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Abstract — For the removal of carbon dioxide from the chemical process, a chemical absorption method is typically
used industrially. Development of new processes for the removal of carbon dioxide by the chemical absorption
method has been developing new absorbents by using various absorbents. Thermodynamic data of the sorbent mix-
ture in the new process design using hybrid absorbent is essential to reduce the equipment cost and operating costs of
the process. In this study, densities of water+diisopropanolamine (DIPA), DIPA+MDEA (Methyldiethanolamine)
binary systems and Water+DIPA+MDEA ternary system were measured over the full range of composition at tem-
peratures from 303.15 K to 333.15 K by using an Anton Paar digital vibrating tube densimeter (DMA4500). The
experimental excess volumes have been obtained from the experimental density results and have been fitted using the
Redlich-Kister-Muggianu expression. The parameters obtained from the binary excess volume data were used for the
correlation of ternary system with one additional ternary parameter for each isotherm. All investigated binary and ter-
nary systems are completely miscible, because the values of excess volume are negative under the examined condi-
tions.
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Fig. 1. (a) Densities of Water (1) + DIPA (2) system, (b) Densities of DIPA (1) + MDEA (2) system, (c) Densities of Water (1) + (DIPA (2) + MDEA
(3) =3:7 weight fraction) system, (d) Densities of Water (1) + (DIPA (2) + MDEA (3) =5:5 weight fraction) system, (¢) Densities of
Water (1) + (DIPA (2) + MDEA (3) = 7:3 weight fraction) system.
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Table 2. Experimental Densities and Excess volumes of the Water (1) + DIPA (2) system

Density (g/cm’) Excess volume (cm>/mol)

1 303.15K, 313.15K, 323.15K, 333.15K, 303.15K, 313.15K, 323.15K 333.15K,
0.0000 0.9994 0.9919 0.9842 0.9763 0.0000 0.0000 0.0000 0.0000
0.1117 1.0018 0.9944 0.9868 0.9789 -0.3032 -0.3043 -0.3093 -0.3108
0.2087 1.0043 0.9969 0.9893 0.9814 -0.5437 -0.5440 -0.5480 -0.5468
0.3473 1.0083 1.0009 0.9933 0.9890 -0.8420 -0.8417 -0.8382 -0.8331
0.4503 1.0118 1.0045 0.9969 0.9890 -1.0221 -1.0175 -1.0077 -0.9973
0.5323 1.0156 1.0082 1.0005 0.9926 -1.1728 -1.1576 -1.1407 -1.1255
0.6486 1.0205 1.0130 1.0052 0.9971 -1.2407 -1.2085 -1.1820 -1.1557
0.7592 1.0259 1.0184 1.0106 1.0025 -1.2179 -1.1771 -1.1415 -1.1101
0.8313 1.0276 1.0202 1.0126 1.0046 -1.0675 -1.0266 -0.9890 -0.9571
0.9172 1.0217 1.0155 1.0089 1.0019 -0.6457 -0.6212 -0.6017 -0.5859
0.9672 1.0087 1.0043 0.9993 0.9936 -0.2472 -0.2454 -0.2446 -0.2458
1.0000 0.9957 0.9923 0.9881 0.9832 0.0000 0.0000 0.0000 0.0000

Table 3. Experimental Densities and Excess volumes of the DIPA (1) + MDEA (2) system
< Density (g/cm’) Excess volume (cm>/mol)
! 303.15K, 313.15K, 323.15K, 333.15K, 303.15K, 313.15K, 323.15K, 333.15K,
0.0000 1.0327 1.0253 1.0176 1.0099 0.0000 0.0000 0.0000 0.0000
0.0900 1.0302 1.0226 1.0150 1.0073 -0.1008 -0.0826 -0.0919 -0.0942
0.1823 1.0267 1.0192 1.0115 1.0038 -0.0971 -0.0831 -0.0924 -0.0956
0.2774 1.0232 1.0157 1.0080 1.0003 -0.0890 -0.0768 -0.0847 -0.0912
0.3740 1.0197 1.0122 1.0046 0.9969 -0.0786 -0.0683 -0.0772 -0.0857
0.5735 1.0129 1.0055 0.9978 0.9901 -0.0642 -0.0628 -0.0701 -0.0778
0.6758 1.0096 1.0021 0.9945 0.9867 -0.0533 -0.0552 -0.0609 -0.0667
0.7818 1.0062 0.9988 0.9911 0.9833 -0.0464 -0.0518 -0.0573 -0.0610
0.8902 1.0027 0.9953 0.9876 0.9798 -0.0162 -0.0222 -0.0229 -0.0309
1.0000 0.9994 0.9919 0.9842 0.9763 0.0000 0.0000 0.0000 0.0000
Table 4. Experimental Densities and Excess volumes of Water (1) + (DIPA (2) + MDEA (3) = 3:7 weight fraction) system
< N Density (g/cm?) Excess volume (cm’/mol)

! 2 303.15K, 313.15K, 323.15K, 333.15K, 303.15K, 313.15K, 323.15K, 333.15K,
0.0000 0.2772 1.0158 1.0082 1.0005 1.0234 -0.0985 -0.0844 -0.0897 -0.0975
0.1048 0.2481 1.0181 1.0105 1.0028 1.0257 -0.3849 -0.3689 -0.3714 -0.3750
0.1896 0.2246 1.0200 1.0124 1.0046 1.0276 -0.5825 -0.5644 -0.5631 -0.5607
0.3261 0.1868 1.0237 1.0160 1.0082 1.0312 -0.8839 -0.8637 -0.8553 -0.8448
0.4296 0.1581 1.0269 1.0192 1.0113 1.0345 -1.0864 -1.0583 -1.0417 -1.0239
0.5107 0.1356 1.0296 1.0218 1.0139 1.0372 -1.2018 -1.1696 -1.1467 -1.1238
0.6048 0.1095 1.0327 1.0249 1.0169 1.0403 -1.2825 -1.2454 -1.2164 -1.1873
0.6761 0.0898 1.0347 1.0268 1.0188 1.0423 -1.2847 -1.2439 -1.2114 -1.1793
0.7597 0.0666 1.0356 1.0278 1.0199 1.0431 -1.1929 -1.1520 -1.1170 -1.0853
0.8487 0.0419 1.0322 1.0249 1.0174 1.0391 -0.9318 -0.8984 -0.8711 -0.8454
0.9220 0.0216 1.0210 1.0149 1.0084 1.0267 -0.5415 -0.5267 -0.5146 -0.5035
1.0000 0.0000 0.9957 0.9923 0.9881 0.9832 0.0000 0.0000 0.0000 0.0000

Table 5. Experimental Densities and Excess volumes of Water (1) + (DIPA (2) + MDEA (3) = 5:5 weight fraction) system

< N Density (g/cm”) Excess volume (cm®/mol)

! 2 303.15K, 313.15K, 323.15K, 333.15K, 303.15K, 313.15K, 323.15K, 333.15K,
0.0000 0.4722 1.0162 1.0087 1.0011 0.9933 -0.0384 -0.0254 -0.0325 -0.0413
0.1089 0.4208 1.0185 1.0110 1.0034 0.9956 -0.3241 -0.3121 -0.3170 -0.3223
0.1925 0.3813 1.0205 1.0131 1.0054 0.9977 -0.5418 -0.5266 -0.5289 -0.5291
0.3353 0.3139 1.0246 1.0171 1.0094 1.0016 -0.8712 -0.8509 -0.8444 -0.8368
0.4357 0.2664 1.0278 1.0203 1.0126 1.0048 -1.0591 -1.0339 -1.0226 -1.0094
0.5202 0.2266 1.0310 1.0234 1.0157 1.0077 -1.1932 -1.1622 -1.1418 -1.1209
0.6110 0.1837 1.0343 1.0268 1.0190 1.0110 -1.2734 -1.2362 -1.2094 -1.1824
0.6801 0.1511 1.0367 1.0291 1.0212 1.0132 -1.2809 -1.2398 -1.2078 -1.1759
0.7638 0.1115 1.0383 1.0308 1.0231 1.0151 -1.1990 -1.1565 -1.1223 -1.0889
0.8505 0.0706 1.0357 1.0287 1.0214 1.0138 -0.9503 -0.9146 -0.8854 -0.8583
0.9235 0.0361 1.0249 1.0189 1.0127 1.0061 -0.5595 -0.5360 -0.5235 -0.5113
1.0000 0.0000 0.9957 0.9923 0.9881 0.9832 0.0000 0.0000 0.0000 0.0000
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Fig. 2. (a) Excess volumes of Water (1) + DIPA (2) system, (b) Excess volumes of DIPA (1) + MDEA (2) system, (c) Excess volumes of Water
(1) + (DIPA (2) + MDEA (3) = 3:7 weight fraction) system, (d) Excess volumes of Water (1) + (DIPA (2) + MDEA (3) = 5:5 weight frac-
tion) system, (e) Excess volumes of Water (1) + (DIPA (2) + MDEA (3) = 7:3 weight fraction) system.
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Table 6. Experimental Densities and Excess volumes of Water (1) + (DIPA (2) + MDEA (3) =7:3 weight fraction) system

Density (g/cm?) Excess volume (cm’/mol)

X1 %2 303.15K,  313.15K,  323.15K,  333.15K,  303.15K,  313.15K,  323.15K,  333.15K,
0.0000 0.6761 1.0091 1.0018 0.9942 0.9865 0.0194 0.0120 0.0000 20.0179
0.1068 0.6039 1.0115 1.0043 0.9968 0.9891 -0.2774 -0.2900 03138 -03302
0.1977 0.5425 1.0138 1.0064 0.9989 0.9913 -0.5185 -0.5139 -0.5308 -0.5440
03516 0.4384 1.0181 1.0107 1.0031 0.9954 -0.8566 -0.8403 -0.8396 -0.8410
0.4460 0.3746 1.0213 1.0139 1.0062 0.9985 -1.0333 -1.0116 -1.0031 -0.9977
0.5224 0.3229 10243 1.0168 1.0092 1.0013 -1.1565 -1.1281 -1.1145 -1.0998
0.6136 0.2613 10283 10208 1.0131 1.0051 -1.2629 12283 -1.2056 -1.1841
0.6840 02136 1.0311 1.0236 1.0158 1.0078 -1.2787 -1.2399 12109 -1.1832
0.7676 0.1571 10335 1.0261 1.0183 1.0103 -1.2038 -1.1614 -1.1276 -1.0950
0.8529 0.0995 10324 1.0253 1.0179 1.0102 -0.9670 -0.9296 -0.8987 -0.8700
0.9244 0.0511 10230 1.0172 1.0109 1.0042 -0.5750 -0.5567 -0.5424 -0.5287
1.0000 0.0000 0.9957 0.9923 0.9881 0.9832 0.0000 0.0000 0.0000 0.0000

Table 7. Redlich-Kister-Muggianu Model Parameters for binary systems
Temp. (K) Ay A, A A A, A *SD
303.15 43653 2.6222 27592 2.6384 1.0699 24317 0.0218
Watir(l) 313.15 43236 23558 -2.4450 -2.8693 0.8388 2.6423 0.0196
DIPAQ) 323.15 42716 22185 22571 25289 0.6749 22523 0.0178
333.15 42314 22135 -1.9774 17775 0.3959 1.4282 0.0154
303.15 47102 23386 213408 207148 0.1122 24157 0.0020

Water(1) 313.15 45657 22441 -12351 -0.6989 0.0867 2.1903 0.0020

MDE+A(3)* 323.15 -4.4607 2.1189 -1.1473 -0.6935 -0.0408 21027 0.0034
333.15 43565 -2.0043 -1.1000 -0.6544 -0.1094 1.9783 0.0070

303.15 202810 0.1660 202159 202785 205415 15562 0.0030

DIPf(Z) 313.15 -0.2578 0.0547 -0.2995 -0.0774 203035 1.1052 0.0033
MDEAG) 323.15 -0.2897 0.0746 -03328 -0.1536 203043 13332 0.0036
333.15 203276 0.1017 -0.2035 02114 205591 12572 0.0031

*: ref[16] Na et al.

Tx,%;3[Bo+ B (X, —%;3) + By(x, —X3)2 +Bs(x,- 3)3 +B,(x, —X3)4
+B5(x,-X3)°

5[ Cot €106 =)+ Caxy =x3)”+ Gy =3)+ Gy —x3)°
+Cs(xy —X3)5] XXy 03 3)

HE= A, B, Ci= oA BJ5S] dlolE & o]gste] & 3s)lst
& AR TR ARSI 01 Table 79 YERISILE WS A

T A 13 AR 20 EFE oAl oA Wola, W
T BE AR 291 A 3 E3E ol AlelA dofAl= WigrolH,
A CE AT 19 AR 3 E3=2) o)/diAlellA] dojzl wig=oltt.
APIEAAE 3 1] F7HR1 w7 £ s A1, Table 8¢l
el Al A3E Fig. 2(a-e)ell YERASIE.

) Fu] Ake] BFEHAL S = 4 (HE T3

2_1/2
S = Zi(vfalu_vf;p)i (4)
¢ (N-n)

N& 22 22xeA 2 Ake] o™ n Redlich-Kister-
Muggianu 2}ol|x] ARS-8E H=2] Fro|t}, A Hlo]E] ] HA g2 H
AL vfj7HS=el TF=HAR= Table 72 8ol YERASITE
TeJfa] o] sl AT 8, Ak, FadA s 2
s

SR BAR BRI Bk A7), P2, YA 5 8k 7]

Table 8. Redlich-Kister-Muggianu Model Parameters for ternary system

Temp (K) fi23 *SD
303.15 4.9054 0.0244
Water + 313.15 6.1314 0.0356
(DIPA + MDEA
~37 wt, fraction) 323.15 6.8382 0.0510
333.15 7.5629 0.0661
303.15 53216 0.0251
Water + 313.15 6.2602 0.0403
(DIPA + MDEA
~5.5 w, fraction) 323.15 6.7308 0.0554
333.15 72072 0.0708
303.15 6.0741 0.0274
Water + 313.15 6.8875 0.0350
(DIPA + MDEA 323.15 7.1234 0.0500
=7:3 wt. fraction) ) ’ )
333.15 73691 0.0660
*SD=Standard Deviation
a}eta] EAJo] 23t} B E AolA B F9)7F &9 7k Yet
UR=E] 22 2719] ol g-le] wlsl 917} Tk 24E olnlgieh
ol ThE EH9 BAR A3 Ago] ko] 7 ARzt E3to) o]
Fol AW Hu]7} 7HastA He Aotk o e = Qe eelow
+ &, MDEA, AMP 55 -OH”7]E 7}4] 3L 9l¢] -OH”] 2} -OH”]
TC1-

-OH7] 8} -NH7] Ftell F2dehs AT ¢ 9laL o= 7
A Q
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ZFo 321
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4.4 E

Water+DIPA, DIPA+MDEA ©]%J2A]ol| tfgh d =}, 4] &
H= (DIPA+MDEA)S] d=H|E A5 & 37111 271317, 5:5,
7:3)°14 Water+DIPA+MDEA 232419 W= s A 2989,
303.15 KollA] 333.15 K7HA 9] 2= glellA] Z3keich 2 7l

o }YFITE 5] gk AT ol 2R 7} EghEol 2§
HE= A &1 4 Ut} Redlich-Kister-Muggianu 2]-& ©]-&-3}
0% OW A 2k A A 2 J+°1 o) S ekl o A delE gk

A7 2 dA o]~: =31 0}0414 APAEAS] )=

ARE71=

A,;, B, C; : parameters of Redlich-Kister-Muggianu equation
fi23 : additional parameter of Redlich-Kister-Muggianu equation
for ternary system

M, : molecular weight of components [i]
n : numbers of parameters
N : numbers of experimental data
vE : excess volume
S4 : standard deviation
X; : mole fraction of components [i]
: density of mixture
p; : density of pure components [i]
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