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Abstract — In this work, the performance of various promoters was investigated used in CO, separation from the gases
emitted from steel-making process using gas hydrate technology. The studied promoters are tetrahydrofuran (THF), pro-
pylene oxide and 1,4-dioxane, which are all expected to form a structure II hydrate, and the target gases include CO,/N,
mixed gases (CO,/N, =20/80 and 40/60) and Blast Furnace Gas (BFG). The phase equilibrium points were measured when
each promoter was added with various concentrations. For fast acquisition of abundant data, the “continuous” Quartz
crystal microbalance (QCM) method was employed. In addition, the crystal structure of each gas hydrate was analyzed
by Powder X-ray diffraction (PXRD).
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Table 1. Chemical compositions of BFG model gas

Composition CO, (€[0) H, N,
Proportion (%) 20 23.8 35 52.7
BFG RH 7} GfolvalolA Frfslelom, 2432 Table 191
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Fig. 1. Hydrate phase equilibria of CO,, N, gas and BFG model gas.
Gas hydrate dissociation pressure for {7, N, + water system
[44]; @, BFG model gas + water system; and /\, CO, + water
system [45].

Table 2. Phase equilibria of BFG model gas without promoter

BFG model gas
T/K P/bar
271.45 53.30
272.35 58.78
273.78 67.04
274.95 74.57
275.85 84.90
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Fig. 2. Synchrotron PXRD patterns of mixed gas hydrates. Diffraction
peaks for cubic structure I hydrate are denoted with dashed
lines by their Miller indices, and asterisks indicate the peak
positions for the ice phase. All diffraction peak intensities
were normalized to the (321) peak in order to compare their
relative intensities.
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Fig. 3. Effect of promoters on the hydrate phase equilibria of CO,/N,
(20/80) mixed gas. Gas hydrate dissociation pressure for gray
line, CO,/N, (20/80) mixed gas + water using CSM Gem (w/
o promoter); A, CO,/N, (20/80) mixed gas + 5.6 mol% 1,4-
dioxane solution; V¥, (20/80) mixed gas + 5.6 mol% propylene
oxide solution; and @, BFG model gas + 5.6 mol% THF solu-
tion system.
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Table 3. Phase equilibria of CO,/N, (20/80) mixed gas with 5.6 mol%
solution of various promoters

Gas CO,/N, (20/80) mixed gas
Promoter THF Propylene oxide 1.,4-dioxane
T/K P/bar T/K P/bar T/K P/bar
28205 875 27575 17.61 276.65 30.00
28355 1237 277.05 2416 279.65 50.90
28445 16.62 27855 33.00 280.65 60.30
5.6 mol% 28545 2140 27955 4219 27795 3930
28645 26.07 280.15 50.13 27455 2095
28735 31.38
28835  36.40
289.15 4236
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Fig. 4. PXRD patterns of the CO,/N, (20/80) mixed gas + 5.6 mol%
promoters, Diffraction peaks for cubic structure I hydrate
are denoted with blue dashed lines by their Miller indices,
diffraction peaks for cubic structure II hydrate, are denoted
with orange dashed lines, and asterisks indicate the peak posi-
tions for the ice phase. All diffraction peak intensities, which
indicate structure I, were normalized to the (321) peak, and
others, which indicate structure II, were normalized to the
(531) peak in order to compare their relative intensities.
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Fig. 5. Effect of promoters on the hydrate phase equilibria of CO,/
N, (40/60) mixed gas. Gas hydrate dissociation pressure for
H, CO,/N, (40/60) mixed gas + water using CSM Gem (w/o
promoter); A, CO,/N, (40/60) mixed gas + 5.6 mol% 1,4-
dioxane solution; ¥, CO,/N, (40/60) mixed gas + 5.6 mol%
propylene oxide solution; and @, CO,/N, (40/60) mixed gas
+ 5.6 mol% THEF solution system.
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Table 4. Phase equilibria of CO,/N, (40/60) mixed gas with 5.6 mol%
solution of various promoters

B 717k 7R slo|=gol B @A) viAE FX1A|10 9F 107

Table 5. Phase equilibria of BFG model gas with 5.6 mol% solution
of various promoters

Gas CO,/N, (40/60) mixed gas

Gas BFG model gas

Promoter THF Propylene oxide 1,4-dioxane

Promoter THF Propylene oxide 1,4-dioxane

T/K P/bar T/K P/bar T/K P/bar

T/K P/bar T/K P/bar T/K P/bar

282.95 880  276.75 1771 27595  20.76

28455 1341 27805 2421 27775 2742

28585 17.69 27945 3476 27895 34.90
5.6mol% 286.85 2195 280.15 4295 27985 4131

288.15  28.17 28095 53.15 280.85  51.00

289.05 3345

290.05  39.56
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Fig. 6. Effect of promoters on the hydrate phase equilibria of BFG
model gas. Gas hydrate dissociation pressure for |71, BFG model
gas + water (w/o promoter); A, BFG model gas + 5.6 mol%
1,4-dioxane solution; W, BFG model gas + 5.6 mol% propylene
oxide solution; and @, BFG model gas + 5.6 mol% THF solu-
tion system.
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Fig. 7. PXRD patterns of the BFG model gas + 5.6 mol% promoters,
Diffraction peaks for cubic structure I hydrate are denoted
with blue dashed lines by their Miller indices, diffraction peaks
for cubic structure II hydrate are denoted with orange dashed
lines, and asterisks indicate the peak positions for the ice phase.
All diffraction peak intensities, which indicate structure I,
were normalized to the (321) peak, and others, which indi-
cate structure II, were normalized to the (531) peak in order
to compare their relative intensities.
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Fig. 8. Effect of the amount of THF on the hydrate phase equilib-
ria of BFG model gas.
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Fig. 9. PXRD patterns of the BFG model gas + THF promoter, Diffrac-
tion peaks for cubic structure I hydrate are denoted with blue
dashed lines by their Miller indices, diffraction peaks for cubic
structure II hydrate are denoted with orange dashed lines,
and asterisks indicate the peak positions for the ice phase. All
diffraction peak intensities were normalized to peak which
was showed maximum intensity in order to compare their
relative intensities.
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Table 6. Phase equilibria of BFG model gas with various concentration of THF solution
Gas BFG model gas
Concentration pure 1 mol% 3 mol% 5.6 mol%
T/K P/bar T/K P/bar T/K P/bar T/K P/bar
27145 53.30 282.85 10.43 274.95 15.50 272.15 15.08
272.35 58.78 283.35 12.11 275.95 20.67 276.55 31.86
273.78 67.04 283.95 14.20 276.95 24.53 277.95 39.44
THF 274.95 74.57 284.55 16.41 277.85 29.64 279.65 49.74
275.85 84.90 285.25 18.59 278.85 3535 280.65 61.41
285.75 20.36
286.35 23.08
286.95 25.92
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