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ABSTRACT 

The results from a novel in situ high-pressure nuclear magnetic resonance (NMR) 

spectroscopy, infrared (IR) spectroscopy, and X-ray diffraction (XRD) investigation of the 

interaction of the smectite hectorite with variably wet supercritical methane (scCH4) at 90 bar 

and 323 K (hydrostatic conditions equivalent to ~ 1 km depth) show that CH4 occurs in the clay 

interlayers, in pores external to the individual clay particles, and as bulk fluid. The occupancy of 

each environment depends on the relative humidity (RH) of the CH4-rich fluid and the hydration 

energy and size of the charge-balancing cation. As RH increases, the fraction of interlayer and 

inter-particle CH4 decreases, although with Cs+, addition of a small amount of H2O initially 

increases CH4 uptake. Maximum interlayer CH4 adsorption occurs when the mean basal spacing 

just permits methane intercalation (~11.5 Å) and never below this basal spacing.  It is also higher 

with divalent cations than with monovalent cations. The data show that CH4 adsorption occurs 

predominantly via a weak, dispersion interaction with the clay and that its intercalation occurs 

via a passive, space-filling hydrophobic mechanism.  The results suggest that under reservoir 

conditions smectite interlayers may provide a reservoir for CH4 under low-water conditions.  

KEYWORDS: shale gas, tight gas, methane, hydrofracking, carbon capture and utilization, 

smectite 
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INTRODUCTION  

Recent developments in hydraulic fracturing technologies have resulted in greatly increased 

natural gas production from shale and other tight gas reservoirs.  Based on current trends, the 

extractable gas from these types of formations is projected to provide over 100 trillion cubic feet 

(Tcf) of new gas in North America alone, which is enough for several decades of U.S. demand.1  

Worldwide, estimates suggest that these unconventional gas resources can be as large as the 

conventional resource pool.2 There are, however, many concerns associated with current shale 

gas extraction technologies (hydrofracking), including the environmental impacts from the 

chemicals used, heavy metal and other contamination in flowback water, the intensive use of 

water, and physical damage to the rock formation that can affect the subsurface hydrology.3-4  

Therefore, it is prudent to consider alternatives to conventional fracking fluids that minimize 

these undesirable environmental impacts, particularly if alternative fluids convert a waste stream 

into a value-added commercial product (e.g. CO2).  Efficient selection and/or design of such 

alternatives requires detailed understanding of CH4 binding and dynamics in shales and relevant 

model materials on the molecular scale. Unfortunately, molecular scale studies of these complex, 

heterogeneous materials under reservoir pressures and temperatures remain challenging.5  

Previous experimental thermodynamic studies of CH4/shale interaction have suggested that the 

smectitic components of the clay mineral fraction (swelling clays and the smectite layers of 

mixed illite/smectite) play an important role in CH4 adsorption. X-ray diffraction (XRD) and 

adsorption isotherm measurements by Liu et al. show that Ca-montmorillonite adsorbs 

significantly more CH4 than illite or kaolinite at 333 K and pressures up to 180 bar.6 Their results 

also suggest that CH4 and H2O compete for adsorption sites, that signifcant H2O adsorption 

prevents the adsorption of CH4 by phyllosilicates, and that CH4 can be adsorbed in the interlayers 
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of Ca-montmorillonite.  Due to the large hydration energy of Ca2+, smectite interlayers 

containing Ca are difficult to dehydrate, and several features of their data suggest that the CH4 

may be adsorbed in inter-particle pores and on external surface sites rather than in the interlayer 

galleries.  For example, the increased CH4 adsorption capacity of the sample heated to 200°C is 

likely all due to external surface sites, since the corresponding XRD pattern shows fully hydrated 

2WL-type interlayers that should prevent significant CH4 intercalation.  Several studies have 

shown that the CH4 adsorption capacities of smectites and clay-rich shales correlate with the pore 

structure and pore surface area.7-9 For instance, Ji et al. showed that the CH4 adsorption capacity 

of montmorillonites and mixed illite-smectites correlate with the micro- and meso-porosity in the 

nm to tens of nm pore size range.8  They also report heats of adsorption (q) and entropies of 

adsorption (∆S) for CH4 adsorbed to montmorillonite, mixed-layer illite-smectite, kaolinite, 

chlorite, and illite between q = 9.4 and 16.6 kJ mol-1 and ∆S = -64.8 to -79.5 J mol-1 K-1. These 

values are much lower than for CH4 adsorption by the organic material (kerogen) commonly 

found in shale.  However, shales typically contain much larger amounts of smectitic minerals 

than kerogen, and CH4 adsorption on the clay components may dominate in shale types that are 

rich in clay.  In addition, experimental isosteric heats of adsorption for CH4 on montmorillonite, 

kaolinite, illite, and chlorite show that the interactions of CH4 with smectites are stronger than 

for other phyllosilicate phases.7  Thus, smectites are likely to play an important role in CH4/rock 

interactions in clay-rich rocks such as shales, and the presence of H2O is likely to have a 

significant effect on CH4 adsorption and dynamics.  The available experimental data are, 

however, less clear regarding the specific types of sites available for CH4 adsorption (for 

example, whether CH4 can intercalate smectitic interlayers or not) and how their occupancy 

Page 4 of 49

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



evolves with the thermodynamic water activity and other factors. This is due largely to a lack of 

molecular-scale data. 

Much of what is known about CH4-smectite interactions on a molecular scale comes from 

computational molecular modeling using principally Grand Canonical Monte Carlo (GCMC) 

methods.  Rao and colleagues used a combination of GCMC and molecular dynamics (MD) 

methods to examine Na-montmorillonite at 300 K and pressures from 20-50 bar in contact with 

wet methane and mixtures of methane, water, and other small hydrocarbons such as ethane.10-11  

They found that initial swelling of the smectite occurs via H2O adsorption and that CH4 can 

intercalate the interlayers after they have expanded to basal spacings of at least ~12.5 Å (a 

monolayer hydrate).  Despite the observation of interlayer CH4 in hydrated and expanded 

interlayers with basal spacings up to 24 Å, the results indicate that high relative humidity (RH) 

can inhibit CH4 intercalation in montmorillonites. This conclusion is in good agreement with the 

adsorption isotherm results of Liu6 discussed above.  Rao et al. also report that CH4 molecules 

form clusters within the hydrated interlayers largely because of their hydrophobicity.  Such 

water-avoidance clustering has also been suggested for interlayer CO2 in montmorillonite at 

supercritical conditions relevant to the shallow subsurface.12  Zhang and Cao used GCMC 

calculations to examine displacement of CH4 by CO2 in clay-organic composites at conditions 

relevant to reservoirs at 1-4 km depth.13  They find that the total displacement of CH4 is linked 

closely to the pore sizes in the system, consistent with the adsorption isotherm studies.6-9  

Likewise, these GCMC results suggest that CH4 and CO2 both spontaneously adsorb to the 

external surfaces of illite and that CH4 adsorption is generally dominated by CH4-surface 

interactions rather than CH4-cation interactions.14  This later result is consistent with the idea that 

cation-rich smectite interlayers may be less favorable CH4 binding environments than external 

Page 5 of 49

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



smectite surfaces, a manifestation of the well-known “salting out effect” where salt in aqueous 

systems reduces the solubility of gases.  Such an effect has been observed for CH4 interactions in 

clay nano-pores in simulations and gravimetric measurements by Gadikota et al.15  Adsorption of 

CH4, predominantly in monolayers on external surfaces, was observed at room temperature and 

several different CH4 pressures in simulations by Jin and Firoozabadi,16 who suggest that 

dispersive interactions are responsible for CH4-smectite interaction and that CH4 adsorption is 

mainly a function of the smectite surface area.  A recent ab initio molecular dynamics (AIMD) 

study by Lee and colleagues examined the interaction of H2O/CH4/CO2 fluids with Ca-

montmorillonite at pressures between 0 and 120 bar CH4.
17  Their model suggests a basal 

expansion of ~10% for smectite with 2-5 H2O/Ca2+ upon intercalation of CH4, that adsorption of 

CH4 produces relatively large dipole moments in the methane molecules, and that the clay 

surfaces prefer CO2 and H2O to CH4.  They also report larger basal expansions with CH4 

intercalation than with the intercalation of CO2 at 4 H2O/cation and that polar CH4 can dehydrate 

interlayer cations. Overall, the computational studies suggest that the RH and pore surface area 

are the most significant controls of CH4-smectite interactions.  These conclusions are largely 

consistent with the adsorption isotherm studies that show CH4-smectite interactions are 

dominated by weak hydrophobic-type forces and that CH4 can intercalate into the interlayer 

galleries of smectites only under specific conditions. 

Spectroscopic studies providing molecular-scale details of CH4/mineral interactions at elevated 

temperatures and pressures relevant to the subsurface are very limited18-19 but are needed to 

validate the computational predictions and provide a molecular foundation for interpreting the 

adsorption isotherm results.  Ok et al. recently used a combination of computational molecular 

modeling and 13C magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy 
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to show that the 13C chemical shift of CH4 is sensitive to the pore structure of mesoporous 

silica.19  For bulk CH4 they observe a change in the peak position to less negative (less shielded) 

chemical shifts with increasing CH4 pressure between 28 and 130 bar at 35°C and 73°C. They 

attribute the development of a second resonance at ~0.6 ppm less negative chemical shifts to 

methane in 4 nm nano-pores and its densification against the pore walls. Although not at elevated 

temperature, NMR studies of 13CH4 in the pores in molecular sieves, in hydrate phases, and in 

methane hydrates formed in smectite interlayers also have less shielded 13C chemical shifts.20-26 

We are aware of no such spectroscopic studies of smectite/CH4 systems at elevated temperature 

and pressure. Clearly, more experimental data at conditions relevant to natural gas and C-

sequestration reservoirs are needed to provide additional insight into CH4/smectite interactions 

and how the fluid and smectite properties influence these interactions. 

This paper describes in situ, experimental infrared (IR) and NMR spectroscopy and X-ray 

diffraction (XRD) results for the smectite mineral hectorite in contact with variably wet 

supercritical methane (scCH4) at 323 K and 90 bar CH4. These conditions are equivalent to ~ 1 

km depth in the earth and have been previously used for study of CO2-smectite interactions 

relevant to subsurface reservoirs.27-34  The results provide novel insight into the molecular scale 

behavior of CH4/smectite binding and show that CH4 can adsorb in both the interlayer galleries 

and in larger external pores between clay particles. Fluid RH and the properties of the charge 

balancing cation (e.g., hydration energy and size) play important roles in the CH4 behavior. The 

data are consistent with CH4 adsorption in smectites being driven largely by hydrophobic 

interactions rather than electrostatic forces and with intercalation occurring via a passive, space-

filling mechanism when the basal spacings are ~11.5 Å or larger.  These conclusions are in 

excellent agreement with the published adsorption isotherm and molecular modeling results 

Page 7 of 49

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



discussed above.  Since CH4 adsorption is driven by a hydrophobic mechanism, more 

hydrophobic smectites, such as those containing significant quantities of fluorine35, are likely to 

better sorb methane than smectites with greater hydrophilicity.  

 

MATERIALS AND EXPERIMENTAL METHODS 

The smectite used here is the natural San Bernardino hectorite (SHCa-1) available from the 

Source Clays Repository of the Clay Mineral Society (CMS).  Like montmorillonite, hectorite 

develops its negative layer charge by dominantly substitution in the octahedral layer and is 

preferable for high resolution NMR studies due to its low structural Fe content that minimizes 

paramagnetic effects on the NMR spectra.  We used the < 1 µm fraction isolated via differential 

centrifugation and freed of carbonate via the acetic acid titration approach of Arroyo et al.36 

XRD and thermogravimetric analysis (TGA) shows that this sample fraction contains a small 

amount of quartz and Ca-carbonate that survived the purification process; typically < 0.5% of the 

sample by weight. Ion exchange procedures to produce the Ca-, Cs-, and Na-hectorites followed 

those used previously by our group; these and the Pb-hectorite exchange procedures are 

described in the Supplemental Materials.27, 37-38  

Samples were characterized at 323 K and 90 bar CH4 pressure using a suite of novel high 

pressure instruments at Pacific Northwest National Laboratory. In situ transmission and 

attenuated total reflection (ATR) IR spectra were acquired for the cation-exchanged hectorites 

using a fully automated supercritical fluid generation and delivery apparatus coupled to a high-

pressure IR cell.39 After exposure of the samples to vacuum conditions at 323 K for at least 30 

minutes, scCH4 was introduced and the spectra were acquired as the RH of the scCH4 was 

progressively increased from 0% to ~85%. The transmission spectra were analyzed to determine 
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the RH values and amount of H2O adsorbed at each RH. The amount of H2O adsorbed by the 

sample at each step in the titration is the difference between the H2O added to the high pressure 

IR cell and the H2O content of the vapor phase. The ATR IR data were used to characterize the 

adsorbed CH4 at each RH. Detailed descriptions of the apparatus, high pressure cell, and the 

experimental methods for performing these titrations are reported by Thompson et al.39, Loring 

et al.28, and Bowers et al.27  In situ XRD patterns were collected for the hectorite samples at 323 

K and 90 bar fluid pressure using a high pressure and temperature X-ray diffraction instrument30, 

40-41 coupled to an IR spectrometer with a high pressure transmission gas cell.42-43 Both 

components were fitted to a supercritical fluid manipulation system. The diffraction patterns 

were collected first under vacuum and then with increasing RH of the scCH4 between 0% and 

100%.  In situ 
13C MAS NMR spectra were acquired for the cation-exchanged hectorites at 323 

K and 90 bar CH4 pressure using a home-built 5 mm double resonance probe and an 11.7 T 

Agilent VNMRS console at the William R. Wiley Environmental and Molecular Sciences 

Laboratory at Pacific Northwest National Laboratory.  A 100% 13C-enriched CH4 fluid was 

introduced into the NMR rotor containing the sample using the WHiMS flow system44 we have 

employed previously.27  To control the H2O content, samples were either dried in a vacuum oven 

at 323 K for 12-24 hours or exposed overnight to a saturated K2CO3/
2H2O solution (43% RH) or 

over bulk 2H2O (100% RH) at room temperature before being rapidly sealed in the rotor.  Note 

that these RH values do not correspond to the actual humidity in the NMR rotors during data 

acquisition because the dry scCH4 will extract some 2H2O from the clays and the NMR 

experiments are conducted at a temperature above the equilibration temperature.  All discussion 

of the variably hydrated NMR samples and NMR results refer to the initial RH of equilibration at 

atmospheric T and P before exposure to dry supercritical CH4.  
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RESULTS  

H2O Adsorption by Hectorite at 90 bar CH4 and 323 K 

The transmission IR spectra of the four cation exchanged hectorites from the scCH4 RH-

titrations (Figure 1) show that the amount of adsorbed H2O increases with increasing RH, 

paralleling the  

previously observed behavior of hectorite 

and montmorillonites with scCO2 under the 

same conditions.27-28, 30 The Pb- and Ca-

hectorites adsorb more H2O than the Na- 

and Cs-hectorites, consistent with the 

hydration behavior of smectite clays under 

ambient conditions, the known correlation 

between the extent of hectorite hydration at 

a given RH and the hydration energy of the 

charge balancing cation (Ehyd Ca2+ > Pb2+ 

>> Na+ > Cs+)37-38, 45-46, and the reduced 

number of interlayer cations since Pb2+ and Ca2+ are both divalent and only half the ions are 

needed to balance the layer charge.15  Importantly, the Pb- and Ca-hectorites contain substantial 

amounts of H2O after equilibration under vacuum and adsorb more H2O at a given RH than the 

Cs- and Na-hectorites consistent with the behavior of hectorite with scCO2 at this temperature 

and pressure.27 Although there is detectable adsorbed H2O for the Na- and Cs-hectorites under 

vacuum conditions, the amount is much less than for Pb- and Ca-hectorite. 

 
Figure 1. Water uptake by the hectorites with 
the indicated exchangeable cations as a function 
of the RH of the scCH4 obtained from the IR 
titration vapor phase transmission data 
expressed as H2O/cation mole ratio.  For the 
same plot expressed as mmol H2O/g clay as a 
function of RH, see Supporting Information 
Figure S1. 
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The XRD results also show that the samples expand with increasing RH according to the trends 

expected based on the cation hydration energies (Figure 2).37-38, 47-48 With increasing RH, Cs-

hectorite expands to a basal spacing of ~12.2 Å at ~40% RH in an essentially step-wise fashion 

and remains at this spacing up to 100% RH.  This basal spacing is similar to that of smectites 

containing a monolayer of adsorbed H2O in its interlayers, which will be referred to as 1WL-type 

interlayers in the remainder of this paper.  For Na-hectorite under vacuum, the skewed basal 

reflection shows the presence of principally collapsed interlayers (0WL-type) with some 1WL-

type interlayers, consistent with the presence of some residual water molecules, as shown in the 

transmission IR results above. Na-hectorite begins to expand at ~30- 40% RH, and with 

increasing RH it develops a broader basal peak that increases in intensity. The large breadth of 

this peak indicates heterogeneous expansion28, 30 with a mixture of 0WL-type, 1WL-type, and 

2WL-type 
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 12

 
Figure 2. In situ XRD patterns for the indicated ion-exchanged hectorite samples with the 
indicated RH of the scCH4 phase.  The data are presented from left-to-right as a function of 
increasing hydration energy of the charge-balancing cation.  The vertical lines mark the typical 
positions of reflections associated with collapsed (9.8 Å; red), 1WL-type (12.5 Å; light blue), 
and 2WL-type (15 Å; dark blue) interlayers. Over the humidity range investigated here, the Cs-
hectorite basal spacing starts at 11.2 Å and maxes out at 12.2 Å; Na-hectorite ranges from 9.8 Å 
to 15.0 Å; Pb-hectorite from 10.8 Å to 16.0 Å; and Ca-hectorite from 10.6 Å to 16.1 Å.  The 
results show how both the Na- and Cs-hectorites have a significant number of 1WL-type 
interlayers at 100% RH in scCH4 at 90 bar and 323 K. The diffraction patterns were collected 
first under vacuum and then with increasing RH of the scCH4 from a very low value (0.27 or 
0.37%) to 100%. 

 

(interlayers with basal spacings of ~15 Å) structures even at 100% RH. The high RH for the 

onset of expansion contrasts with the data for Na-hectorite at atmospheric pressure and 

temperature, which show expansion at relatively low RHs.37 This difference may indicate either 

slower hydration kinetics at elevated T and P or that scCH4 at these conditions provides a barrier 

to interlayer hydration (clogging of interlayer pore throats, for example).  Under vacuum and low 

RH conditions the basal reflections of the Pb- and Ca-hectorites are relatively broad and indicate 
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 13

the presence of a mixture of 0WL-type and 1WL-type interlayers with more 1WL-type layers, 

consistent with the presence of significant amounts of H2O at low RH observed in the 

transmission IR data above. These samples expand continuously with increasing RH and are 

dominated by 2WL-type interlayers at high RHs. This behavior parallels the previously observed 

behavior of Ca-hectorite in contact with variably wet scCO2 at 90 bar and 323 K27 and also at 

room temperature and pressure38, although the basal spacings are larger at all RH values at 

atmospheric temperature and pressure. The 2WL-type structure is expected over much of the RH 

range if the interlayer expansion is dominated by cation hydration, due to the high hydration 

energies of the divalent cations (1481 kJ/mol and 1577 kJ/mol, for Pb2+ and Ca2+, respectively46).  

CH4 Adsorption by Vacuum Dried Hectorite 

The in situ high pressure XRD results show that exposure to dry scCH4 does not cause 

significant interlayer expansion for any of the samples examined here (Figures 2 and S2). The 

basal spacings under vacuum and in contact with dry scCH4 are 11.2 Å vs. 11.1 Å for Cs-

hectorite, 9.8 Å vs. 9.8Å for Na-hectorite, 10.8 Å vs. 11.1 Å for Pb-hectorite, and 10.6 Å vs. 10.8 

Å for Ca-hectorite.  These changes are significantly less than the 10% expansion proposed based 

on computational modeling results for Ca-montmorillonite of Lee et al.17 and are important for 

interpreting the adsorption environments for CH4 in the vacuum-dried samples.  

The ATR-IR spectra of the four cation exchanged hectorites exposed to dry scCH4 contain 

bands for CH4 adsorbed to the hectorite with both undistorted tetrahedral symmetry and 

asymmetric, non-tetrahedral symmetry (Figures 3 and S3). The spectra show the P-Q-R branches 

of the normal  
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CH4 asymmetric C-H stretching vibrational mode between 2850 and 3150 cm-1, including a large 

Q peak at 3000 cm-1.  There is also a band at ~2900 cm-1 that corresponds to the symmetry 

forbidden ν1 vibrational mode of CH4
49-50 that must be associated with non-tetrahedral CH4.   

 
Figure 3. ATR-IR titration spectra of the four cation exchanged hectorite samples in the 
asymmetric stretching region for methane.  Each data set is normalized to the clay O-H band 
and thus the intensities are comparable within each sample.  The dry scCH4 spectrum is at the 
top for each sample, and the relative humidity increases downward in each column. Each 
sample encountered different RHs during the titration as a result of the difference between 
clays in their affinity for H2O and differences in the mass of clay present in the IR chamber.  
The spectra are color coded by RH: 0-10% = red, 10-20% = red/orange, 20-30% = orange, 30-
40% = green, 40-50% = blue-green, 50-60% = cyan, 60-70% = dark blue, 70-85% = purple. 
 

 

The 13C MAS NMR spectra of the vacuum-dried hectorites exposed to dry scCH4 contain 

several different methane resonances, with the peak positions, widths, and relative intensities 

dependent on the identity of the charge-balancing cation (Figures 4 and 5, Table 1).  The 

resonance for bulk scCH4 acquired in an otherwise empty rotor is similar to that published by Ok 

et al.19 and consists of a very sharp peak centered at -10.3 ppm with a full-width at half-

maximum (FWHH) of 0.03
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Figure 4. Comparison of the 1H decoupled 
13C MAS NMR spectra of bulk scCH4 and 
the various hectorite samples dried under 
vacuum at 50°C for 12-24 hours before 
being pressurized with CH4 at 90 bar and 
50°C.  The red box marks the chemical shift 
region for the interlayer CH4, the blue box 
external pore CH4 (-10.2 ppm), and the 
orange line marks the position of bulk 
scCH4.  

Figure 5.  13C MAS NMR of vacuum dried 
43Ca-hectorite with 1H-spinal decoupling to 
remove scalar and dipolar couplings (top, blue), 
the three site fit to the decoupled spectrum 
(middle, red), and without decoupling (bottom, 
black).  The quintuplets in the un-decoupled 
spectrum are due to 1H-13C scalar (J) coupling 
within the methane molecules and provide 
greater resolution of the resonances for bulk 
scCH4 and external pore CH4 associated with 
external particle surfaces.  
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Table 1. 13C MAS NMR chemical shifts and relative peak areas for CH4 in hectorite at 90 bar 
and 323 K with the indicated exchangeable cation, designated by MH.  Chemical shift values are 
accurate to ~ ± 0.1 ppm, peak widths to ~0.024 ppm, and relative areas to ~5%.  Bulk scCH4 at 
these conditions has an isotropic chemical shift of -10.3 ppm and a FWHH of 0.032 ppm.   

          Vacuum Dried             43% RH            100% RH 

Sample Site 

  δiso 
(ppm) 

FWHH 
(ppm) 

%Area   δiso 
(ppm) 

FWHH 
(ppm) 

%Area   δiso 
(ppm) 

FWHH 
(ppm) 

%Area 

PbH interlayer -6.0 0.632 34% -6.7 0.681 21% -6.4 1.07 9% 

PbH external 
pore 

-10.3 0.223 53% -10.4 0.165 31% -10.1 0.277 4% 

PbH bulk 
fluid 

-10.4 0.076 12% -10.4 0.092 48% -10.4 0.100 87% 

CaH interlayer -6.0 0.565 24% -6.8 0.843 29% - - 0% 

CaH external 
pore 

-10.2 0.350 63% -10.2 0.247 44% - - 0% 

CaH bulk 
fluid 

-10.4 0.119 12% -10.3 0.119 27% -10.3 0.118 100% 

NaH interlayer -8.2 0.529 21% -7.8 * * - - - 

NaH external 
pore 

-10.2 0.314  53% * * * - - - 

NaH bulk 
fluid 

-10.5 0.212 26% -10.4 0.068 100% -10.4 0.076 100% 

CsH interlayer -7.8 0.719 10% -6.8 0.939 10% -6.1 1.11 5% 

CsH external 
pore 

-10.0 0.270 89% -10.0 0.354 89% - - - 

CsH bulk 
fluid 

-10.3 .051 <1% -10.4 0.05 <1% -10.3 0.110 95% 

* The intensity for interlayer CH4 in NaH at 43% RH is too low to fit with accuracy, but there is a small 
amount of signal for it above baseline.  
# The signal for external pore scCH4 cannot be resolved for NaH and is not included in this table. 
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ppm. There is a comparably narrow resonance at the same position (± 0.1 ppm) for all the 

hectorite samples in scCH4, demonstrating that some of the CH4 in each sample is present in a 

bulk scCH4 fluid. This resonance is especially well resolved as the sharp quintuplet in the spectra 

acquired for vacuum dried Ca-hectorite without 1H decoupling (Figure 5). This quintuplet is due 

to scalar (J) coupling between the 1H and 13C of the CH4 molecules and is eliminated in the 1H-

decoupled spectra. Koskela et al. observed a similar quintuplet for bulk CH4 in SAPO-11.23    

All the vacuum dried hectorite samples yield a broad peak centered between -10.0 and -10.2 

ppm that overlaps significantly with the bulk CH4 resonance (Figures 4-6; Table 1). This 

resonance represents CH4 in an environment with different structural and dynamical properties 

than bulk scCH4. Like the resonance for bulk CH4, the undecoupled spectrum of this resonance 

shows the quintuplet pattern due to intramolecular 1H-13C scalar coupling.    

The spectra of the vacuum dried Na-, Cs-, Ca- and Pb-hectorites contain an additional, 

relatively broad peak centered between -6.0 and -8.2 ppm (Figures 4 and 5; Table 1). In the 

undecoupled spectrum of Ca-hectorite, the -6 to -8 ppm resonance is even broader, and there are 

very weak maxima suggestive of the presence of scalar coupling. The poor resolution of the 

quintuplet peaks for this site clearly demonstrates greater dispersion of the 13C chemical shifts 

than for the -10.0 and -10.3 ppm peak, paralleling their greater FWHHs in the decoupled spectra 

(Table 1). The resonances other than that of bulk CH4 are clearly related to the presence of the 

clay, and we address their detailed assignment in the discussion section below.  

CH4 Adsorption by Hectorite - Variably Wet CH4 at 90 bar and 323 K 

The relative intensities and chemical shifts of the resonances associated with the clay in the 

1H-decoupled spectra change with increasing RH at which the samples were equilibrated (Figure 
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6, Table 1). For all of the samples, the -10.0 to -10.2 ppm resonance observed for the vacuum 

dried  

 

Figure 6.  Comparison of the 1H decoupled 13C MAS NMR spectra of CH4 in the hectorite 
clays used in this study. The vertical grey lines mark the Site A chemical shift region, the 
vertical orange lines mark the Site B chemical shift region.  Here, vacuum corresponds to the 
sample dried under vacuum before scCH4 was introduced.  Recall that the %RH values 
correspond to the %RH at 298 K, 1 atm where the hectorite was initially equilibrated before 
pressurization with 90 bar CH4 at 323 K. 

 

samples narrows substantially at 43% RH and even more at 100% RH (Table 1).  

Simultaneously, its chemical shift approaches that of bulk scCH4, with the two peaks merging 

together at 100% RH.  However, some CH4 must remain in this site at 100% RH, since the peak 
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widths of the merged peak are larger than for bulk CH4 (0.1 ± 0.02 ppm vs. 0.032 ppm). For the 

Pb- and Ca-hectorites, the relative intensities of the -6.0 ppm resonances decrease at 43% and 

100% RH, and the peak positions become slightly more negative.  For Ca-hectorite, at 100% RH 

this resonance is not observable above baseline. For Cs-hectorite, this resonance moves from -7.8 

ppm for the vacuum dried sample to -6.8 ppm at 43% RH and -6.1 ppm at 100% RH. It increases 

in intensity at 43% RH and decreases at 100% RH (Table 1). In contrast, for Na-hectorite this 

resonance is not observable at 100% RH, and although it is present at 43% RH, it’s intensity is so 

low that it cannot be well characterized.   

Likewise, the IR data show the intensities of the bands for symmetric and asymmetric CH4 

decrease with increasing RH and H2O/cation ratio, with the intensity of the 2900 cm-1 peak 

decreasing more rapidly (Figure 7). The intensity of the 2900 cm-1 band for the Ca- and Pb-

hectorites is much greater than for the Cs- and Na-hectorites, and it reaches a low, plateau value 

for the Ca- and Pb-samples at much larger H2O/cation ratios. 
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Figure 7. Intensity of the 2900 cm-1 ATR-IR band versus the H2O/cation determined from the 
transmission IR data.  The color coding is the same as in Figure 4; red – Na+, green – Cs+, grey 
– Pb2+, black – Ca2+.  Note that there is a clear separation between the alkali metal and the 
divalent cation hectorites within the limits of uncertainty, but that overall, the absorption of the 
ν1 band associated decreases in intensity as the H2O content increases, in agreement with the 
NMR results for hectorite associated CH4. The uncertainty on all data points is ±0.0025 
absorbance units.  The same data plotted versus the absolute H2O uptake in mmol H2O/g clay 
are available as Figure S4 in the Supporting Information. 

 

DISCUSSION 

Methane Adsorption Environments 

The IR and NMR data both show that under our experimental conditions CH4 occurs in the 

interlayer galleries of hectorite and in larger external pores. Signal in the ATR-IR spectra comes 

only from CH4 associated with the clay, either on external particle surfaces or in the interlayer 

galleries. The observation of the normal P-Q-R branches of the asymmetric stretching band and 

the symmetry forbidden ν1 band suggest that clay-associated CH4 occurs in environments in 

which its electronic structure is not distorted (retains tetrahedral symmetry) and in which it is 

distorted from tetrahedral symmetry. Yamazaki et al. report the same symmetry forbidden ν1 

band for CH4 adsorbed in the ~5 Å nano-pores of ZSM-5 zeolite,49 and Wu et al. report it for 

CH4 in silica.50 Yamazaki et al. observe a change in frequency of this band with different charge 

balancing cations in ZSM-5, and interpret this variability as evidence that CH4-cation 

interactions are responsible for the decrease in symmetry rather than simply adsorption in the 

pores.49 Recent ab initio molecular dynamics (AIMD) calculations of CH4 interactions with a 

Ca-montmorillonite17 show that surface-associated CH4 has dipole moments ranging from 0.25 

to 1 Debye depending on the basal spacing and composition of the fluid, and also report strong 

interactions of this asymmetric CH4 with the exchangeable cations.  In contrast, in the spectra of 

our hectorites, the frequency of the ν1 band is independent of the cation, in contrast to the 
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Yamazaki ZSM-5 results, leading us to conclude that interaction with the smectite layers 

themselves must be a significant contributor to the decreased symmetry of the CH4 in these 

samples.  The AIMD results of Lee et al. also show that asymmetric methane is frequently 

observed associated with OH groups on the smectite surface.17  Thus, interaction with the surface 

or surface-adsorbed cations at any clay adsorption site (e.g., external basal surface, external layer 

edges, interlayer) could be responsible for the decreased CH4 symmetry, and it is not possible to 

distinguish between different possible sorption sites using the ATR-IR spectra alone, particularly 

since the CH4 producing the ν1 site will also contribute intensity in the normal P-Q-R region. The 

decrease in the intensities of all the ATR-IR bands with increasing RH for all the samples clearly 

demonstrates progressive displacement of adsorbed CH4 by H2O, in agreement with the increased 

H2O contents of the clay shown by the transmission IR data.  This result is in agreement with the 

computational modeling results of Liu et al.6 and Rao et al.10-11 and also with the common 

assumption that water displaces hydrocarbons from the surfaces of silicate minerals. Our results 

also show that the H2O uptake is greater with scCH4 than with scCO2 at 90 bar and 323 K, 

suggesting weaker interactions of the clays with CH4 than with CO2.
27   

The 13C NMR results (Figures 4-6) add significantly to the understanding of IR data and show 

the presence of CH4 in large pores between clay particles experiencing transient interactions with 

the external particle surfaces, in clay interlayers, and a minor amount of CH4 in the bulk 

supercritical fluid state. Previous 13C NMR studies of bulk scCH4 and CH4 in nano- and meso-

porous materials show that confinement causes decreased shielding (less negative chemical 

shifts), with the size of this effect increasing with decreasing pore size.19, 22-24, 26 This effect 

parallels that of the more extensively studied effects of pore size and substrate composition on 

the chemical shift of 129Xe.25, 51-52 Of particular interest are the spectra for AlPO4-1122 which, like 
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those reported here, contain three resonances and provide a basis for interpretation of our results. 

For AlPO4-11, there is a narrow resonance representing the bulk gas phase, which Koskela et 

al.22 use as the chemical shift reference. There is a resonance shifted ~ 4 ppm to less shielded 

values that they assign to CH4 adsorbed in the nano-pores, for which the chemical shift change is 

not significantly dependent on temperature in the 230 – 380 K range.  There is also a resonance 

with a chemical shift between these two that they assign to CH4 in the large pores between the 

individual particles. The chemical shift of this resonance moves from near the value for CH4 in 

the nano-pores at 230 K to within about 1.3 ppm of that of the bulk gas at 380 K. The authors 

evaluate this variability in peak position in terms of a 2-site exchange model, which has also 

been used to explain the observed chemical shifts of 129Xe interacting with the external surfaces 

of mesoporous silica.25 For a more extensive discussion of the ability to probe pore structure and 

exchange dynamics in porous silicas and silicates using 129Xe and 13CH4 interactions with porous 

silicas and silicates, see the Supporting Information.  

As suggested above, the resonances for 13CH4 in nano- and meso-porous materials can be 

greatly affected by site exchange processes,22-23 and thus a brief discussion of two-site exchange 

is necessary before final assignment of the 13C resonances observed for our samples. In a simple 

two-site exchange model, for separate resonances to be observed the frequency of exchange 

between sites must be smaller than approximately an order of magnitude less than the difference 

between the peak positions in frequency units. For the hectorites in this study, if exchange were 

occurring between the 13CH4 environments represented by the resonances at -6.0 ppm and -10.0 

to -10.4 ppm, separately observable peaks would require that the exchange frequency be less 

than approximately 50 Hz. In contrast, observation of a single, fully averaged peak for the 

exchanging sites requires exchange at frequencies greater than approximately 5 kHz. Here, rapid 
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exchange between resonances 4 ppm apart requires an exchange frequency greater than 

approximately 5,000 Hz. Rapid exchange is expected, for instance, among different, individual 

interlayer gallery sites, analogous to the behavior of H2O and CO2 molecules.53-56 It is also 

expected between external surface sites and bulk scCH4 in pores between clay particles, as 

discussed by Ok et al.18 But rapid exchange may not occur for CH4 in nano-confinement within 

the smectite interlayers and that in the external pores.  The Supporting Information presents a 

more detailed discussion of the ability to probe structure and exchange dynamics in porous 

silicas and silicates using 129Xe and 13CH4. 

Based on the IR and XRD results and the existing literature for related porous silicate materials 

discussed above and in the Supporting Information, we make the following assignments for the 

13C resonances in our hectorite samples. The small, very narrow (FWHH <0.05 ppm) peak at -

10.3 ± 0.1 ppm is due to CH4 in the bulk supercritical fluid phase that does not experience 

interactions with the hectorite particles on the NMR timescale. The chemical shift and line width 

are in good agreement with those of Ok et al.18 This CH4 may be in any large void space, such as 

in an underfilled rotor. The peaks between -6.0 and -8.2 ppm are due to CH4 in the interlayer 

galleries of the hectorite, analogous to the CH4 in the nano-pores of the methane hydrates21, 24, 26 

and molecular sieves.22-23 The broad peak between -10.0 and -10.3 ppm is due to CH4 in the 

larger pores between the individual hectorite particles, analogous to the resonances observed for 

CH4 in the molecular sieves22-23 and the ~4 nm pores in mesoporous silica.19 The frequency of 

CH4 exchange between interlayer sites and those of CH4 in the external pores must be less than 

~50 Hz since separate resonances are observed.  

The changes in the 13C spectra during accidental loss of CH4 from the NMR rotor support the 

interpretation that the relatively broad peaks between -6.0 and -8.2 ppm represent interlayer CH4 

Page 23 of 49

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 24

and those from -10.0 to -10.3 represent CH4 in inter-particle pores (Figure 8).  The spectrum of a 

vacuum dried Pb-hectorite that leaked CH4 catastrophically contains a resonance at -6.8 ppm for 

interlayer CH4 and one at -10.7 ppm for inter-particle CH4, but no signal for bulk CH4. The 

preferential retention of the interlayer and inter-particle CH4 is as expected from the <50 Hz 

exchange frequency of CH4 molecules between the bulk fluid and these environments.  The ratio 

of interlayer CH4/inter-particle CH4 ratio for this sample is 0.52, substantially greater than the 

value of 0.35 for the fully pressurized sample, indicating that interlayer CH4 is preferentially 

retained under these conditions. The chemical shift of -10.7 ppm for the inter-particle CH4 is 

more  

negative than for the fully pressurized 

samples, as expected when the total fluid 

pressure in the sample is reduced, as shown 

in the variable pressure results of Ok et al.18 

The spectra of vacuum dried Cs-hectorite 

with a slow leak from the rotor acquired at 3 

hrs, 3 hrs 10 min, and 5 hrs 15 min after 

charging also show preferential loss of inter-

particle CH4 (Figure 8). The intensities of the 

resonances for interlayer and inter-particle 

CH4 at -7.8 to -7.9 ppm and -10.0 to -10.1 

ppm remain constant at 10-11% and 88-89%, 

respectively, but that for bulk CH4 at -10.5 to 

-10.7 pm decreases from ~ 1% to < 0.5%. 

 

Figure 8. 13C MAS NMR spectra (1H 
decoupled) samples for which CH4 accidentally 
leaked during data acquisition.  The top three 
spectra are for vacuum dried Cs-hectorite with a 
slow leak from the rotor acquired at 3 hrs, 3 hrs 
10 min, and 5 hrs 15 min after charging and are 
plotted at the correct relative intensity. The 
bottom spectrum is for vacuum dried Pb-
hectorite after the scCH4 leaked 
catastrophically. See text for discussion. 
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The relatively negative chemical shift for the bulk CH4 is again consistent with decreased fluid 

pressure.18     

Evolution of Interlayer CH4 Environments with the H2O Chemical Potential 

The variation of the interlayer CH4 
13C chemical shift with the H2O chemical potential 

(expressed as the RH of the scCH4) can be readily understood based on the variation in the 

hectorite basal spacings obtained from the XRD data, the water contents obtained from the 

transmission IR data, and the idea suggested by Ok et al.19 that the 13C chemical shift becomes 

more negative with increasing average pore size (Figure 9).  For the vacuum dried Ca- and Pb-

hectorites, the resonances at -6.0 ppm are due to CH4 in 1WL-type interlayers propped open by 

the water  
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molecules that IR shows are not removed by vacuum drying (Figures 1, 2, 9ai).  With increasing 

RH, the chemical shifts of these resonances become more negative, and their relative intensities 

decrease (Table 1). The chemical shift change indicates an increase in the size of the average 

interlayer site occupied by CH4, consistent with the increased average basal spacing from a 

1WL-type to a 2WL-type interlayer fluid structure (a change in interlayer thickness from ~ 3.1 Å 

to ~7.4 Å based on the XRD basal reflections; Figures 2 and 9aii). The larger breadth of the 

interlayer CH4 peaks relative to the bulk supercritical fluid may be due to a number of factors 

including exchange lifetime (T2) broadening, chemical shift dispersion due to a distribution of 

adsorption site sizes/geometries, and distortion from Td symmetry leading to a chemical shift 

anisotropy.22-23 The relatively broad basal reflections observed by XRD suggest that a range of 

basal spacings are present, leading to a range of interlayer thicknesses and adsorption site 

dimensions that most certainly broaden the resonances due to chemical shift dispersion. The 

decrease in the relative intensity of the interlayer CH4 resonance with increasing RH and basal 

spacing is consistent with a decreasing preference of the interlayers for CH4 relative to H2O 

shown in the IR data (Figure 9aiii).  An increase in interlayer H2O without a significant change 

in the basal spacing also explains the shift to more positive resonance frequency for interlayer 

CH4 in Pb-hectorite from 43% RH to 100% RH (Table 1), since a larger interlayer H2O content 

reduces the average volume probed by the CH4 molecules.  The decreased intensity of the 

resonances for interlayer CH4 is also consistent with the relatively high hydration energies of 

these ions46, and the low mutual solubilities of H2O in CH4 and CH4 in H2O,33 suggesting that 

hydrated interlayers should prevent CH4 intercalation. Interaction of the interlayer CH4 with the 

Figure 9.  Cartoon of the various CH4 adsorption environments and how they and the basal 
spacing evolves with the chemical potential of H2O in the scCH4. The behavior of Ca2+ and Pb2+ 
hectorite is described in series (a), the behavior of Cs+ hectorite in (b), and the behavior of Na+ 
hectorite in (c).  See detailed discussion in the main text. 
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structural F- at the base of the ditrigonal cavity appears to be quite weak. 19F MAS NMR spectra 

of the vacuum dried Ca- hectorite sample shows essentially no change in the 19F chemical shift 

of the two structurally different F-sites (Figure S5).  

For the vacuum dried Cs-hectorite (Figure 9b), the -7.6 ppm chemical shift of the interlayer 

13CH4 resonance indicates a larger average CH4 site than for interlayer CH4 in the Ca- and Pb-

samples at all conditions, consistent with the low H2O content shown by the transmission IR 

data. The 11.2 Å basal spacing for vacuum dried Cs-hectorite results in an ~ 3.6 Å thick 

interlayer gallery, which may be just large enough to allow CH4 molecules, which have a 

diameter of ~3.9 Å,57 to enter (Figure 9bi). It is also possible that the CH4 giving rise to this site 

may be dominantly in slightly expanded interlayers containing some H2O molecules, as 

suggested by the transmission IR data.   In either case, the relative absence of interlayer H2O 

shown in the IR data for the vacuum-dried sample suggests that interlayer CH4 unrestricted by 

the presence of H2O can probe a larger pore volume on average. The progressively less negative 

chemical shifts for this resonance with 

increasing RH (Table 1) indicates a progressively smaller interlayer CH4 adsorption site despite 

the small increase in basal spacing.  However, the transmission IR data indicate an increase in 

the interlayer H2O, which likely reduces the lateral dimension parallel to the basal surface probed 

by the average interlayer CH4 molecule (Figure 9bii). It is known that Cs smectites do not 

typically expand beyond a 1WL-type basal spacing,27, 47 and the XRD results here show that it 

does not do so in contact with scCH4 at 90 bar and 323 K even when the clay is pre-equilibrated 

at 100% RH.  The increased relative intensity of this resonance for the 43% RH sample suggests 

that the ~1.0 Å increase in average basal spacing increases the fraction of interlayers in which 

CH4 can intercalate.  The decrease in intensity at 100% RH is, then, due to displacement of the 
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CH4 by H2O and the shift to more positive frequency indicates restriction of the interlayer CH4 to 

probing an even smaller pore due to the presence of H2O (Figure 9biii). For Na-hectorite, the 9.8 

Å basal spacing of the fully dried sample results in an interlayer thickness of 2.2 Å, which is too 

small to allow entry of CH4 in the interlayer galleries (Figure 9ci). Thus, the signal at -8.2 ppm 

observed for the vacuum dried sample is probably due to CH4 in the small number of expanded 

interlayers (Figure 9cii) suggested by the XRD data and the small but detectable H2O content in 

the transmission IR data. As for the Cs-hectorite, the addition of H2O at 43% RH leads to a small 

shift to a more positive frequency indicating a slightly smaller average cage size due to the 

additional interlayer H2O reducing the lateral volume probed by the intercalated CH4 parallel to 

the clay surface (Figure 6; Table 1). The very small signal for this site for the 43% RH sample 

and its absence for the 100% RH sample (Table 1) indicates a strong preference of Na-hectorite 

interlayers for H2O relative to CH4 (Figure 9cii and 9ciii). 

While the trends in our 13C NMR data with increasing RH are consistent with expected trends 

in the mean pore size explored by intercalated CH4, it is not possible to quantitatively determine 

the average pore size occupied by interlayer CH4 from these data. This is because the 13C NMR 

resonance frequency may depend on many factors, including the cation present, CH4 dynamics, 

and the number of near neighbor H2O and CH4 molecules. Diffraction methods do not help in 

this regard, because they do not resolve specific interlayer sites. The cage diameters for the 

methane clathrates21, 24, 26 and molecular sieves,22-23 which yield resonances in the same chemical 

shift range, are typically in the 0.5 – 0.6 nm range, consistent with the thicknesses of the 

interlayer galleries for 1WL-type and 2WL-type structures. Computational molecular modeling 

will be helpful in providing more specific structural information for the clay interlayers, 

including the CH4 adsorption site sizes, and the effect of their H2O content on interlayer CH4.  
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Surface Interactions and Evolution of Inter-particle Pore CH4 with the H2O Chemical Potential 

The resonance for CH4 in relatively large inter-particle pores is displaced from that for bulk 

scCH4 at -10.3 ± 0.1 ppm by at most ~ 0.3 ppm and often merges with that of bulk CH4 at higher 

RHs (Figures 4 and 6, Table 1). At all RHs, however, the increased peak width relative to that of 

bulk scCH4 demonstrates that the inter-particle CH4 is associated with the particle surfaces.  The 

largest chemical shift displacement is less than the ~0.6 ppm displacement observed by Ok et 

al.18 for CH4 in ~ 4 nm pores of their amorphous silicas. Thus, it is likely that the average inter-

particle pore dimension probed by CH4 here is larger than this. We do not know the detailed 

microstructure of the clay packed in the NMR rotors spinning at ~ 10 kHz, but it is likely that the 

inter-particle pores are slit-like due to stacking of the clay layers (see Gilbert et al.58 and 

references therein).  Individual hectorite particles typically have lateral dimensions of the order 

of microns, and the CH4 molecules are likely able to diffuse over that length on the millisecond 

time scale required for the observation of site averaging in our experiments.  The position of this 

resonance at a given fluid pressure reflects the partitioning of CH4 between sorption sites on the 

particle surfaces and in the interior of the pore, with the density of the fluid possibly being 

greater near the hectorite surface.18 For a simple 2-site exchange model this chemical shift is 

given by the relationship δobs =  aδ1 + bδ2, where a is the fraction of the CH4 in the pore adsorbed 

on the surface, δ1 is the chemical shift of the surface sorbed CH4, b is the fraction of the CH4 in 

the pore not sorbed on the surface, and  δ2 is the average chemical shift of the CH4 that is not 

surface sorbed. In this model with all else being equal (e.g., T, P, a, b, δ1, and δ2), the observed 

chemical shift depends on the surface area/volume ratio of the pore. Lifetime broadening (T2) 

effects and distortion from Td symmetry may contribute to the increased breadth of this peak 

relative to bulk scCH4 (Table 1), but as for the interlayer sites, heterogeneity in the size of the 

Page 29 of 49

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 30

inter-particle pores is likely to contribute also by inducing chemical shift dispersion. For smectite 

clay samples, the slit-like external pores have much larger surface area/volume ratios than 

spherical or more equant pores, suggesting that a larger fraction of the CH4 molecules in them 

could be interacting with the clay surface.  

The general decrease in displacement, width and relative intensity of the inter-particle CH4 

peak with increasing RH for all the samples reflects the effects of increasing H2O content. With 

increasing RH, the pores will progressively fill with H2O, with the small pores and particle 

intersections filling first. This will reduce the inter-particle pore volume occupied by CH4, 

resulting in the deceased intensity. Because the small pores fill first, the average size of the pores 

containing CH4 will increase with increasing RH, consistent with the more negative chemical 

shift for inter-particle CH4 with increasing RH. Likewise, the pore size distribution will decrease, 

leading to the observed decreased line widths. It is also possible that the fraction of CH4 

adsorbed on the external surfaces (the parameter a above) decreases, shifting the resonance 

closer to the position of bulk scCH4, or that their 13C chemical shift (δ1 above) changes with 

increasing RH due to increased CH4 interaction with adsorbed H2O. Again, computational 

molecular modeling will be necessary to provide greater insight into the specific mechanisms 

responsible for the observed changes and their relative importance.

 Thermodynamics of CH4/Hectorite Interactions 

Together, the results presented in this paper suggest that CH4 adsorption in smectite interlayers 

is driven principally by weak dispersive interactions, with dipole interactions between 

asymmetric CH4 molecules and H2O molecules and the oxygen atoms of the smectite surface 

perhaps playing a role. This conclusion is in agreement with the results of computational GCMC 

modeling in the literature suggesting that CH4/smectite interactions occur via a hydrophobic 
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mechanism,16 recent AIMD modeling of CH4/CO2/H2O fluid interactions with Ca-

montmorillonite that report dipole moments for CH4 associated with cations or surfaces,17 and 

the observed reduced symmetry of interlayer adsorbed CH4 molecules shown in the IR results of 

this paper. This conclusion applies to intercalated CH4 and that adsorption on external surfaces, 

although the following discussion is framed from the perspective of understanding CH4 

intercalation.  As we recently discussed,27 the equilibrium state of a clay interlayer in the 

presence of H2O is governed by a balance among the free energies of hydration of the basal 

surfaces and the interlayer cations; electrostatic forces between the smectite T-O-T layers, ions, 

and H2O dipoles; H2O-H2O and H2O-clay surface hydrogen bonding interactions; weak 

dispersion interactions between all components; and any other fluid-surface, fluid-ion, and fluid-

H2O interactions in the system.  For smectites in contact with a CH4-rich fluid, the data here 

show that the interlayer must be propped open for CH4 to enter it. Under our experimental 

conditions we never observe CH4 inducing significant interlayer expansion, suggesting that 

interlayer propping occurs by H2O intercalation.  However, CH4 intercalation is also feasible for 

hectorite in contact with CO2/CH4 fluids if CO2 props open the interlayer, or in synthetic pillared 

clays in which the interlayers are propped open by precipitates. CH4 cannot participate in 

hydrogen bonding networks and is charge neutral, both of which tend to make its adsorption and 

intercalation in smectites thermodynamically unfavorable with respect to H2O adsorption.  The 

absence of any effect of intercalated CH4 on the 19F NMR chemical shifts of the structural F-
 of 

the hectorite (Figure S5) further supports this conclusion. However, the IR data suggest that 

interlayer adsorbed CH4 does adopt an asymmetric structure that is expected to have a dipole 

moment, potentially increasing the favorability of its adsorption, as predicted in the molecular 

model of Lee et al.17   
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Based on these arguments, CH4 must be incorporated into smectite interlayers primarily via a 

passive, space-filling mechanism.  The RH dependences of the basal spacings determined by 

XRD resemble the hydration of smectites in the absence of CH4 and do not indicate any 

significant expansion as a result of exposure to scCH4 (Figure 2).  Instead, interlayer CH4 is only 

observed when the smectite is already expanded enough to accommodate it (basal spacing of 

~11.5 Å) as a result of the adsorption of a sub-monolayer of H2O on average. The XRD results 

for Cs-hectorite here are particularly helpful in identifying the passive role of CH4 in smectite 

expansion.  The statistically insignificant change in its basal spacing when exposed to dry scCH4 

contrasts with the ~1 Å expansion in contact with dry scCO2 caused by CO2 intercalation.27 

Thus, CO2 seems to play an active role in expanding Cs-hectorite, whereas CH4 passively enters 

the interlayer without providing an energetic driver to induce significant expansion.   

CONCLUSIONS 

13C MAS NMR spectroscopy, IR spectroscopy, and X-ray diffraction results for the smectite 

mineral hectorite at 90 bar CH4 pressure and 323 K show that CH4 occurs in interlayer sites, in 

inter-particle pores, and in bulk scCH4 fluid not interacting significantly with the clay.  The RH 

of the scCH4 phase and the hydration energy and size of the charge-balancing cation of CH4 

greatly affect the CH4 partitioning among these environments.  These data are the first in situ 

spectroscopic evidence of interlayer CH4 adsorption in smectite interlayers at petroleum 

reservoir conditions, and show that for this to occur the thermodynamic activity of water (RH) in 

the reservoir must be appropriate for 1WL- or 2WL-type interlayers to form, depending on the 

charge balancing cation.  CH4 can intercalate the interlayer only at basal spacings above a critical 

threshold of ~11.5 Å, and the amount of interlayer adsorption is greatest at low H2O contents 

when there are many interlayer adsorption sites unoccupied by cations or H2O and when the 
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number of charge-balancing cations in the interlayer is relatively low (e.g., Ca2+ and Pb2+ vs. Cs+ 

and Na+).  The results indicate that CH4 adsorbs to smectite interlayers principally by a weak 

hydrophobic mechanism dominated by dispersion-type forces, leading to a passive, space-filling 

model for its intercalation. The ATR-IR data shows that adsorption of CH4 reduces its 

tetrahedral, Td, symmetry. The results also show that CH4 in our samples occurs in external pores 

between clay particles, with the NMR behavior of this CH4 becoming more like that of bulk 

methane as the water content increases.  These findings are in excellent agreement with 

previously published thermodynamic, molecular modeling, and gravimetric data.  

One implication of our results is that CH4 can be adsorbed in smectite interlayers at low H2O 

conditions. Such conditions may be produced during a dry scCO2 flood of an oil or gas reservoir 

or fracking of a tight reservoir using CO2.  CH4 intercalation is greater with divalent interlayer 

cations (Ca2+ and Pb2+) than with Na+. This result suggests that ion exchange reactions occurring 

in shales as a result of fracking or natural gas extraction (e.g. dissolution of calcite due to 

interaction with wet scCO2 that liberates Ca2+ that can exchange with the parent smectite charge 

balancing cation) may alter the extent of interaction between CH4 and clays in the rocks.  

Whether the net effect is an increase or decrease in interlayer adsorbed CH4 depends on the 

initial charge-balancing cation and the RH of the fluid phase. CH4 intercalation is also quite large 

with interlayer Cs+, suggesting that Cs-exchanged smectites may be effective materials for CH4 

sorption and separation.  Since CH4 adsorption is driven by a hydrophobic mechanism, more 

hydrophobic smectites, such as those containing significant quantities of fluorine, are likely to 

better sorb methane than smectites with greater hydrophilicity.  

The results also highlight how integration of multiple in situ experimental methods can provide 

a richer picture of the molecular-scale of the interaction of mineral surfaces and supercritical 
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fluids than using one method alone. The results here will be an important reference to calibrate 

and validate the results of computational molecular modeling studies in the coming years. 

As a final point, though there is excellent agreement between the IR, XRD, and NMR results 

in this study, we acknowledge that the centrifugal forces experienced during the NMR 

experiments present a potential source of variability between the IR, XRD, and NMR samples.  

Rapid rotation could conceivably influence the inter-particle pore shapes or volumes, 

accessibility to interlayer pores if it leads to preferential orientation of clay platelets, and perhaps 

even alter the partitioning of the fluids.  We did not observe physical evidence of sample 

compression that is often observed at higher rotation rates at the 5 kHz spin rate used in these 

studies, which also makes it unlikely that rotation altered the clay platelet orientations in a 

fashion that limits access of CH4 to interlayer pores. The small spinning sidebands observed in 

MAS NMR spectra of pure scCH4 is evidence that the CH4 can densify near the sample walls of 

an empty rotor; however, the sideband intensity is very small and thus we do not believe rotation 

in a tightly packed powder will influence the CH4 partitioning.  Ongoing studies in our group are 

assessing the influence that sample density plays on the results from all three instruments (XRD, 

IR, NMR).  
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