -10.02 0.2045 0.0192 

alumina + silicate (2:1) 112.7 307 -9.77 -9.42 0.2045 0.0405 
  130.3 346 -9.77 -9.45 0.2045 0.0405 

methane+Ca-Bentonite (Ca-STx-1) 28.2 307 -10.56  0.2950 0.0071 
dried overnight under vacuum 32.6 346 -10.56  0.2950 0.0071 

natural clay 56.4 307 -10.27  0.2950 0.0147 
alumina + silicate+ including Ca (2:1) 65.1 346 -10.26  0.2950 0.0147 

 112.7 307 -9.75  0.2950 0.0331 
  130.3 346 -9.76   0.2950 0.0331 

methane+kaolinite (KGa-2) 28.2 307 -10.70  0.2569 0.0064 
dried overnight under vacuum 32.6 346 -10.70  0.2569 0.0064 

natural clay 56.4 307 -10.48  0.2569 0.0137 
alumina + silicate (1:1) 65.1 346 -10.48  0.2569 0.0137 

 112.7 307 -9.86  0.1593 0.0365 
  130.3 346 -9.90  0.1593 0.0365 

pure methane 28.2 307 -10.45     0.0115 
13C labeled 32.6 346 -10.45   0.0115 

   

-9.6 -10.4 -11.2 -12.0 

-10.70 

-10.45 

kaolinite+methane 

pure methane 28.2 bar, 307 K 

  13 C Chemical shift (ppm from adamantane) 
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 56.4 307 -10.20   0.0226 
 65.1 346 -10.20   0.0226 
 112.7 307 -9.71   0.0452 
  130.3 346 -9.71     0.0452 

The -OH groups on the surface of the kaolinite may induce “dynamic order” to a portion of the 
methane molecules at the surface. Due to an exchange between the utterly free methane portion and 
the fraction interacting with the kaolinite surface, and because the motion of the methane molecules 
is averaged out on the NMR time scale, methane molecules experience an average of 13C shielding 
since the exchange is fast compared to the NMR time scale; a lifetime average of shielding results in 
one signal in the spectrum [46]. 

3.2.2. Methane Interaction with Ca-Saturated Montmorillonite (Ca-bentonite) 

Although the Ca-bentonite is an expandable clay at the nanoscale, its interaction with methane 
does not yield the two peak spectra as we hypothesized (Figure 2(b)). Rather, we observe a similar 
behavior as kaolinite wherein the single 13C NMR peak exhibits line broadening compared to bulk 
methane, but where the half-width-at-half-maximum (HWHM) of the kaolinite peak is 
approximately 25% greater than the HWHM of Ca-bentonite. There is a much more subtle 13C 
isotropic chemical shift than in kaolinite, ranging from 0.04 to 0.11 depending on the temperature 
and pressure (Table 2). For example, the delta value in the mixture with Ca-bentonite is only 0.05 
ppm compared to bulk methane at the highest pressure of 130.3 bar at 346 K. Close inspection of the 
Ca-bentonite peak does reveal a subtle but perceptible shoulder on the less negative 13C isotropic 
chemical shift side of the peak. The “subtle” shoulder be explained with a fraction of confined 
“methane”, while the broadening of peaks in the absence of change of chemical shifts with respect to 
pure CH4 could be attributed to the susceptibility of the clay. 

3.2.3. Methane Interaction with Montmorillonite-Silica Assemblage 

The interaction of methane and Texas montmorillonite (STx-1) yielded two distinct 13C peaks 
(Figure 2c). The one more intense signal is derived from “bulk-like” fluid behavior, whereas the less 
intense peak is identified as “confined” methane [42,49] upon mixing methane with montmorillonite 
(Figure 2c). Unlike kaolinite and Ca-bentonite, there is no perceptible line broadening of the major 
peak. Previously, we observed two 13C NMR signals in the mixtures of methane and 4 nm nanoporous 
engineered silica proxies, and a controlled release experiment also confirmed the “confined” methane 
resonance [42]. In the Koskela et al. [46] study of methane behavior in the gas state with mixtures of 
AlPO4-11, three 13C-NMR methane signals were observed at temperatures above 250 K. The three 
components changed the NMR signal intensities dramatically with temperature. For instance, as the 
temperature increases, the signal from the adsorbed gas diminishes, while the signal from the free 
gas becomes more prominent [46]. 

Regarding the two peaks, it is essential to refer to Ok et al. [42] Figure 3 summarizes the study 
by Ok et al. [42], where methane was mixed with non-porous silica and ordered nanoporous silica 
with 200 nm average particle size and 4 nm pore diameter, respectively. There was only one 13C NMR 
peak of methane observed when methane was mixed with non-porous silica. However, as methane 
was mixed with ordered nanoporous silica, there were two peaks of methane observed. The peak 
with higher intensity was assigned to confined methane in the nanopores of the silica with 4 nm pore 
diameter, while the other one with lower intensity was arising from “bulk-like” methane [42]. In the 
present study, we also observe two 13C NMR peaks arising from methane, as methane was mixed 
with STx-1. Moreover, the peak explained by interfacial methane has lower intensity than that of the 
“bulk-like” methane. The difference in 13C chemical shifts for methane confined in clay minerals 
versus ordered nanoporous silica can largely be attributed to the reference standard used in NMR 
spectroscopy (tetramethyl silane (TMS) vs. adamantane). TMS universally defines 0 ppm, while 
adamantane introduces a systematic offset due to its distinct chemical structure. Therefore, the use 
of adamantane can cause shifts to appear more negative as in the case of lower intensity peak in the 
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present study. In Texas montmorillonite, the strong interactions between methane and reactive sites, 
such as hydroxyl groups, lead to greater deshielding and a more negative shift. The observed 
variations highlight the importance of reference selection in interpreting chemical shifts, consistent 
with findings in Ok et al. [42], where confinement effects were shown to influence NMR results 
significantly. 

 
Figure 3. The stack plot of the 13C NMR spectra of pure methane, methane in mixtures with non-porous silica, 
and in mixtures with ordered nanoporous silica with 4 nm pore diameter. The stack plot is prepared from Ok et 
al. [42], and the experimental details are given there. In the study by Ok et al. [42], tetramethyl silane (TMS) was 
used as reference. Copyright permission granted by American Chemical Society. 

As described above, the STX-1 is a complex mixture of several phases dominated by 
montmorillonite and silica (opal-like in habit). The SEM images in Figure 1e,f show complex textural 
relationships between the clay and silica with an array of different types of nanoscale grain 
boundaries, including numerous pore throats and what appears to be intergrowth features. A non-
trivial fraction of methane molecules could imbibe and move in this heterogeneous porous network. 
The nanoscale dimensionality of the network could confine methane molecules in a manner like how 
it was confined in 4 nm nanopores in the silica [42]. Further, we envision a smaller contribution to 
confinement from methane entering the clay interlayers and any pores in the silica. Opal and 
cristobalite are known to have complex microstructures that accommodate pores [50]. As a result, the 
nuclei of methane molecules have different shielding, which resulted in the two peaks detected by 
MAS NMR rather than a single peak that the limitations of static data acquisition would have 
produced [46]. 

3.2.4. Effect of Pressure and Temperature 

Experiments varying pressure and/ or temperature were performed to better constrain the 
“bulk-like” and “confined” methane peak assignments by comparing the peak position and intensity. 
The full data set is given in Table 2. Figure 4a depicts the change in the 13C chemical shift positions as 
a function of pressure from 28.2 to 112.7 bar at 307 K. Conversely, Figure 4b provides an example of 
the effect of temperature (307 versus 345 K) at approximately the same pressure (112.7 versus 130.3 
bar). 

  Nano-SiO2 
   no pores 

307 K, 28.2 bar 

Ordered 
4 nm 
pores 

597 m2/g 

13C (ppm from TMS) 

Bulk CH4 
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(a) 

 

(b) 

Figure 4. (a) Stack plot of proton decoupled 13C NMR spectra of methane in mixture with montmorillonite 
acquired at a constant temperature of 307 K and pressures of 28.2 bar, 56.4 bar, and 112.7 bar (b) Stack plot of 
proton decoupled 13C NMR spectra of methane in mixture with montmorillonite acquired at a constant pressure 
of 28.2 bar and temperatures of 307 K and 346 K. 
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Pressure induces shifts in the pure methane peak position: 0.25 ppm going from 28.2 to 56.4 bar 
at 307 K, and 0.47 ppm shift from 56.4 to 112.3 bar again at 307 K (Table 3). The change is around 0.32 
ppm for “bulk-like” methane and 0.20 ppm for confined methane in a mixture with montmorillonite. 
However, when the pressure is increased to 130.3 from 65.1 bar at 346 K, the shift is greater than 0.50 
ppm for methane peaks in the mixture with montmorillonite. For example, the bulk-like methane 
peak depicted a 0.64 ppm change in its position, while the confined methane had a 0.57 ppm shift. 
Such peak shift changes observed in the mixture of methane and montmorillonite exceed that of pure 
methane and are indicative of methane molecules interacting with reactive sites of the clay. The delta 
values summarized in Table 3 are in the same order as those observed in mesoporous silica systems 
[42]. 

Table 3. The change in 13C isotropic chemical shift of methane as a function of pressure and temperature. 

 

delta (28.2 

bar) @ 307 K 

delta (32.5 

bar) @ 346 

K 

delta (56.3 

bar) @ 307 

K 

delta (65.2 

bar) @ 346 

K   

              delta (ppm)   

pure methane 0.25 0.25 0.51 0.49   

CH4 + Texas 

montmorillonite (bulk-like) 0.32 0.30 0.65 0.64   

CH4 + Texas 

montmorillonite 

(interfacial) 0.24 0.23 0.47 0.57    

 

28.2 bar 

and 307 K 

28.2 bar 

and 346 K 

 56.4 bar 

and 307 K 

 65.1 bar 

and 346 K 

112.7 

bar 

and 

307K 

 130.3 bar 

and 346 K 

               

            

delta 

(ppm)       

D : (methane + Ca-

Bentonite) - (pure methane) 0.11 0.11 0.07 0.06 0.04 0.05 

D : (methane + Kaolinite) - 

(pure methane) 0.25 0.25 0.28 0.28 0.15 0.19 

Delta (28.2 bar) is the increase in pressure from 28.2 bar to 56.4 bar at 307 K, while delta (32.5 bar) is the 

increase in pressure from 32.6 bar to 65.1 bar at 346 K.   

Delta (56.3 bar) is the increase in pressure from 56.4 bar to 112.7 bar at 307 K, while delta (65.2 bar) is the 

increase in pressure from 65.1 bar to 130.3 bar at 346 K [41,42]. 

Data in Table 2 demonstrate the 13C chemical shifts in baseline experiments with pure methane 
exhibit no apparent dependency in the temperature range studied between 307 K and 346 K for each 
of the three pressure groups – i.e., 28.2-32.6; 56.4-61.2; 112.7-130.3b. Both temperatures are well above 
the critical temperature of methane. Still, it undergoes a phase change from gas to supercritical at 
pressures above 45.992 b and an associated modest density decrease from 307 to 346 K. 

Similarly, for the montmorillonite-methane mixtures, the “bulk-like” methane peak remains 
essentially unchanged as a function of temperature for a given pressure group. The less intense 
“confined” methane peaks exhibit a very slight temperature dependence for pressures at or below 
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65.1 b, on the order of 0.12 -0.13 ppm. The confined peaks move up the field with increased 
temperature (Table 2). However, it is clear the magnitude of the change in the peak position of 
confined methane as a function of temperature is less than the effect of pressure on the chemical shift 
position. Our results are valid for the temperature range only up to 346 K. 

The similarity in positions of the 13C chemical shifts, intensities, and response to pressure and 
temperature change indicates that a higher intensity peak observed in the montmorillonite – methane 
system arises from “bulk-like” methane (Figure 4(b)), which is consistent with the literature 
[42,46,49]. Although there is only one 13C NMR peak of methane observed upon mixing with Ca-
bentonite and kaolinite, that single peak also yielded the same response as a function of pressure and 
temperature as in pure methane (see Table 2). The results are valid for those cases where methane 
occurs as a gas or supercritical fluid. Depending on the phase diagram of methane and the possible 
contribution of confinement into the interlayers of montmorillonite, the thermal effect may be more 
pronounced. 

As noted in the literature, an equilibrium exchange between "bulk-like" and confined methane 
molecules is expected when introduced to mesoporous silica [42,46,49]. This equilibrium may result 
in a dynamic equilibrium between confined and "bulk-like" methane molecules, which can manifest 
when two distinct peaks are observed. Furthermore, increasing pressure may cause densification that 
alters the chemical shift positions. For example, the study by Wu et al. [51] on the wettability influence 
on the adsorption attitude of nanoconfined methane showed that the ratio of bulk methane to 
nanoconfined average density ranges from 0.55 to 0.71 by elevating pressure; adsorption peak density 
can increase up to 3 times by manipulating the solid-phase wettability effect, and the adsorption 
volume in organic-rich shale is 1.72 times than that in inorganic-rich shale. Due to the adsorption 
mechanism, the methane amount near the solid phase can reach 2−5 times that in its bulk state. We 
propose that similar densification might happen on the natural clay surface when methane is mixed 
with natural clays. This densification might be reflected as a change in the chemical shift position of 
methane in the 13C NMR spectra. 

3.2.5. Comparison with Other Systems 

It is instructive to compare the 13C chemical shift results from clay-methane interactions with 
others reported in the literature. The deviation of our data from the literature values is largely related 
to the differences in experimental conditions, such as higher pressures up to 130.3 bar applied in the 
present study. The reported value of the methane gas chemical shift is δ = -7.00 ppm [52]. In the 
CH4/C3H8 gas mixture, the methane peak has a chemical change δ = -8.52 ppm [47]. The methane 
chemical shift value was recorded between 0.00 and 5.00 ppm in mixtures with either Al and Si-based 
molecular sieves, such as SAPO-11 or aluminophosphates (AlPO4-11) [45,46]. These molecular sieves 
have different arrangements of atoms and surface charges compared to the clays [45,47,52]. Further, 
the studies do not identify external or internal referencing [45–47,52]. In our contribution, the 
methane 13C NMR signal is externally referenced to the adamantane 13C NMR signal. 

AlPO4-11 has no lattice charges or cations [45]. In SAPO-11 containing Al and Si, negative lattice 
changes are formed and compensated by cations distributed in the framework [10]. AlPO4-11 and 
SAPO-11 have the same framework structure of straight channels with elliptical cross sections and 
no interconnections. The current report has utilized expandable montmorillonite and nonexpendable 
kaolinite-type natural clays. Montmorillonite has an active surface area in the interlayers, while 
kaolinite has hydroxide groups on the external surfaces. Bentonite is also enriched with Ca2+ ions. 
These physical and chemical differences of subsurface natural clays used in the current study, in 
addition to external referencing to the adamantane signal, may contribute to the observed difference 
of chemical shift values of methane compared to the values reported in the literature. 

Bowers et al. [19] studied methane behavior in mixtures with smectite (the natural San 
Bernardino hectorite) and revealed that the 13C NMR peak of methane is around -10.4 ppm in bulk. 
Moreover, the methane resonance appears between -10.0 and -10.3 ppm at the site of external pores. 
Depending on the hectorite type, such as PbH, CaH, NaH, and CsH, the “interlayer” methane peak 
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is observed around -6.0 ppm for PbH and CaH, and -8.2 and -7.8 ppm for NaH and CsH, respectively. 
In continuation of their efforts, Bowers et al. [16] observed three methane 13C NMR peaks assigned to 
bulk, the ones in mesopores and the ones in nanopores. The bulk peak appears around -10.41 ppm, 
while the one arising from methane molecules in mesopores is seen around -10.34 ppm. Referring to 
these studies, we suggest that in the current study, the second 13C NMR signal of methane in mixtures 
with STx-1 arises from the methane molecules inside interfacial space with mesopores [53] having 
different dimensions between 2 and 4 nm diameter [42]. The delta value between these two peaks is 
also consistent with our previous results, where the behavior of methane was studied in mixtures 
with nanoporous silica having a 4.0 nm pore diameter [42]. 

A critical consideration regarding nanoconfined geometry is the reduction in the symmetry of 
the 13C labeled methane [45]. Natural clays have reactive sites [27]. The interactions of methane gas 
molecules with the charge-compensating protons of the reactive sites, such as –OH groups, are likely 
to contribute to the reduction of symmetry [45]. Methane adsorption on silica was studied by Fourier-
Transform Infrared (FT-IR) by Wu et al [54] Adsorbed methane indicated three IR bands at 3008, 2904, 
and 1304 cm-1. These bands were attributed to the V1 (2904 cm-1), V3 (3008 cm-1), and V4 (1304 cm-1) 
modes of methane. The V1 band is forbidden from infrared vibration. The appearance of that band 
implies that the Td symmetry of the methane molecule is distorted on the surface of silica. Further, 
the slight frequency shift (30 cm-1) of OH stretching depicted a weak hydrogen-bonding interaction 
between hydroxyls and adsorbed methane [54]. Therefore, it is likely that the hydroxyl groups of 
natural clays reduce the symmetry of methane molecules, leading to line broadening and shifts in 
chemical shift. This change in chemical shift can be further understood in terms of the average 
electron density experienced by the 13C nucleus. When the methane molecule interacts with the 
hydroxyl groups on the clay surface, the electron cloud distribution around the 13C nucleus is altered 
due to the induced dipolar interactions and potential hydrogen bonding. These interactions reduce 
the electron density shielding the 13C nucleus, leading to a shift in the observed resonance frequency. 
Such effects are a direct consequence of the altered local electronic environment caused by the 
adsorption of methane on reactive clay surfaces. 

The other possible reason for observing the changes in chemical shift positions might be the 
inhomogeneous distribution of methane in the mixtures with natural clays and local magnetic 
susceptibility, as well as the magnitude of the response of NMR active nuclei to the applied magnetic 
field [45,55,56]. The interfacial interaction of methane within the silica matrix systems may also 
induce heterogeneity of the local magnetic susceptibility. Regions of different magnetic susceptibility 
[57] at the external surface of control kaolinite having -OH and methane may have local magnetic 
field strengths and Larmor frequencies, changing the position of the isotropic chemical shift of 
methane. 

3.2.6. Rates of Methane Release 

To better elucidate the nature of methane nanoconfinement in the montmorillonite/silica 
material, controlled pressure release experiments were conducted at the two temperatures, 307 and 
346 K, and an initial pressure of 28.2 b (Figure 5a,b). The hypothesis is we should expect the 
“confined” methane to be released more slowly compared to the bulk methane and hence exhibit an 
observable difference in peak intensity versus time – i.e., with pressure decrease. Using peak heights 
from Figure 5a,b, estimates are made of the fractional change as a function of time for the four 
experimental scenarios – bulk and confined peaks at 307 and 346 K (Figure 6). The fractional change 
of peak height means how the volumes of confined versus bulk-like methane decrease as a function 
of time during the controlled release experiment. 
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Figure 5. Proton decoupled 13C NMR spectra of methane in a mixture with montmorillonite acquired at 307 K 
(a) and (b) 346 K before and during the controlled release of methane as a function of time. The initial pressure 
was 28.2 bar. 

 

Figure 6. Change in peak height as a function of time during the controlled release experiment. Series 1: 307 K 
confined, Series 2: 346 confined, Series 3: 307K bulk, Series 4: 346K bulk. 

Data in Figures 5 and 6 indicate the following trends: 

(a) Peak intensities decrease for both types of peaks at both temperatures with increasing time as 
pressure is released (Figure 5(a,b)), 
(b) At 22 minutes, there is a clear trend where the release rates of the bulk exceed those of the 
confined system- fractional change in peak heights of 0.2 versus 0.12, respectively, 
(c) Overall, the fastest release rate is observed for the bulk fluid at 346 K. 
(d) The slowest release rate is observed for confined peaks at 307 K. 
(e) The difference between release rates for bulk 307 and confined at 346 is not easily 
distinguishable. 

This data comparison indicates an observable difference in release rates between bulk and 
confined methane, as we have defined these. That said, this behavior is not unequivocal, as we do 
observe some overlap. This indicates that “confined” methane is released through the clay-silica pore 
network slower than “bulk-like” methane. Such a slower release rate of “confined” methane relative 
to “bulk-like” methane is consistent with the assignment of the two peaks. The confinement not only 
retards the release of the gas molecules, it also likely hinders the translational and rotational motion 
of any methane gas molecules imbibed in the interlayer space of montmorillonite. These results are 
roughly comparable to similar release experiments conducted using 4 nm nanoporous silica reported 
by Ok et al [42]. 

The other major issue in this controlled release experiment is how the confined fluid's density 
changes as time passes. Density plays a crucial role in several classical phase transitions. In the gas-
liquid and liquid-solid transitions, density is the order parameter. In addition, when a fluid is 
confined, the phase behavior of the fluid is changed, and excluded-volume effects become apparent. 
For this reason, density fluctuations in confined geometry have been reported, for instance, for water 
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[58,59] and cyclohexane [60]. Homogeneous density fluctuations of cyclohexane have been 
mentioned and attributed to thermal reasons [60]. However, in the present study, the controlled 
release experiment was performed isothermally, and the pressure was decreased as the methane 
molecules were released from the montmorillonite matrix. Hence, as time passes, the ratio of methane 
molecules per pore volume becomes smaller. This leads to a decrease in confined methane density. 
This change in the density of “confined methane” does not influence the chemical shift position of 
the “confined methane.” Therefore, as listed in Table 4, the isotropic chemical shift of confined 
methane was not changed during the controlled released experiment. 

4. Conclusions 

Methane is an important component in natural gas [61], and combustion of methane has 
significance in energy production, practical applications, and for research purposes. Moreover, the 
recent increase in human population motivates researchers to find new energy resources [62]. In this 
regard, it is vital to research methane behavior at solid interfaces in confined state by mimicking 
natural environment. To fill that important gap of better understanding of methane behavior at solid 
interfaces in mixtures with natural clay minerals, the present study provides insight to the methane 
behavior in mixtures with clay minerals. In the pure state, no significant thermal effect was observed 
for the behavior of methane. A subtle change in the chemical shift position of confined methane in 
the mixtures with the clays up to 346 K was revealed by high-pressure 13C-NMR. Interestingly, there 
was only one 13C-NMR peak of methane in the mixture with either kaolinite (KGa-2) or Ca-bentonite 
with line-broadening compared to that of pure methane. Still, two peaks were observed in the 
mixture with montmorillonite (STx-1). Methane molecules can interact only with the external surfaces 
of kaolinite, with mainly aluminum hydroxide gibbsite-like layers. The interaction between methane 
molecules and the outer surfaces of kaolinite, with primarily aluminum hydroxide gibbsite-like 
layers, causes line broadening. This line broadening, compared to the isotropic shift position of pure 
methane in the 13C NMR spectrum, was accompanied by 0.15-0.28 ppm changes in the mixtures with 
kaolinite, but only 0.05 ppm change was observed in the mixtures with purified Ca-bentonite. There 
was a noticeable shoulder on the single peak for the Ca-saturated montmorillonite, suggesting the 
imbibition of a minor amount of methane in the interlayer. 

The 13C-NMR chemical shift of methane changed as a function of pressure. Moreover, two peaks 
are observed in the mixtures of methane with montmorillonite (STx-1). These two peaks are assigned 
as “bulk-like” and “confined.” This is attributed to the densification of methane and the filling of the 
nanopore network present in the clay-silica mixture. The controlled pressure release experiments of 
methane interacting with Texas montmorillonite-silica STx-1 revealed a slower release rate of the 
confined methane, consistent with the sorption and densification in the complex nanopore network. 
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