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Gas—Liquid Equilibrium Data for Sulfur Dioxide + Nitrogen in Diethylene
Glycol + Water at 298.15 K and 123.15 kPa

Jianbin Zhang,*™* Guohua Chen," Pengyan Zhang,® Fang Han," Jinfei Wang,® and Xionghui Wei**

College of Chemica Engineering, Inner Mongolia University of Technology, Huhhot 010051, China, Department of Applied
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Isothermal gas—liquid equilibrium (GLE) data have been measured for the system diethylene glycol (DEG)
(1) + water (2) + SO, (3) + N2 (4) at 298.15 K and 123.15 kPa and SO, partial pressures in the range of
(0.7 to 100) Pa. Measurements were carried out by a saturation method using a glass absorption apparatus,
which was controlled at constant temperatures by a thermostatic circulation bath with a Beckmann
thermometer. The GLE compositions were obtained with relative uncertainties within + 0.6 % for SO,
concentration in the liquid phase and + 3.5 % for SO, mole fraction in the gas phase. The measurement
showed that the system DEG (1) + water (2) in the mass fraction range of w; = (0.60 to 1.00) decreased
the solubility of SO, and the system DEG (1) + water (2) in the mass fraction range of w; = (0.00 to 0.60)
increased the solubility of SO,. Compared with our previous work (Zhang, J. B.; Wei, X. H.; et a. J. Chem.
Eng. Data 2008, 53, 2372—2374; Zhang, J. B.; Wei, X. H.; et a. J. Chem. Eng. Data 2009, DOI: 10.021/
j€900392¢), the solubility of SO, in pure DEG is 259 mg-L ~* when SO, volume fraction in the gas phase
is @3 = 51074, which is higher than in pure ethylene glycol (EG, 128 mg-L ') and lower than in pure
poly(ethylene glycol) 400 (PEG 400, 1330 mg-L1). The results of thiswork can be used to provide important
GLE data for the design and operation of the absorption and desorption process in flue gas desulfurization

(FGD) with potential industrial application of various PEG aqueous solutions.

I ntroduction

Natural resources are limited, and so coa with high sulfur
content is commonly the most important consumption resource.
The combustion of coal, due to its high sulfur content,> means
it is necessary to dedicate particular attention to eliminating the
resulting emission of sulfur dioxide (SO,). Emissions of SO,
into the atmosphere have steadily increased with industria
development. SO, is an important atmospheric pollutant, and
therefore, it is severe in environmental protection. Among the
many procedures employed to desulfurize exhaust gases, organic
solvents used as absorbents have been identified as an option
among the regenerative processes®® because regeneration can
be done by pressure reduction, by temperature increase, and by
use of acarrier gas. Of the numerous organic solvents, alcohols
show favorable absorption and desorption capabilities for acid
gasesin industrial processes;” therefore, our research group has
paid great attention to the alcohol + water system for SO,
removal for several years.® 2

Diethylene glycol (DEG) is a promising medium for flue gas
desulfurization (FGD) processes because of its absorption
capacity to acidic gases, its low-to-moderate vapor pressure for
temperatures below 373 K, and its low toxicity. Thiswork was
mainly focused on providing gas—liquid equilibrium (GLE) data
for SO, + N, mixtures with various DEG + water solutions at
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298.15 K and 123.15 kPato develop the various poly(ethylene
glycal) (PEG) aqueous solutions and present the GLE data.

Experimental Section

Materials. The SO, gas (99.9 %) and pure N, gas (> 99.9
%), purchased from the Beijing Gas Center, Peking University
(China), were employed to determine the GLE data for DEG
+ water with SO, in this work. The analytical grade DEG was
purchased from Beijing Reagent Company. It was used after
drying over molecular sieves (type 4A) and decompression
filtration before measurements. The purity of the sample was
checked by density determination at 298.15 K. The density of
DEG at 298.15 K was found to be 1.1132 g-cm™3, in good
agreement with the literatures.*>** Bidistilled water was used
in this work.

Apparatus and Procedure. The apparatus used in this work
was based on a dynamic analytic method and is reported in our
previous work.™ The concentrations of SO, in the gas phase
were determined by a gas chromatograph (GC) ona2 m x 3.2
mm Porapak Q packed column using an Agilent 6890N gas
chromatograph and an FPD detector linked to an HP6890
workstation. In all cases, the injections were repeated at least
seven times, and the average values were reported. To calibrate
the GC FPD detector, the external standard method was used.
The sulfur(IV) composition in the liquid phase (Csoz, mg-L™%)
was determined according to ref 15. The overal relative
uncertainty in the determination of the sulfur(1V) composition
was estimated to be + 0.6 %. Experiments were carried out
at 298.15 K, kept at a constant temperature using CS 501
thermostatted bath with a Beckmann thermometer purchased
from Huanghua Meter Factory (Hebei province, China) with
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Table 1. GLE for DEG (1) + H;0 (2) + SO (3) + N, (4) at 298.15
K and 123.15 kPa?

C3 P3 C3 P3

100w, 10°®; mg-L* Pa 100w, 10°d; mg:-L* Pa

0.00 6.40 61.8 0.78 69.95 198 27.3 239
0.00 25.6 70.3 314 69.95 232 34.7 28.2
0.00 53.8 77.6 6.59 69.95 274 46.5 81.8
0.00 79.1 84.9 9.70 69.95 287 82.1 34.9
0.00 137 94.6 168 69.95 356 104 43.2
0.00 234 115 286 69.95 476 118 57.6
0.00 381 153 46.7 69.95 588 147 710
0.00 502 176 615 69.95 673 192 813
0.00 580 200 712  69.95 722 233 87.4
0.00 627 219 76.9 69.95 783 276 94.9
20.02 231 31.3 284 7997 34.9 3.28 4.23
20.02 70.1 435 8.63 79.97 49.7 4.02 6.02
20.02 111 50.1 13.7  79.97 70.9 18.1 8.59
20.02 149 63.2 183 79.97 96.1 21.8 11.6
20.02 198 83 234 79.97 176 39.1 213
20.02 285 121 351 79.97 227 53.9 27.6
20.02 337 138 415 79.97 289 59.9 35.0
20.02 451 149 555 79.97 389 R4 472
20.02 534 159 658 79.97 423 119 52.1
20.02 603 198 743 79.97 604 197 84.7
39.95 54.8 151 6.66 79.97 659 200 79.8
39.95 96.8 25.8 11.8 89.99 591 410 072
39.95 117 34.7 141 89.99 16.1 435 1.98
39.95 186 45.0 225 89.99 33.8 544 415
39.95 278 53.9 33.6 89.99 72.0 62.8 8.84
39.95 404 82.1 49.0 89.99 118 725 145
39.95 423 103 51.4 89.99 155 81.0 191
39.95 493 124 59.7 89.99 198 96.8 24.3
39.95 560 161 67.9 89.99 232 111 284
39.95 677 230 82.1 89.99 338 137 41.4
39.95 812 319 98.3 89.99 458 170 56.2
59.98 26.1 5.50 318 89.99 545 212 66.7
59.98 42.7 155 518 89.99 558 225 68.3
59.98 56.8 21.8 6.92 100.00 139 39.1 171
59.98 69.2 33.6 839 100.00 358 61.7 4.41
59.98 130 43.6 157 10000 705 67.3 8.68
59.98 181 49.5 22.0 100.00 106 72.1 13.0
59.98 247 56.9 30.2 100.00 157 88.0 19.3
59.98 323 63.3 39.1 100.00 223 97.3 275
59.98 400 85.0 484 100.00 289 121 35.6
59.98 586 155 70.8 100.00 329 151 40.5
59.98 628 196 76.1 100.00 414 180 51.0
59.98 641 206 775 100.00 450 220 55.4
59.98 747 235 90.5 100.00 513 269 61.2
69.95 24.1 2.74 291 100.00 612 306 75.4
69.95 79.8 3.65 9.66 100.00 689 338 84.9
69.95 130 8.05 15.7

2w, denotes the mass fraction of DEG in DEG + water system; @3
denotes the volume fraction of SO, in the gas phase; C; denotes the
sulfur(1V) composition in the liquid phase; and p; denotes the partial
pressure of SO; in the gas phase.

an uncertainty of + 0.02 K, and inspected using an accurate
thermometer purchased from Fugiang Meter Factory (Hebei
province, China) with an uncertainty of &+ 0.02 K. The total
pressure of 123.15 kPa was inspected by a pressure gauge
purchased from Fugiang Meter Factory (Hebei province,
China) with an uncertainty of + 0.133 kPa and estimated to
be + 0.11 %.

Results and Discussion

GLE Data for DEG + Water with Dilute SO,. A series of
GLE experiments for DEG (1) + HO (2) + SO, (3) + N, (4)
were performed at 298.15 K and 123.15 kPa, and the GLE data
arelisted in Table 1. In this table, the mass fraction of DEG in
DEG + water (w;) was used in the actual operation, and DEG
and water were weighed using a Sartorius BS224S balance with
a precision of £+ 0.0001 g to present accurate factual mass
fraction of DEG. The GLE data were obtained with relative
uncertainties within 4 0.6 % for SO, concentration in the liquid
phase and + 3.5 % for SO, concentration in the gas phase.
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Figure 1. GLE curves for DEG (1) + H20 (2) + SO, (3) + N2 (4): O, wy

=0; O,w; = 0.20; A, w; = 0.40; O, w, = 0.60; +, wy = 0.70; x, wy =
0.80; a, w; = 0.90; v, wy; = 1.00.
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Figure 2. Solubility of SO, in DEG + water when the SO, concentration
in the gas phase is designed at ®3 = 5104

In Table 1, @3 denotes the volume fraction of SO, in the gas
phase as ¢3 ~ (Vso)/(Vso, + Vo + Wn, + Voes) = (Vso,)/
(V), and Vg, and Viuy denote respectively the partial volume
of SO, in the gas phase and the total volume of the GLE system.
C; denotes the concentration of SO, in the liquid phase.

The GLE curves of DEG + water for SO, absorption at
298.15 K and 123.15 kPa are plotted in Figure 1, and SO, partial
pressure is in the range of (0.7 to 100) Pa. Solubilities of SO,
in DEG + water when the SO, volume fraction in the gas phase
is designed at ®; = 5-10~* are shown in Figure 2.

Figures 1 and 2 show that the addition of H,O into DEG
decreased the solubilities of SO, in DEG; meanwhile, w; = 0.60
exhibits an extreme minimum value to dissolve SO,, and the
solubility is 122 mg-L~* when SO; in the gas phase is designed
at @3 = 5-10"*. In the entire composition range, the pure DEG
shows the strongest capabilities to dissolve SO,, and the
solubility is 259 mg-L~* when SO, concentration in the gas
phase is designed at ®; = 5:107%. The above results may be
related to the excess properties of agueous DEG solutions™®
because the extreme minimum solubility value of SO, in DEG
+ water presents in between w; = 0.60 and w; = 0.70 DEG +
water, and the maximum excess volume of DEG + water
presents in the same range.*® In addition, the results may be
related to the hydrogen bonding and interactions among DEG,
H,0, and SO,, and the similar hydrogen bonding and interac-
tions among ethylene glycol (EG), H,O, and SO, had been
published in our previous work.*"*® Compared with our previous
work,*9 the solubility of SO, in pure DEG is 259 mg-L !
when SO, volume fraction in the gas phase is designed at @3
= 5-1074, which is stronger than in pure ethylene glycol (EG)
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(128 mg-L™1) and is lower than in pure PEG 400 (1330
mg-L~1). The result gives usimportant information to optimize
the composition of DEG + water for the SO, absorption
processes.

Conclusion

This paper presents the results of fundamental investigations
on isothermal GLE data of various aqueous DEG solutions with
SO,, which were determined as a function of composition at
298.15 K and 123.15 kPa. The GLE data show that when w; =
0.60 DEG + water presents the extreme minimum value
solubility of 122 mg-L ™! to SO, when the SO, concentration
in the gas phase was set at ®; = 5-107%, and the solubility of
SO, in pure DEG is 259 mg-L™' at the same gas-phase
composition. Meanwhile, the results show that the system DEG
(1) + water (2) in the mass fraction range of w; = (0.60 to
1.00) decreased the solubility of SO,, and the system DEG (1)
+ water (2) in the mass fraction range of w; = (0.00 to 0.60)
increased the solubility of SO,.

Acknowledgment

Thanks to Prof. H. Gao and Prof. W. Hua (Peking University,
China) for their suggestions on the GLE researching processes.

Literature Cited

(1) Siddigi, M. A.; Krissmann, J.; Peters-Gerth, P.; Luckas, M.; Lucas,
K. Spectrophotometric measurement of the vapour-liquid equilibria
of (sulphur dioxide + water). J. Chem. Thermodyn. 1996, 28, 685—
700.

(2) Esteve, X.; Conesa, A.; Coronas, A. Liquid Densities, Kinematic
Viscosities, and Heat Capacities of Some Alkylene Glycol Dialkyl
Ethers. J. Chem. Eng. Data 2003, 48, 392—397.

(3) Ku, H. C.; Tu, C. H. Densities and Viscosities of Seven Glycol Ethers
from 299.15 to 343.15 K. J. Chem. Eng. Data 2000, 45, 391-394.

(4) valtz, A.; Coquelet, C.; Richon, D. Vapor-Liquid Equilibrium Data
for the Sulfur Dioxide (SO,) + 1,1,1,2,3,3,3-Heptafluoropropane
(R227ea) System at Temperatures from 288.07 to 403.19 K and
Pressures up to 5.38 MPa Representation of the Critical Point and
Azeotrope Temperature Dependence. Fluid Phase Equilib. 2004, 220,
77-83.

(5) Nagel, D.; de Kermadec, R.; Lintz, H. G.; Roizard, C.; Lapicque, F.
Absorption of Sulfur Dioxide in N-formylmorpholine: Investigations
of the Kinetics of the Liquid Phase Reaction. Chem. Eng. Sci. 2002,
57, 4883-4893.

(6) De Kermadec, R.; Lapicque, F.; Roizard, D.; Roizard, C. Characteriza-
tion of the SO,-N-Formylmorpholine Complex: Application to A

Regenerative Process for Waste Gas Scrubbing. Ind. Eng. Chem. Res.
2002, 41, 153-163.

(7) Schubert, C. N.; Echter, W. |. The Method of Polymer Ethylene Glycol
for Removal Pollution from Gases. China Patent 1364096A, 2002.

(8) Li, X. X.; Liu, Y. X.; Wei, X. H. Hydrolysis of Carbonyl Sulfide in
Binary Mixture of Diethylene Glycol Diethyl Ether and Water. Chin.
J. Chem. Eng. 2005, 13 (2), 234-238.

(9) Wel, X. H. Desulfurization & Decarburization Solution Activities.
China Patent 02130605, 2002.

(10) Wei, X. H.; Zhang, J. B.; Zhang, P. Y.; Zhang, L. W.; Li, X. B.;
Wan, M. J. Removal of SOx from Flue Gas by Ethylene Glycol. China
Patent 101053746, 2007.

(11) Zhang, J. B.; Zhang, P. Y.; Chen, G. H.; Han, F.; Wei, X. H. Gas-
Liquid Equilibrium Data for the Mixture Gas of Sulfur Dioxide/
Nitrogen with Ethylene Glycol at Temperatures from (298.15 to
313.15) K under Low Pressures. J. Chem. Eng. Data 2008, 53, 1479—
1485.

(12) Zhang, J. B.; Zhang, P. Y.; Han, F.; Chen, G. H.; Deng, R. H.; Wei,
X. H. Gas-Liquid Equilibrium Data for a Mixture Gas of Sulfur
Dioxide + Nitrogen with Ethylene Glycol Aqueous Solutions at 298.15
K and 123.15 kPa. J. Chem. Eng. Data 2008, 53, 2372-2374.

(13) Cwilinska, A.; Klimczak, M.; Kinart, W. J. J.; Kinart, C. M. Excess
molar volumes and deviations of the relative permittivity of the binary
mixtures of 2-propoxyethanol with diethylene, triethylene, and tetra-
ethylene glycols at various temperatures. J. Chem. Themodyn. 2008,
40, 476-482.

(14) Chen, L. F.; Soriano, A. N.; Li, M. H. Vapour pressures and densities
of the mixed-solvent desiccants (glycols + water + salts). J. Chem.
Thermodyn. 2009, 41, 724—-730.

(15) Rodriguez-Sevilla, J.; Alvarez, M.; Limifiana, G.; Diaz, M. C. Dilute
SO, Absorption Equilibria in Aqueous HCl and NaCl Solutions at
298.15 K. J. Chem. Eng. Data 2002, 47, 1339-1345.

(16) Bernal-Garcia, J. M.; Guzman-Lopez, A.; Cabrales-Torres, A.; Rico-
Ramirez, V.; Iglesias-Silva, G. A. Supplementary Densities and
Viscosities of Aqueous Solutions of Diethylene Glycol from (183.15
to 353.15)K. J. Chem. Eng. Data 2008, 53, 1028-1031.

(17) Zhang, J. B.; Zhang, P. Y.; Han, F.; Chen, G. H.; Zhang, L. W.; Wel,
X. H. Hydrogen Bonding and Interaction in the Absorption Processes
of Sulfur Dioxide in Ethylene Glycol + Water Binary Desulfurization
System. Ind. Eng. Chem. Res. 2009, 48, 1287-1291.

(18) zZhang, J. B.; Zhang, P. Y.; Ma, K.; Han, F.; Chen, G. H.; Wei, X. H.
Hydrogen Bonding Interactions between Ethylene Glycol and Water:
Density, Excess Molar Volume, and Spectral Study. Sci. China, Ser.
B: Chem. 2008, 51 (5), 420-426.

(19) Zhang, J. B.; Han, F.; Zhang, P. Y.; Chen, G. H.; Wei, X. H. Gas-
Liquid Equilibrium Data for Mixture Gas of Sulfur Dioxide + Nitrogen
with Poly(Ethylene Glycol) Aqueous Solutions at 298.15 K and 122.61
kPa. J. Chem. Eng. Data 2009, DOI: 10.021/j€900392e.

Received for review July 24, 2009. Accepted October 5, 2009. This
work was financed by Yongfeng Boyuan Industry Co., Ltd. (Jiangxi
province, China).

JE900631Y



