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Phase behavior and structure transition of the mixed methane and nitrogen hydrates
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Abstract—Pure methane and nitrogen form structure I and II hydrate, respectively, and therefore the structure type
of mixed gas hydrate was found to largely depend on their relative gas composition. In addition to the structural differ-
ence of size and shape, each hydrate structure shows different capacity to store the guest molecules. In this study, we
investigated phase and structural behaviors according to the composition of methane-+nitrogen gas mixture. Three-
phase (H-L,-V) equilibria of solid hydrate, water-rich liquid and vapor phase containing 25.24 mol%, 28.51 mol%,
31.23 mol% and 40.39 mol% of methane were determined at various temperatures (in the range from 273.30 K to
285.05 K)) and pressures (from 8.325 MPa to 20.700 MPa). "°C solid-state NMR spectroscopy and powder XRD method
were performed to identify the formed structure of hydrate samples. The experimental results showed that gas hydrate
of the methane+nitrogen mixture changes its structure from sl to sII between 25.24 mol% and 28.51 mol% of methane
concentration. These results of phase behavior and structure identification for the mixed gas hydrates are expected to
be very helpful in evaluating the feasibility of exploitation of methane gas from natural gas hydrate and the separation

process using gas hydrate as a storage-media
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INTRODUCTION

Gas hydrates are crystalline compounds formed non-stoichio-
metrically under specific conditions, generally at high pressure and
low temperature. Within the lattice structure, established by strong
hydrogen bonds of water molecules (host), low molecular weight
gases (guest) can be encaged so as to form gas hydrates as stable
compounds. The guest molecules interact with the host molecules
through van der Waals type dispersion forces [Sloan, 1998]. These
compounds can be classified into three distinct categories, i.e. struc-
ture I (sI), structure II (sII) and structure H (sH), which contain dif-
ferent cages in both size and shape. The sl and slI hydrates consist
of two types of cages called small and large, while the sH hydrate
consists of three types of cages, small, medium, and large [McMul-
lan and Jeffrey, 1965; Mak and McMullan, 1965; Ripmeester et al.,
1987].

Initially, gas hydrates attracted particular interest in the area of
petroleum industry. After the discovery of plugging problems in
natural gas pipelines, many researchers have started to study the
fundamentals of gas hydrates to resolve this drawback [Li et al.,
1999]. These results have served as the basis for understanding the
phase-equilibria and formation kinetics with inhibition and promo-
tion of gas hydrates. Recently, huge amounts of deposit of natural
gas hydrates were found both under the permafrost region and deep
ocean sediments [Kim et al., 2005]. Because each volume of hydrate
can contain as much as 160 volumes of gas for sl hydrate and 180
volumes of gas for sl hydrate at STP, naturally occurring gas hy-
drates in the earth containing mostly CH, are regarded as future en-
ergy sources. Also, this property can be applied to the utilizing of
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gas hydrates as a gas-storage medium [Seo et al., 2003].

To analyze these complex thermodynamic phenomena in extract-
ing or storing natural gas, above all, the fundamental phase behav-
ior of gas hydrates containing methane as a guest molecule should
be investigated to understand the overall processing mechanism. In
this respect, several related studies have been performed to exam-
ine hydrate equilibrium conditions of the methane and nitrogen mix-
ture. Jhaveri and Robinson [1965] measured three-phase (H-L,-V)
equilibria for the methane, nitrogen and water mixture, which fol-
lowed the discovery of the hydrates of nitrogen and oxygen by Van
Cleeft and Diepen [1960]. They published the equilibrium temper-
atures and pressures of mixed gas hydrate at various compositions of
gas mixture. They insisted that information gained from their study
would be of value in determining the hydrate forming conditions
in methane rich natural gas containing nitrogen. Mei et al. [1996]
performed experimental and modeling studies on the hydrate forma-
tion of the methane+nitrogen gas mixture in the presence of aque-
ous electrolyte solutions. They measured the incipience of hydrate
formation for the methane-+nitrogen mixture in the presence of pure
water and brines including a single salt and mixed salts of NaCl,
NaHCO,, MgCl,, CaCl, and KCl. In all the above studies, how-
ever, multiple occupations by nitrogen molecules [van Klaveren et
al,, 2001] are not observed or suggested. The studies are mainly
focused on the determination of equilibrium conditions for pure nitro-
gen or nitrogen+methane mixed gas hydrate. Until now, there have
not been precise experimental works regarding the structure change
including methane and nitrogen, although many physical properties
would change in accordance with the formed hydrate structure. In
this study, the equilibrium dissociation pressures for methane+nitrogen
hydrates were measured in the CH, concentration range from 25.4
mol% to 40.39 mol%. To investigate the structure transition as a con-
centration of mixed gas changes and to analyze the microscopic
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properties of the formed hydrates, hydrate samples formed at vari-
ous gas concentrations were analyzed by means of “C solid-state
NMR spectroscopy and low-temperature X-ray diffraction (XRD)
measurements.

EXPERIMENTAL SECTION

1. Materials

N, gas used in this study was supplied by World Gas (Korea)
and had a stated purity of 99.99 mol%. CH, gas with a minimum
purity of 99.95 mol% was supplied by Linde Gas UK Ltd. (UK).
Water with ultra high purity was supplied from Merck (Germany).
All materials were used without further purification.

2. Apparatus and Procedure

The apparatus for hydrate phase equilibria was specially con-
structed to measure accurately the hydrate dissociation pressures
and temperatures. The equilibrium cell was made of 316 stainless
steel and had an internal volume of about 130 cm’. This equilibrium
cell is contained in a bath whose temperature is maintained by an
external PID temperature controller (JeioTech, MC-31) with £0.1 K
accuracy. The experiment for hydrate-phase equilibrium measure-
ments began by charging the equilibrium cell with about 30 cm® of
liquid water. After the equilibrium cell was pressurized to a desired
pressure with mixed gas of methane and nitrogen, the whole sys-
tem was slowly cooled to a sufficiently low temperature. When pres-
sure depression due to hydrate formation reached a steady-state con-
dition, the cell temperature was increased at a rate of about 0.1 K/
h. The nucleation and dissociation steps were repeated at least two
times in order to reduce hysteresis. The equilibrium pressure and
temperature of three phases (hydrate (H) - water-rich liquid (L.,) -
vapor (V)) were determined by tracing the P-T profiles from hydrate
formation to dissociation. Gas chromatography was used to analyze
the mixed gas composition in gas phase. To check the reliability of
this experimental apparatus, pre-experiments using pure methane and
methane-+nitrogen mixture were performed, whose results showed
a good agreement with the literature values.

To identify crystalline structure of formed gas hydrate, spectro-
scopic methods such as solid-state NMR (Bruker, 400 MHz) and
XRD measurements were used in this study. The NMR spectra were
recorded at 243 K by placing the hydrate samples within a 4 mm
0.d. ZrO,rotor that was loaded into the variable temperature (VT)
probe. All C NMR spectra were recorded at a Larmor frequency
of 100.6 MHz with magic angle spinning (MAS) at about 2-4 kHz.
The pulse length of 2 ps and pulse repetition delay of 20 s under
proton decoupling were employed when the radio frequency field
strengths of 50 kHz corresponding to 5 pis 90° pulses were used. The
down-field carbon resonance peak of adamantane, assigned a chem-
ical shift of 38.3 ppm at 300 K, was used as an external chemical
shift reference. The acquisitions of signals were repeated until a fur-
ther increase in peak intensities was not observed. XRD measure-
ments were performed by using Rigaku D/max-RB with low-temper-
ature equipment. This apparatus has a maximum capacity of 12 kW
and can be operated up to 83 K. CuK a with wavelength of 1.54060
was used as light source, and the experiments were performed from
10.0° to 70.0° with 0.05° step. During the spectroscopic measure-
ments, the experimental temperature was controlled to about 123 K
to prevent the dissociation of gas hydrate.
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Fig. 1. Three-phase equilibria for the mixed methane+nitrogen gas
hydrates at various gas compositions.

Table 1. Three-phase equilibria for the gas hydrate of the meth-
ane-+nitrogen gas mixture

T,K P, MPa T, K P, MPa
40.39 mol% CH, 31.23 mol% CH,
285.05 16.550 284.90 20.700
283.95 15.150 282.90 17.025
283.15 14.025 280.00 12.875
280.25 10.075 277.10 10.150
276.85 7.100 274.85 8.325
28.51 mol% CH, 25.24 mol% CH,
284.50 20.700 281.00 17.450
283.00 17.950 277.90 13.025
282.40 17.050 274.50 9.150
278.80 12.650 273.30 8.625

276.40 10.175
273.30 80.000
RESULTS AND DISCUSSION

It has been known that pure methane forms structure I hydrate
and pure nitrogen forms structure 11 hydrate, respectively. There-
fore, as the gas composition for the mixture of these two gas com-
ponents changes, the formed hydrate structure is also expected to
be changed. Fig. 1 and Table 1 show the three-phase (L,-H-V) equi-
libria for the mixed methane-+nitrogen gas hydrate. In this study,
we expected that a structure change would occur below the 50 mol%
methane of gas mixture, and three-phase equilibria for the mixed
gas hydrate containing 40.39, 31.23, 28.51 and 25.24 mol% meth-
ane were measured. In Fig. 1, no significant difference according
to gas composition was observed. However, as the concentration
of methane increased, the equilibrium temperature also slightly in-
creased at the constant pressure.

Because the experimental equilibrium data do not suggest any
structural information for the mixed methane-+nitrogen gas hydrate,
microscopic methods such as NMR and XRD were used to iden-
tify and analyze the structural change. Fig. 2 shows the experimen-
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Fig. 2. NMR spectroscopy near the structure change region.

Table 2. Unit cell parameter and volume for mixed CH,+N, gas

hydrate samples
Unit cell parameter Unit cell volume
25.24 mol% CH, hydrate 16.87 A 4,801 A’
28.51 mol% CH, hydrate 11.89 A 1,680 A’
31.23 mol% CH, hydrate 11.88 A 1,677 A’
40.39 mol% CH, hydrate 11.88 A 1,677 A3

tal measurements of NMR spectroscopy for the mixed methane+
nitrogen gas hydrate at three different compositions. As can be seen
in this figure, a mixed gas hydrate of higher concentration of meth-
ane (up to 28.51 mol%) is formed as structure I, which is charac-
terized by two distinct peaks (—4.4 ppm for methane molecules in
small cages and —6.7 ppm for methane molecules in large cages).
In case of the 25.24 mol % methane +74.76 mol% nitrogen mixed
gas, the formed hydrate is mainly composed of structure II, which
can be known by two characteristic peaks of —4.4 ppm for meth-
ane molecules in small cages and —8.2 ppm for methane molecules
in large cages. To confirm the formed hydrate structure according
to the gas composition, powder XRD method, which is the most
powerful method to determine the solid crystal structure, was also
used. From these experimental XRD data, lattice parameters for
identifying the crystal structure can be obtained [McMullan and
Jeffrey, 1965; Mak and McMullan, 1965]. Table 2 shows the unit
cell parameters and volumes, which show very good agreement
with the literature values of 12.00 A for structure I and 17.00 A for
structure II. While the hydrate samples of mixed gas containing 31.23
mol% and 28.51 mol% methane were found to be structure I with
a lattice parameter of 11.89 A, hydrate sample of mixed gas con-
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Fig. 3. XRD patterns and structure parameters near the structure
change region.

taining 25.24 mol% methane was found to be structure IT with a
lattice parameter of 16.87 A. As can be seen from Fig. 3, not only
different lattice parameters calculated from the XRD measurements
but also a noticeable change in the different diffraction patterns were
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observed in accordance with the different structure of the hydrate
samples. This structural identification obtained by XRD experiments
agrees with that of NMR spectroscopy.

CONCLUSIONS

Pure methane and nitrogen form structure I and II, respectively,
and therefore the structure type of mixed gas hydrate was known
to largely depend on their relative gas compositions. In this work,
the hydrate structure change of nitrogen, methane and water mix-
ture was measured by means of spectroscopic methods such as NMR
and XRD. These spectroscopic measurements, in addition to the
three-phase P-T equilibrium results, show that a structural change
occurs in the range between 25.24 and 28.51 mol% of CH,. Meth-
ane and nitrogen are found to be the main components in natural
gas. Moreover, identification of two hydrate structures is critical in
evaluating storage or separation capacities of gaseous guests. There-
fore, the results obtained in this study can shed some light on the
separation process by using natural gas hydrate as a storage-medium
and the exploitation process of natural gas hydrate in the earth.

ACKNOWLEDGMENTS
This research was performed by the National Research Labora-
tory (NRL) Program of KOSEF funded by the Ministry of Science
and Technology of Korea, and also partially supported by the Brain
Korea 21 Project.
REFERENCES

Jhaveri, J. and Robinson, D. B., “Hydrates in the methane-nitrogen sys-

March, 2006

tem}’ Can. J. Chem. Eng., 43,75 (1965).

Kim, D. Y., Uhm, T. W. and Lee, H., “Compositional and structural iden-
tification of natural gas hydrates collected at site 1249 on ocean drill-
ing program leg 204}’ Korean J. Chem. Eng., 22, 569 (2005).

Li, X., Gjertsen, L. H. and Austvik, T., “Thermodynamic inhibitors for
hydrate plug melting,’ Ann. N.Y. Acad. Sci., 912,294 (1999).
Mak, T. C. W. and McMullan, R. K., “Polyhedral clathrate hydrates. X.
structure of the double hydrate of tetrahydrofuran and hydrogen sul-

fide)’ J. Chem. Phys., 42(8), 2732 (1965).

McMullan, R. K. and Jeffrey, G A., “Polyhedral clathrate hydrates. IX.
structure of ethylene oxide hydrae}’ J. Chem. Phys., 42(8), 2725
(1965).

Mei, D. H,, Liao, J., Yang, J. T. and Guo, T. M., “Experimental and mod-
eling studies on the hydrate formation of a methane-+nitrogen gas
mixture in the presence of aqueous electrolyte solutions.’ Ind. Eng.
Chem. Res., 35(11), 4342 (1996).

Ripmeester, J. A., Tse, T. S., Ratcliffe, C. I. and Powell, B. M., “A new
clathrate hydrate structure’” Nature, 325, 135 (1987).

Seo, Y. T. and Lee, H., “*C NMR analysis and gas uptake measurements
of pure and mixed gas hydrates: development of natural gas trans-
port and storage method using gas hydrate]” Korean J. Chem. Eng.,
20, 1085 (2003).

Sloan, E. D., Clathrate hydrates of natural gas, 2nd ed., Dekker, New
York, NY (1998).

van Cleeff, A. and Diepen, G M., “Gas hydrates of nitrogen and oxy-
gen, Rec. Trav. Chem., 79, 582 (1960).

van Klaveren, E. P, Michels, J. J., Schouten, J. S., Klug, D. D. and Tse,
1. S., “Stability of doubly occupied N, clathrate hydrates investigated
by molecular dynamics simulations.’ J. Chem. Phys., 114, 5745
(2001).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.49667
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


