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Abstract — Recently, bio-butanol is being promoted as environmentally friendly sustainable energy. However, some
problems are still obstacle for commercialization of bio-butanol: the development of cheap biomass and enhancement of
fermentation ratio and preparation of economical separation process for fermented products. In the conventional ABE
biobutanol fermentation process, organic acids with acetone, butanol, and ethanol are produced. Therefore, it is necessary to
study phase equilibrium data and mixture properties for the design and operation of separation process. However, there
is lack of design data for organic acids except acetic acid contained system. In this study, therefore, binary solid-liquid
equilibria (SLE) and mixture properties: the excess molar volumes (V), molar refraction deviation (AR) and deviation
of viscosity (Av) at 298.15 for C;-C, organic acid were reported. The experimental SLE data were correlated with the
NRTL and UNIQUAC activity coefficient model with less than 0.5 K of root mean square deviation (RMSD). In addition,
VE, AR and Av for the same binary systems were satisfactorily fitted using the Redlich-Kister polynomial with less than
ca. 0.004 standard deviation.
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A& of] A3 A|2k& SAMCHUN pure chemical*}2] propionic
acid (99.0%), Junsei ChemicalA}2] butyric acid (99.0%), Alfa AesarAt
2] valeric acid (99.0%)%} hexanoic acid (98+%) A] 3 AJeF O Z 4
A (A, Fluka)® 713 5 1 o)) A e] §lo] Ag el A
BIATE AR 2ke] o= VAT RulE 2h)(GO)R B4 3 4=
E(wt%)ot e Bl 2 E ghe St 21 gt vlwdoes
g A o2 A GRlstgi o, AH8-¥ 7} shgtE o] SR
GC 4 3h& =8 3t [5,12,13]7 37 Table 1°f] B]wste] veh]
ATh

Table 1. Purity and physical properties of the chemicals
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HH(TFN Spinbar, 2.5 cm) A|7|w 33 Al 1] n]k A o] ¢k
o] AFH o7 AR = 25 E 1 FAETE] gHow S
Aehs R o ® F8EIelrt. o] g eA] F-2Z(FTS, MC480A1)S]
25 0.1 K oi7hia] 58 Al A|R2] 255 thermo couple
(NAMAS, T100-250-1D)7} 44 = 57 %% (AZA, F250, UK)
2 S AT Ade §H5Y 250 EEEE 0.05K
o]let.

OJEA EF=S HY =51 A S At dE(p) S
digital vibrating U-tube densitometer (Anton Paar model DMA 4500)
= ARg-sto] 33T}, Anton PaarZ} AA S X&) =4 @ xl=
+5 x 10°g-em™0]™ U-tubeth ] 5+ 0.02 KO Agwz 245
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2k st

v oo Bl gz © 12 fo

l2, 2, 2, 2
u(p) = [5SH+ U u; +uy M

:

o714, Sy AT Hzl, s AL AEE, ues YEAR 57
A% gk WY, uis S8E 250 BEEolth # AFelA
u(p)= £5.4 x 10° g em™ B0 2 AXLE T} [14]. DE=T ol AF
B3 £ AR Skt sk = Aol whE 7F e AR
microbalance (A&D, Japan)Z +1 x 1073g2] AUTT Hakslo] #|
z3gick, £ H2e UL Z3L 91510] U-tubes] )57} 4
714 ke Felste] AlRE AW, ARe] LE7F A Lol
SR F AFOR AEF I} S, 33 W 20 Bk
W Hsg

=4 H(np) 5792 digital precision refractometer (KEM, model
RA-520N, Kyoto, Japan)Z 3333t S 4412 SAHY T ==
1.32-1.40 W $1 ol A +5 x 1075, 1.40~1.58 9] ol A 1 x 10740] ™,
LI 0.05 K] ez fAEnh 33] v S S H 8] i
F BPE 1.5 x 10742 FAEUTH15].

AL 4L L% (Lauda, MD 20)$} Lukz] o g §7]80 &
h5 9] A= 9ol AFE-E+= Ubbelohde 2 =715 A3l

Al 3e]] ARE-¥] Ubbelohde % A= kapillar viskosimeter (SI Analytics
GmbH, model 530 03, Typ. Nr 285400304, Oc, Germany)Z4 =

p/g cm™ at 298.15 K*

np, at 298.15 KP

Substance Purity (wt.%) - - - -
Experimental Literature Experimental Literature
Propionic acid >99.9 0.99162 0.98945°¢ 1.3859 138509
Butyric acid >99.9 0.95489 0.95349¢ 1.3969 1.3963¢
Valeric acid >99.9 0.93471 0.93400 1.4067 1.4062¢
Hexanoic acid >99.6 0.92301 0.92300° 1.4150 1.4156

aStandard uncertainties u(p) = 5.4 x 10 g-em™, u(T) = 0.02 K.
bStandard uncertainties u(ny) = 1.5 x 10, u(T) = 0.05 K.

Ref. [5].

dRef. [12].

Ref. [13].
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Fig. 1. The experimental SLE for the system {propionic acid (1) +
hexanoic acid 2)}(®).
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Table 2. Solid-liquid equilibrium data for {propionic acid (1) + hexanoic acid (2)}, {butyric acid (1) + heptanoic acid (2)} and {valeric acid (1) +

hexanoic acid (2)}binary systems

Systems X T/K X T/K
0.0000 269.67 0.6800 236.95
0.0500 267.90 0.7019 236.25
0.1000 265.79 0.7201 236.95
Lo . 0.2000 261.93 0.7300 237.85
{Propionic acid (1) + Hexanoic acid (2)} 03001 25711 0.8000 24177
0.4001 252.02 0.9000 24691
0.5001 246.35 0.9500 249.59
0.6000 239.68 1.0000 25233
0.0000 269.67 0.5600 241.68
0.0504 267.28 0.5800 242.05
0.1000 265.28 0.6000 243.39
.. .. 0.2001 261.45 0.7001 25045
{Butyric acid (1) + Hexanoic acid (2)} 03000 256.57 0.8001 25725
0.4000 25143 0.9000 262.10
0.5000 245.75 0.9500 264.75
0.5199 243.95 1.0000 268.01
0.0000 269.67 0.6000 240.35
0.0501 267.48 0.7000 233.35
0.1002 265.75 0.7499 229.85
{Valeric acid (1) + Hexanoic acid (2)} 0.2061 261.65 0.8000 232.90
0.3000 257.56 0.9001 235.75
0.4013 252.17 0.9500 237.65
0.4999 246.95 1.0000 239.35

Standard uncertainties u(x) = 0.0005, u(T) = 0.05 K
Korean Chem. Eng. Res., Vol. 57, No. 1, February, 2019
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Fig. 3. The experimental SLE for the system {valeric acid (1) +
hexanoic acid 2)}(@®).
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Fig. 4. VE (cm® mol ™) for the binary systems at 298.15 K; (@), {propionic
acid (1) + hexanoic acid (2)}; (A), {butyric acid (1) + hexanoic
acid (2)}; ('), {valeric acid (1) + hexanoic acid (2)}; solid curves
were calculated data from the Redlich-Kister parameters.
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Fig. 5. AR (cm* mol™) for the binary systems at 298.15 K; (@), {propi-
onic acid (1) + hexanoic acid (2)}; (4A), {butyric acid (1) + hexa-
noic acid (2)}; ('), {valeric acid (1) + hexanoic acid (2)}; solid
curves were calculated data from the Redlich-Kister parameters.

Table 3. The adjustable model parameters and the RMSD for each binary system

Models Systems A, /cal-mol”! A /cal-mol”! a RMSD (K)
{Propionic acid (1) + Hexanoic acid (2)} 909.224 -337.370 0.33 0.50
NRTL {Butyric acid (1) + Hexanoic acid (2)} -214.143 304.872 0.30 0.17
{Valeric acid (1) + Hexanoic acid (2)} 92.2900 62.7507 0.30 0.24
{Propionic acid (1) + Hexanoic acid (2)} 301.883 -143.230 - 0.49
UNIQUAC {Butyric acid (1) + Hexanoic acid (2)} -149.039 199.470 - 0.17
{Valeric acid (1) + Hexanoic acid (2)} 371.362 -219.342 - 0.39

Korean Chem. Eng. Res., Vol. 57, No. 1, February, 2019
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Table 4. Densities, excess molar volumes, refractive indices and molar refraction deviation for {propionic acid (1) + hexanoic acid (2)}, {butyric
acid (1) + hexanoic acid (2)} and {valeric acid (1) + hexanoic acid (2)} binary systems at 298.15 K

X, p/g cm™ VEem?® mol”! n,’ AR/cm?® mol!
propionic acid (1) + hexanoic acid (2)
0.0500 0.92489 0.0266 1.4141 -0.2732
0.0998 0.92689 0.0462 1.4131 -0.5274
0.2000 0.93127 0.0750 1.4110 -0.9869
0.3000 0.93604 0.1046 1.4087 -1.3549
0.3998 0.94132 0.1270 1.4062 -1.6241
0.5003 0.94727 0.1393 1.4035 -1.7788
0.5998 0.95392 0.1390 1.40063 -1.7987
0.7000 0.96150 0.1266 1.3974 -1.6650
0.7998 0.97004 0.1081 1.3940 -1.3404
0.9002 0.98018 0.0525 1.3901 -0.8073
0.9498 0.98571 0.0232 1.3881 -0.4385
butyric acid (1) + hexanoic acid (2)
0.0501 0.92505 0.0160 1.4145 -0.1084
0.1001 0.92603 0.0423 1.4138 -0.2121
0.2008 0.92832 0.0651 1.4124 -0.3938
0.3002 0.93079 0.0773 1.4107 -0.5469
0.4000 0.93349 0.0811 1.4090 -0.6507
0.5004 0.93641 0.0804 1.4073 -0.6976
0.5999 0.93952 0.0756 1.4054 -0.6930
0.7002 0.94293 0.0637 1.4034 -0.6322
0.7998 0.94663 0.0430 1.4013 -0.4997
0.8996 0.95063 0.0188 1.3991 -0.2980
0.9497 0.95270 0.0110 1.3969 -0.1655
valeric acid (1) + hexanoic acid (2)
0.0999 0.92345 0.0018 1.4145 -0.0434
0.1999 0.92455 0.0036 1.4137 -0.0875
0.4001 0.92686 0.0051 1.4121 -0.1455
0.4998 0.92806 0.0058 1.4112 -0.1576
0.7001 0.93059 0.0060 1.4095 -0.1342
0.8000 0.93191 0.0047 1.4086 -0.1040
0.8998 0.93328 0.0033 1.4077 -0.0543
0.9499 0.93399 0.0015 1.4072 -0.0320

Standard uncertainties u(x) = 0.0005, u(p) = 5.4 x 10° g-em™, u(ny) = 1.5 x 10
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pionic acid (1) + hexanoic acid (2)}; (&), {butyric acid (1) +
hexanoic acid (2)}; ('¥), {valeric acid (1) + hexanoic acid
(2)}; solid curves were calculated data from the Redlich-Kis-
ter parameters.
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Table 5. Kinematic viscosities, and deviations in viscosity for {propionic acid (1) + hexanoic acid (2)}, {butyric acid (1) + hexanoic acid (2)} and
{valeric acid (1) + hexanoic acid (2)} binary systems at 298.15 K

X, v/mm?:s’! Av/ mm*s™! X, v/mm?-s’! Av/ mm*s™!
propionic acid (1) + hexanoic acid (2)

0.0000 3.005 0.000 0.6000 1.643 -0.269
0.0500 2.872 -0.042 0.7000 1.468 -0.262
0.1002 2.736 -0.086 0.8000 1.313 -0.236
0.1999 2.488 -0.153 0.9001 1.230 -0.137
0.3001 2.269 -0.189 0.9500 1.169 -0.107
0.4000 2.051 -0.226 1.0000 1.184 0.000
0.5000 1.835 -0.260 - - -

butyric acid (1) + hexanoic acid (2)

0.000 3.005 0.000 0.6000 2.056 -0.104
0.0500 2.889 -0.046 0.7001 1.921 -0.099
0.1001 2.789 -0.074 0.8000 1.793 -0.087
0.2001 2.628 -0.095 0.9000 1.683 -0.056
0.3000 2.481 -0.102 0.9500 1.644 -0.024
0.4000 2.337 -0.105 1.000 1.598 0.000
0.5000 2.196 -0.106 - - -

valeric acid (1) + hexanoic acid (2)

0.0000 3.005 0.000 0.6001 2.401 -0.082
0.0501 2.923 -0.039 0.7000 2.321 -0.075
0.0999 2.849 -0.069 0.8000 2.244 -0.065
0.2000 2.745 -0.085 0.9000 2.181 -0.041
0.3001 2.655 -0.089 0.9500 2.155 -0.024
0.3999 2.568 -0.089 1.0000 2.135 0.000
0.5000 2.483 -0.087 - - -

Standard uncertainties u(v) =1 x 10> mm?s”, u(T) =0.1 K

Table 6. Fitted parameters for the Redlich-Kister equation and standard deviations of VZ, AR and Av for the binary systems at 298.15 K

Systems A, A, A, A, As 6, /em® mol'!
propionic acid (1) + hexanoic acid (2) 0.5555 0.1890 0.0021 -0.2024 - 0.0042
V®  butyric acid (1) + hexanoic acid (2) 0.3276 -0.0730 0.0125 -0.0906 - 0.0030
valeric acid (1) + hexanoic acid (2) 0.0233 0.0082 0.0073 -0.0002 - 0.0003
Systems A, A, A, A, As 6, /em® mol!
propionic acid (1) + hexanoic acid (2) -7.1170 -1.8232 -0.3684 -0.0996 -0.2177 0.0018
AR butyric acid (1) + hexanoic acid (2) -2.7990 -0.4400 0.0102 -0.3440 - 0.0023
valeric acid (1) + hexanoic acid (2) -0.6275 -0.0784 0.0939 - - 0.0020
Systems A, A, A, A, As 6, /em® mol!
propionic acid (1) + hexanoic acid (2) -1.0170 -0.4406 -0.4676 - - 0.010
Av  butyric acid (1) + hexanoic acid (2) -0.4198 -0.0379 -0.3833 0.2817 -0.0756 0.003
valeric acid (1) + hexanoic acid (2) -0.3438 0.0534 -0.2844 0.1785 -0.1717 0.002
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A, : Adjustable parameter for the Redlich-Kister equation

Ay, Ay parameter used in NRTL and UNIQUAC equations

vE : Excess molar volume (cm>-mol™)

AR : Deviation in refractive indices (cm>-mol™)

M, : Molar mass of the pure component i (g-mol™)

R, : Molar refractivity of mixture [i]

R, : Molar refractivity of pure component [i]

np : Refractive index of the mixture [i]

np; : Refractive index of the pure component [i]

\2 : Molar volume of the pure component [i]

n : Number of parameters [A,]

N : Number of experimental data points

J2|a 2K}

u(p) : Standard uncertainty [g-cm™]

S, : Standard deviation of the average [g-cm™]

u, : Resolution of the instrument [g-cm™]

u; : Varied response of the instrument with the density range
[gem”]

ur : Uncertainty in the measured temperature [g-cm™]

v : Kinematic viscosity [mm?s™!]

Av : Deviation in viscosity [mm?>s™]

pP; : Density of the pure component i [g-cm™]

P : Density of the mixture [g-cm™]

c : Standard deviation

st
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