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Hydrates of Carbon Dioxide and Methane Mixtures 

Sanggono Adi8asmH0, Robert J. Frank, 111, and E. Dendy Sloan, Jr.' 
Department of Chemical Engineering and Petroleum Refining, Gobrado School of Mines, Golden, Colorado 8040 1 

Three-phase equiiibrlum condttlons of hydrates (water-rich 
liquid, hydrate, and vapor) of carbon dioxide and methane 
binary mixtures were investigated in the temperature 
range of 273-288 K and the pressure range of 1.2-11.0 
MPa. The vapor-phase concentrations were measured by 
a gas chromatograph. The resutts obtained were in good 
agreement wlth previous measurements done by 
researchers at the Unlverslty of Michigan who had 
calculated the carbon dioxide concentration In the vapor 
phase. The data obtained in this work did not show 
unusual hydrate phenomena, as reported in a more recent 
publkation by researchers in Hungary. 

Introduction 

Gas hydrates are crystalline molecules formed by a physical 
reaction between water and low molecular weight gases. The 
gas molecules occupy cavities in a network of water molecules 
composed of unit crystal structures, referred to as the body- 
centered cubic lattice of structure I or the diamond cubic lattice 
of structure 11. In  both hydrate structures, each cavity can 
contain at most one guest molecule. The occupation of hydrate 
cavities is determined to a large degree by the size of the gas 
molecules, and to a lesser degree by the chemical nature and 
the shape of the gas molecules, as summarized in the recent 
monograph by Sloan ( 7 ) .  Low molecular weight gases, such 
as methane and carbon dioxide, form structure I in hydrate 
equilibria. 

Sediments containing carbon dioxide and methane hydrates 
are naturally found in regions of permafrost and beneath the 
sea in cuter continental margins. Kvenvolden (2) estimated that 
the amount of carbon in methane hydrates is on the order of 
10 000 Gtons. Because methane hydrates occur in the shallow 
geosphere, they are of interest as a potential resource of 
natural gas and as a possible cause of global warming due to 
the methane released to the atmosphere. 

Information on the hydrate-forming conditions of the carbon 
dioxide mixtures is very important for natural gas handling, 
processing, and transportation. Carbon dioxide exhibits a high 
solubility in water due to the polar attractive forces that cause 
the mixture to be more susceptible for hydrate formation. Case 
et al. (3) reported unusual behavior of carbon dioxide-rich 
systems. At lower temperatures, liquid carbon dioxide was 
predicted to form and then dissolve hydrates in two-phase liq- 
uid-vapor equilibria. Although extensive hydrate equilibrium 
studies have been reported in the literature for hydrocarbons, 
there are only three studies for carbon dioxlde binary mixtures 
with hydrocarbons: Unruh and Katz (4) in 1949 and Berecz and 
Balla-Achs (5) in 1974 for carbon dioxide-methane binary 
systems and Robinson and Mehta (6) in 1971 for carbon di- 
oxide-propane binary systems. Robinson and Mehta reported 
that mixtures of carbon dioxlde and propane did not appear to 
follow the K-factor concept introduced by Carson and Katz (7). 

Unruh and Katz determined vapor-phase concentrations in 
the carbon dioxide and methane binary mixtures indirectly from 
calculations. At that time, there was not a device available for 
direct measurements of vapor compositions, such as a gas 
chromatograph. The vapor-phase composition of hydrate 
equilibria was determined on the basis of solubility data of 
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carbon dioxide in water at a certain pressure and temperature. 
A vapor composition was assumed, and the quantities of each 
component in the liquid and in the vapor phases were calculated 
via a mass balance. I f  the overall composition did not agree 
with the actual vapor composition charged to the cell, the 
calculation was repeated. 

Berecz and Balla-Achs showed that hydrates of carbon di- 
oxide and methane mixtures exhibited instability at carbon di- 
oxide vapor mole fractions of 50% and higher. A maximum 
and a minimum were reported in the hydrate isotherms and 
isobars. 

The present work was done to resolve the discrepancy be- 
tween results in the previous investigations. The work done by 
Unruh and Katz should be verified due to the lack of their va- 
por-phase concentration measurements. The very unusual 
results reported by Berecz and Balla-Achs should also be 
confirmed. 

Experimental Procedures 

The equilibrium cell was a Jerguson sight glass model with 
a pressure rating of 2000 psig at 100 O F .  The schematic 
diagram of the apparatus is shown in Figure 1. The cell vol- 
ume was approximately 150 mL, including about 50 mL of Hqurcl 
water. The gas and water in the cell were mixed by a rocking 
mechanism attached to the top of the cell, which allowed cell 
movement up to an angle of 3 5 O  on its longitudinal axis. A 
digital indicator attached to a platinum resistance thermometer 
with 1.0% accuracy in the 0-30 O F  range was used to mea- 
sure the temperature inside the cell. A gas sampling line was 
placed at the upper part of the cell to allow withdrawal of the 
vapor phase. The gas sample was then analyzed via a Hew- 
lett-Packard Model 5890 gas chromatograph with automatic 
integration. The cell pressure was measured by a Helse 
pressure gauge (0-2000 psi), accurate to within 0.1 % . 

To control the temperature, the cell was Immersed in a 
constant-temperature bath with a Plexlgiass window to allow the 
monitoring of hydrate formation or dissociation. A mixture of 
50% colorless ethylene glycol in water was used as the bath 
fluid. The bath was refrigerated by an immersion refrigeration 
unit, and the temperature was controlled by an immersion 
heater connected to a Bayley precision temperature controller, 
Model 122, with 0.001 K accuracy. 

Bonedrygrade carbon dioxide with 99.8% minimum purity 
and researchgrade methane with 99.99% minimum purity 
were supplied by General Air Service and Supply. Double 
deionized water was used for all experiments. 

Linear calibration curves were obtained from the plot of the 
pure-component presswe versus the area generated from the 
chromatogram that corresponds to the number of moles. 
Mixtures of carbon dioxide and methane were prepared by a 
gravimetric method and analyzed by the chromatograph to 
check the calibration accuracy. The concentration difference 
between the two methods of determination were always within 
1%. 

The equilibrium cell was charged with a mixture of methene 
and carbon dioxlde. The system was cooled to about 5 K below 
the anticipated hydrate-forming temperature. Subcooling was 
necessary to induce initial crystal formation. When the hydrates 
formed, the temperature was elevated to dissociate the hy- 
drates into a condition where the solid phase was in coexis- 
tance with the liquid water and vapor phases. The temperature 
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Flgwe 1. Schematic degam of gas hydrate apparatus: (1) equilibrium 
cell; (2) constant-temperature bath; (3) carbon dioxide cylinder; (4) 
methane cylinder; (5) gas chromatograph; (6) vacuum pump; (7) vent. 
P = Pressure gauge. 

Table I. Hydrate Equilibrium Temperature T, 
Experimental Pressure PeXp, Calculated Pressure Pdc, and 
Relative Percentage Deviation u J P )  for Carbon Dioxide 

T/K P,,/MPa PdJMPa CAP) 
274.3 1.42 1.41 -0.8 
275.5 1.63 1.63 -0.1 
276.8 1.90 1.91 0.6 
277.6 2.11 2.12 0.3 
279.1 2.55 2.57 1.0 
280.6 3.12 3.15 1.0 
281.5 3.51 3.57 1.6 
282.1 3.81 3.88 1.8 
282.9 4.37 4.34 -0.6 
average absolute u,(P) = 0.9 

Table 11. Hydrate Equilibrium Temperature T, 
Experimental Preeeure P 
Relative Percentage Dev ixon  u,(P) for Methane 

Calculated Pressure Pdc, and 

T/K P,,/MPa Pdc/MPa U P )  

273.4 2.68 2.73 2.0 
274.6 3.05 3.03 -0.6 
276.7 3.72 3.68 -1.2 
278.3 4.39 4.30 -2.1 
279.6 5.02 4.91 -2.2 
280.9 5.77 5.63 -2.4 
282.3 6.65 6.57 -1.2 
283.6 7.59 7.61 0.3 
284.7 8.55 8.65 1.2 
285.7 9.17 9.75 6.4 
286.4 10.57 10.62 0.5 
average absolute u,(P) = 1.8 

was kept constant until at least 8 h after the pressure stabilized. 
The temperature and pressure readings were then recorded as 
the L,-H-V (water-rich liquid, hydrate, and vapor) equilibrium 
point. 

A gas sample was withdrawn and analyzed by the gas 
chromatograph. In  order to avoid liquid formation, the high- 
pressure sample was depressurized in two stages before it 
entered the chromatograph at atmospheric pressure. Due to 
the apparatus limitations, the experiment was restricted to the 
L,-H-V region. 

Results and Dlscusslons 

Three-phase equilibrium data of water-rich liquld, hydrate, and 
vapor (L,,,-H-V) for pure components are tabulated in Table I 
(carbon dioxide) and Table I1 (methane). The maximum pres- 
sure of carbon dioxide was selected not to exceed 4.37 MPa 
to avoM liquid carbon dioxide formation In the equilibria. Carbon 
dioxide data reported by Robinson and Mehta, Berecz and 
Balla-Achs, and Unruh and Katz are compared to this work, as 
shown in Figure 2. The data of Berecz and Balla-Achs do not 
compare well with the others, particularly at temperatures 
above 278 K. The carbon dioxide used by Berecz and Balla- 
Achs was of commercial grade with nitrogen Impurity, com- 
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Figure 2. Hydrate equilibrium conditions of carbon dioxide: (W) this 
work; (0) ref 4; (0) ref 5; (A) ref 6. 
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Figure 3. Hydrate equilibrium conditions of methane: (.) this work; 
(0) ref 8; (0) ref 5; (A) ref 9. 

pared to the 99.5 % purity of that used by Unruh and Katz and 
the 99.8% purity of that used in this work. 

Methane data reported by Deaton and Frost (8),  Berecz and 
Balla-Achs, and Jhaveri and Roblnson (9) are compared to this 
work, as shown In Flgure 3. The data reported by Berecz and 
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Table 111. Hydrate Equilibrium Temperature T, Carbon 
Dioxide Mole Percent ycoI, Experimental Pressure Pax,, 
Calculated Pressure Pd0, and Relative Percentage 
Deviation d P )  for Carbon Dioxide and Methane Mixtures 

9.0 
8.0 
8.0 
8.0 
8.0 
9.0 

14.0 
13.0 
13.0 
13.0 
13.0 
12.0 
13.0 
25.0 
22.0 
22.0 
21.0 
25.0 
44.0 
42.0 
40.0 
39.0 
39.0 
39.0 
50.0 
47.0 
40.0 
41.0 
44.0 
45.0 
73.0 
70.0 
68.0 
68.0 
67.0 
79.0 
78.0 
76.0 
75.0 
14.0 
85.0 

275.8 
277.8 
280.2 
283.2 
285.1 
287.2 
274.6 
276.9 
279.1 
281.6 
284.0 
286.1 
287.4 
273.8 
279.4 
283.4 
285.2 
287.6 
213.7 
276.9 
280.7 
283.1 
285.1 
287.4 
275.6 
278.5 
280.9 
281.8 
285.1 
287.4 
274.6 
276.4 
278.2 
280.2 
282.0 
273.7 
275.9 
277.8 
279.6 
281.6 
282.7 

3.10 
3.83 
4.91 
6.80 
8.40 

10.76 
2.59 
3.24 
4.18 
5.38 
7.17 
9.24 

10.95 
2.12 
3.96 
6.23 
7.75 

10.44 
1.81 
2.63 
4.03 
5.43 
6.94 
9.78 
1.99 
2.98 
4.14 
4.47 
6.84 
9.59 
1.66 
2.08 
2.58 
3.28 
4.12 
1.45 
1.88 
2.37 
2.97 
3.79 
4.37 

3.07 
3.18 
4.85 
6.80 
8.53 

10.99 
2.61 
3.29 
4.13 
5.43 
7.19 
9.37 

10.98 
2.17 
3.95 
6.27 
7.88 

10.49 
1.82 
2.58 
4.03 
5.44 
1.02 
9.54 
2.12 
2.98 
4.13 
4.57 
6.85 
9.30 
1.65 
2.05 
2.56 
3.28 
4.14 
1.44 
1.86 
2.35 
2.95 
3.84 
4.32 

-0.9 
-1.4 
-1.1 
0.0 
1.5 
2.1 
0.8 
1.5 

-1.3 
1.0 
0.3 
1.4 
0.3 
2.6 

-0.3 
0.7 
1.7 
0.5 
0.7 

-1.9 
0.0 
0.1 
1.1 

-2.5 
6.4 
0.0 

-0.3 
2.3 
0.2 

-3.0 
-0.9 
-1.5 
-0.8 
-0.1 
0.5 

-0.5 
-1.1 
-0.7 
-0.6 

1.2 
-1.2 

average absolute u,(P) = 1.1 

Balla-Achs show disagreement with those of other investiga- 
tions, almost in the entire range of temperatures. The methane 
used by Berecz and Balk-Achs was of 98.0% purity, compared 
to the 99.0% purity of that used by Unruh and Katz and the 
99.9% purity of that used in this work. 

Carbon dioxide concentrations in the carbon dioxide-methane 
binary mixtures were varied between 0 and 100 % , as shown 
in Table 111. Since each data point differed in concentration, 
a polynomial was fit to the data and used to draw constant 
carbon dioxide concentration lines, as shown in Figure 4. The 
fit equation is 

In (P,,/MPa) = 
A + 5(T/K)-' -t Cy + D(T/K)-? + €y(T/K)-' + Fy2 

where P- = calculated pressure, T = temperature, y = mole 
percent of carbon dioxide in the vapor phase (water-free basis), 
and the values for the constants are A = 175.3, B = -89 009, 
C = 0.07392, D = 1.1307 X lo', E = -23.392, and F = 
3.9566 X lo-'. In Figure 4, lines of L-V-4, (water-rich liquid, 
vapor, and hydrate-former-rich liquid, respectively) were ap- 
proximated by using the EWI-PHASE program (70), based upon 
the Peng-Robinson equation of state. The experimental data 
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point, the calculated value from the fit, and the deviation of each 
data point are given in Tables I and I1 for pure components 
and Table I11 for mixtures. The average absolute deviation of 
the fit for pure components and mixtures is 1.3 % . The error 
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bounds of the smoothed data are wlthin this average deviation. 
The experimental data were crossplotted to obtain equilib- 

rium isotherms, as shown in Figure 5. The cross plot of the 
data of this work did not show maximum and minimum pres- 
sures, as reported by Berecz and Bak-Achs. The cross-plotted 
data reported by Unruh and Katz compare well to the data of 
this work up to 281 K. At temperatures above 283 K, there 
are significant discrepancies in the isotherms. We note that 
Unruh and Katz had only 5 data points compared to our 14 data 
points above 283 K. 

There may be several reasons to describe the discrepancies 
reported by Berecz and Balia-Achs. They did not report the 
exact procedures they used to measure carbon dioxide con- 
centrations. Apparently, they reported concentrations at loading 
(before hydrate formation) and they did not measure the vapor 
composition at the equilibria. I f  that is the case, the concen- 
tration differences due to carbon dioxide solubility may have 
been neglected. Discrepancies may also have occurred due 
to the impurities they had either in theii carbon d b x b  or in their 
methane. I t  may be noted that the impurities become very 
significant if they are hydrate-formers. 

Concldons 

Hydrate equliibrium data of carbon dioxide and methane bi- 
nary mixtures are presented and compared to the previous data 
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published in the literature. The data reported by Unvh end Katz 
compare well to those of this work up to 281 K, although they 
had calculated the carbon dioxide concentration in the vapor 
phase. This work does not show unusual hydrate phenomena 
as reported by Berecz and Balk-Achs, whose p u r e c m p o "  
impurities may have caused the discrepancies. 
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Physical Properties of Aqueous AMP Solutions 

Shuo Xu, Frederlck D. Otto, and Alan E. Mather' 
Department of Chemical Engineering, University of Alberta, Edmonton, Alberta, Canada T6G 2G6 

The solubllity and dtffuslvity of N20 In 2 and 3 Y AMP 
(2-amlno-2methyl-l-propanol) solutlom were measured 
and correlated with temperature. The N20 analogy was 
used to estlmate the solubility and dlffuslvity of COP in 
AMP solutions. The density of aqueous AMP solutions 
was determined over a wlde range of temperatures and 
composltlonr. The viscosity of 2 and 3 M AMP solutlons 
was measured over the temperature range 23-77 'C. 

1, Introduction 

There are many advantages in the use of aqueous AMP 
(2-amino-2-methyCl-propanol) solutions for the removal of the 
acid gas compounds H2S and C02 from various types of gases 
( 7 ,  2) .  For the determination of reaction kinetics and in the 
design of suitable gas-liquid absorbers, it is necessary to use 
the physicochemical properties of aqueous AMP solutions, such 
as the density and viscosity of the solutions, as well as the 
solubility and dlffusivity of the acid gas in the solutions. The 
literature data are insufficient or unavailable, and it is necessary 
to determine these physicochemical properties of AMP solu- 
tions. 

Due to the chemlcal reaction that occurs in the soiutlon when 
it mixes with the acid gas, it is impossible to obtain these 
transfer properties directly. In  view of the similarities with 
regard to configuration, molecular volume, and electronlc 
structure, N20 is often used as a nonreacting gas to estimate 
the properties of COP. It has been proved that "N20 analogy" 
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may be applied to estimate the solubility of COP in aqueous 
alkanolamlne solutions according to the following equation (3, 
5): 

(1) (solubility of COP) = C,(solubiiity of N20) 

with 

(solubility of C02 in water) 

(solubility of N20 in water) c ,  = (2) 

The estimation of the diffusMty of COP in alkandemine sdutions 
may be done in different ways. Sada et al. (6) and Haimour 
and Sandail (7) consklered that the N20 analogy can be used 
to estimate the diffusivity of COP. D i z  et at. (4) proved this 
analogy by using aqueous alcohol sdutkns. However, Vmteeg 
et al. ( 8 )  thought that the analogue was not a general relation 
and suggested a modified Stokes-Einstein relation to calculate 
the diffusivity of COP: 

(DN10qo.8)am = constant = (D,20qo~8)wrlr (3) 

For convenience, Versteeg et al. (8)  correlated the data of 
solubility and diffusivity of N20 and C02 In water based on thek 
own and other experimental results. These correlations are as 
follows: 

(4) HN@ = 8.55 X 10' exp(-2284/T) 

(5) 

(6) 

(7) 

Hcoz = 2.82 X 10' exp(-2044/ T )  

DNzO = 5.07 X lo-' exp(-237l/T) 

Dco2 = 2.35 X loa exp(-2119/T) 
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