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Insights into the structure of mixed CO2/CH4 in gas hydrates
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aBStract
The exchange of carbon dioxide for methane in natural gas hydrates is an attractive approach to
harvesting CH4 for energy production while simultaneously sequestering CO2. In addition to the energy and environmental implications, the solid solution of clathrate hydrate (CH4)1–x(CO2)x·5.75H2O
provides a model system to study how the distinct bonding and shapes of CH4 and CO2
structure and properties of the compound. High-resolution neutron diffraction was used to examine
mixed CO2/CH4 gas hydrates. CO2-rich hydrates had smaller lattice parameters, which were attributed
2 molecule interacting with H2O molecules that form the surrounding
cages, and resulted in a reduction in the unit-cell volume. Experimental nuclear scattering densities
illustrate how the cage occupants and energy landscape change with composition. These results provide
important insights on the impact and mechanisms for the structure of mixed CH4/CO2 gas hydrate.
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introduction
The search for energy sources to ease environmental and
political issues of conventional sources has encouraged scientists
to look to the sun, the plants, and the ocean for answers. Found at
moderate-pressure, low-temperature conditions such as the ocean
floor and subsurface permafrost regions, natural gas hydrates
constitute a valuable potential source of methane (Koh and Sloan
2007; Makogon et al. 2007). The amount of carbon stored in natural gas hydrates is estimated to be twice that of all other carbon
sources combined (Suess et al. 1999). Over the past 15 years the
idea of harvesting methane from natural hydrate deposits while
simultaneously sequestering industrially produced CO2 has been
tantalizing (Brewer et al. 1999; Lee et al. 2003; Qi et al. 2011;
Ripmeester and Ratcliffe 1998; Ohgaki et al. 1996; Ota et al.
2005). As envisioned, CO2 is pumped deep into the sediment layers
where natural hydrates are found. CO2 replaces CH4 in the hydrate
structure, and CH4 is released. This conceptually simple process
involves great engineering challenges, and a detailed understanding of the crystallographic response to the mixture of CO2 and CH4
molecules in gas hydrate formation is key to understanding the
implications of a large-scale adoption of this strategy.
Gas hydrates are structures comprised of differently shaped
cages formed from water molecules, which are stabilized by
encapsulated gas molecules. Methane hydrate most commonly
adopts cubic structure type I (sI) (Schicks and Ripmeester 2004),
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bonded water molecules make up the sI clathrate hydrate unit
cell. The ideal ratio is 8 gas molecules to 46 water molecules, but
may not necessarily be the case due to the fact that they are nonstoichiometric compounds. Figure 1 shows how a large and small
cage fit together. CO2 hydrate is more thermodynamically stable
at temperatures below 283 K (Ohgaki et al. 1996; Anderson et al.
2003; Kang et al. 1998) than CH4 hydrate, and the stability of CO2
hydrate requires less pressure at a given temperature than CH4 [~2
MPa at 277 K vs. ~4 MPa for CH4 hydrate (Adisasmito et al. 1991;
Adisasmito and Sloan 1992)]. Molecular dynamics simulation
found the Gibbs free energy for CO2 gas exchange in CH4 hydrate
is negative (Yezdimer et al. 2002), indicating it is thermodynamically favorable to replace CH4 with CO2 in gas hydrate (Geng et al.
2009). Yuan et al. (2012) proposed that CO2 exchange takes place
by a reconstructive transformation, whereby the CH4 hydrate first
dissociates, and then the water reforms hydrate choosing from the
dissolved mixture of CO2/CH4 gas. Schicks et al. (2011) reported
the process was a decomposing and reforming process, which is
driven by the chemical potential gradient between gas phase and
hydrate phase. The placement and cage occupancy of the gas
molecules during this process dictates the change in structure,
which is relevant for seafloor stability prediction.
Studies were performed where CH4 hydrate was exposed to
CO2 and the recovery results reported, which indicated it was a
slow process (Lee et al. 2003; Schicks et al. 2011; Hirohama et
al. 1996; Park et al. 2006). It is conceivable to envision that a
solid-solution range develops during this replacement process
affecting the structure of the formation. In this study, we examined
the structural changes of sI gas hydrates as compared to each
end-member via high-resolution neutron diffraction over a CH4/
CO2 hydrate solid-solution series. Samples were synthesized from
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