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Vapor-liquid EqutlbrSum for the Blnary Systems Ethylene 
Glycol-n-Amyl Alcohol and Ethylene Glycol-Isoamyl Alcohol 

Hyoek-long Joot and Wolfgang Arlt 

Lehrstuhl fur Technische Chemie 6, Universitat Dortmund, 04600 Dortmund 50, Federal Republic of Germany 

Vapor-llquld equHMwn data for the blnary 8ystems 
ethylene glycol (1,?4hanedbl) wlth n-amyl alcohol 
(1-pentanol) and ethylene glycol wlth Isoamyl alcohol 
(3-methyi-l-bulanol) have been measured at 100 mmHg 
(13.33 kPa) by ushg a reclrculatbn stll a8 propowd by 
Rbck and Sleg. From these data, Uquld-phare activity 
coetfldents were flttod by wing the MarguJes, van Laar, 
Wilson, and UNIQUAC equations. Vapor-prereure 
meawr(MIBnts of the pure substances were carrled out, 
and the data were correlated wlth the Antolne equatlon. 
The Wnaty data were used for the determlnatlon of 
UNIFAC parameters. 

Introduction 

Ethylene glycol and its ethers, diethers, esters, and poly- 
glycols are Industrially important solvents. With the development 
of the UNIFAC model ( 7 ) ,  It was necessary to determine in- 
teraction parameters for glycols in order to describe Important 
separation processes. Only little information is known about 
systems of alcohols with ethylene glycol (2-7). Because of 
lack of reliable data, we determined the vapor-liquid equilibria 
of ethylene glycol with the C5 alcohols n- and Isoamyl alcohol. 

Experimental Section 

Purmcslkon of the Components. Ethylene glycol (1,2- 
ethanediol) was obtained from Riedeide-Haen (Seelze) and 
purified by fractional dktiktion at 1 kPa at a reflux ratio of 10: 1 
in a nttrogen-blanketed, adiabatically operated, packed column. 
The nitrogen was dried by phosphorus pentoxide (P205). The 
purity of the glycol was determined by gas chromatography 
using a conductivity detector to be 99.99 % . n-Amyl alcohol 
(1-pentanol-1) and Isoamyl alcohol (3-methyl-l-butanol) were 
obtahed from Mer& AG (Darmstadt). The raw materials were 
dried with anhydrous calcium sulfate (CaSO,) and purified by 
fractional distillation. The purity and the content of isomers 
were tested by gas chromatography. No peak of lmpuities was 
found. Traces could be determined to less than 0.01 %. In 
Table I, pure-compound properties are compared with values 
found in the literature. 

Appafw. Equilibrium was attained in an alCglass equilibrium 
stili with circulation of both vapor and itquid phases. It has been 
described by Gmehllng. Onken, and Schulte ( 79). Small mcd- 
ifications were carried out to take into account the differences 
in boiling points and visa" ' ; e.g., the iiq- stream had 
to be heated to 40 OC. For each data point, 30-45 min elapsed 
before the temperature reached a stable point and samples 
could be collected by syringes. 

An&?&$/$. Liquid and vapor compositlons were determined 
by using a precise digital densimeter (DMAOPD by Heraeus/ 
Paar). I t  was calibrated by using air and bidistilled water. Its 
precision is better than lo4 g/mL. The measurements were 
carried out at 20 f 0.01 'C. Weighed samples of ethylene 
glycol with alcohols were first measured to establlsh a cali- 
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Table I. Physical Properties of Chemicals Used 
d ,  lo  n D Z o  

chemicals exptl lit. exptl lit. 

ethyleneglycol 1.113 53 1.1135 (16) 1.4312 1.4318 (16) 
n-amyl alcohol 0.81450 0.8136 (21) 1.4097 1.4099 (21) 

0.8146 (22) 1.4102 (22) 
isoamyl alcohol 0.811 59 0.8117 (21) 1.4073 1.4073 (21) 

0.8127 (22) 1.4075 (223 

Table 11. Experimental Vapor Pressure, Calculated Antoine 
Constants (A, E ,  C), and Root Mean Squared Deviation (rmsd) 

ethylene glycol isoamyl alcohol n-amyl alcohol 

t , "C P,mmHg t , "C P,mmHg t , "C P,mmHg 
62.20 1.20 
65.50 1.63 
68.65 1.92 
72.13 2.70 
78.34 4.30 
84.60 6.35 
92.18 10.09 
97.61 13.90 
103.20 18.65 
108.82 24.28 
113.45 30.65 
118.20 38.78 
123.09 48.69 
128.00 60.54 
132.62 74.00 
137.65 92.39 
141.86 109.10 
146.84 133.19 

A 6.46430 
E 1157.499 
C 119.489 
rmsd, 0.68 

mmHg 

31.32 4.86 
42.36 10.86 
46.70 14.47 
51.57 19.78 
57.64 28.62 
68.33 52.09 
74.12 70.87 
79.47 92.51 
86.93 132.33 
92.55 170.80 
99.03 227.08 
105.90 300.20 
119.57 503.41 
126.76 650.01 
131.39 760.00 

7.17731 
1272.107 
164.712 
0.47 

30.03 2.84 
36.08 4.68 
41.20 6.81 
46.34 9.86 
52.40 14.62 
58.90 21.97 
64.64 30.88 
70.70 43.14 
76.41 58.63 
83.84 85.49 
90.60 118.60 
96.57 155.52 
102.60 201.40 
107.43 246.50 
122.45 440.28 
138.19 760.00 

7.15206 
1278.223 
161.075 
0.17 

bratton m e .  The " e n t s  of the equilibrium samples are 
repeated more than twice. 

Vapor-Pretrure Mewrretnent8 of the Pure Substances 

For the three pure compounds (ethylene glycol, n-amyl ai- 
cohol, Isoamyl alcohol) vapor-pressure measurements were 
carried out by using the equilibrium still. Pressures were 
measured up to 0.02 mmHg with a precision mercury manom 
eter (Wallace and Tieman). The temperature in the equilibrium 
still was determined by calibrated mercury-Inglass thermome- 
ters within 0.03 OC, and the experimental data obtained are 
given In Table I1 together with calculated constants of the An- 
toine equation 

log P,'(mmHg) = A - B / ( t ( O C )  + C )  

Treatment of VLE Data 

Vapor-liquid equilibrium measurements were performed for 
the two binary systems n-amyl alcohol-ethylene glycol and 
isoamyl alcohol-ethyiene glycol at 100 mmHg (13.33 kPa). The 
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Table 111. Experimental VLE Data" and Optimized Constants for the Most Common Models for the Description of the Activity Coefficient 

n-amyl alcohol (lkethylene glycol (2) 
P =  100 mmHg (13.33 kPa) 

isoamyl alcohol (1)-ethylene glycol (2) 
P =  100 mmHg (13.33 kPa) 

Margules 
van La= 

A 12 A 11 
1.3778 1.3608 
1.3787 1.3598 

A 1 1  A 1 1  
1.2677 1.4717 
1.2777 1.4687 

Wilson 214.952 1039.49 71.7094 1164.79 
UNIQUAC 496.203 -33.5089 590.752 -102.053 

t ,  "C X1 Y I  I ,  "C X l  Y1 

137.69 0.0024 0.0705 133.94 0.0096 0.2199 
134.25 0.0073 0.1831 
127.62 
117.52 
108.76 
103.02 
99.37 
96.99 
94.87 
93.21 
91.81 
90.57 
89.54 
88.67 
88.09 
87.55 
89.33 
87.05 

Margules 
van Laar 
Wilson 
UNIQUAC 

0.0191 
0.0452 
0.0928 
0.1648 
0.2562 
0.3611 
0.4843 
0.5902 
0.6908 
0.7726 
0.8412 
0.8982 
0.9336 
0.9635 
0.9823 
0.9940 

mean deviation in y 
0.0061 
0.0061 
0.0052 
0.0056 

" Concentrations in mole fraction. 

Table IV. Pure-Compound Parameters 

0.3926 
0.6134 
0.7615 
0.8310 
0.8719 
0.8906 
0.9148 
0.9265 
0.9380 
0.9533 
0.9659 
0.9768 
0.9861 
0.9897 
0.9940 
0.9969 

compound i vi, mL/mol r i  4i 
ethylene glycol 55.92 2.4088 2.248 
isoamyl alcohol 109.22 4.1279 3.588 
n-amyl alcohol 108.63 4.1287 3.592 

data were checked for thermodynamic consistency by using the 
integral test described by Redlich and Kister (9) and Herington 
( 70) plus the point-to-pint test developed by van Ness, Byer, 
and Gibbs ( 7 7 )  and modified by Christiansen and Fredenslund 
(1, 12). The consistency checking procedure was described 
by Gmehiing and Onken in ref 8. Both data sets passed the 
consistency tests with good results (sign "W). 

Then the data were fitted to the most common models for 
the excess Gibbs energy i.e., Margules (73), van Laar (74),  
Wilson ( 75), and UNIQUAC ( 77) equations. For fitting activity 
coefficients, yi, we chose the nonlinear Simplex method mod- 
ified by Nelder and Mead ( 78). For calculating the pure-com- 
pound vapor pressures, the Antoine equation constants given 
in Table I1 were used. The procedure is described in Volume 
1 of ref 8. 

Results 

The experimental data and the computed parameters are 
given in Table 111. The parameters of the different expressbns 
for the excess Gibbs energy were determined by using the 
purecompound properties given in Tables I1 and IV, assuming 
vapor-phase ideality. As an objective function, we used the 
squared relative y deviations described in ref 8. The nomen- 
clature used in Table 111 (Wilson: A,, = A,, - &; UNIQUAC: A, 

114.46 
103.91 
97.52 
93.82 
91.51 
91.18 
89.54 
89.08 
81.94 
87.39 
86.52 
86.04 
85.39 
84.96 
84.46 
83.60 
83.09 
82.64 
81.91 

0.0502 
0.0945 
0.1751 
0.2580 
0.3543 
0.3693 
0.4568 
0.4835 
0.5634 
0.5940 
0.65 18 
0.6840 
0.7220 
0.7541 
0.7824 
0.8308 
0.8695 
0.8973 
0.9403 

mean deviation in y 
0.0125 
0.0126 
0.0123 
0.0122 

0.6602 
0.8088 
0.8695 
0.8987 
0.9165 
0.9225 
0.9269 
0.9354 
0.9415 
0.945 3 
0.9505 
0.9540 
0.9596 
0.9629 
0.9657 
0.9702 
0.9768 
0.9807 
0.9879 

0.2 ' T I  Y'fa,c,= 4 09 

colc- 5' 
1.1 

0.0 0.2 0 . 4  0.6 0.8 1.0 
x1 - 

Flgure 1. X- Ydiagram for the system namyl alcohoCethylene gtycol 
at 100 mmtig (Ilne calculated with Wilson equation). 

1 .o 

0.8 1 0.6 
y' 0 . 4  

0.2 

0 0  _ _  
0 0  0 2  0 4  06 0 8  1 0  

X I  - 
F W s  2. X- Vdiagam for the system isoamyl alcohocethylene glycol 
at 100 mmHg (line calculated wlth Wilson equation). 

= uIl - u,,) is taken from the same reference. Values are 
expressed in cai/(K mol) for the UNIQUAC and Wilson equa- 
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tions. As the gas constant, 1.98721 cal/mol has been used. 
Plots of the experimental data are provided in Figures 1 and 

2. Azeotropic behavior was not found. 
As a private communication, our measurements were used 

by Skjold-Jargensen et al. (20) for the data base of the de- 
termination of the interaction between the glycol group “DOH” 
and the alcohol group “OH” in the UNIFAC method. 
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constants of the Antoine equation 
parameter used in Margules, van bar ,  Wilson, and 

vapor pressure of pure component i, mmHg 
density, g/mL 
refraction index 
pure-component area parameter of component i 
pure-component volume parameter of component i 
temperature, OC 
interaction energy parameter in UNIQUAC equation 
molar liquid volume of component i, mL/mol 
liquid-phase mole fraction of component i 

UNIQUAC equations 

Yr 
Greek Letters 

Yi 

Llterature CHed 

vapor-phase mole fraction of component i 

activity coefficient of component i 
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Density, Viscosity, Surface Tension, and Carbon Dioxide SolubMy 
and Musivity of Methanol, Ethanol, Aqueous Propanol, and 
Aqueous Ethylene Glycol at 25 “C 

Yong S. Won, Dong K. Chung, and Anthony F. Mills” 

School of Engineering and Applied Science, University of California, Los Angeles, Calffornla 90024 

Density, vlscodty, surface tendon, and carbon dioxide 
eohrMltty and dmuslvlty, at 25 ‘C, are reported for 
methanol, ethanol, and aqueous propanol sdutlons over 
the complete compodtlon range and for aqueous ethylene 
glycol rrolutlons for glycol mole fractions between 0 and 
0.2. Where comparisons were posolble, the agreement 
wlth prevlow data Is satldactory. 

In recent studies of mass transfer in turbulent falling liquid 
films ( 7, 2), test liquids having a wide range of pertinent ther- 
modynamic and transport propertiis were required. In partlc- 
ular it was desired to conveniently achieve a range of viscosity 
and surface tension, for which aqueous ethylene glycol and 
aqueous propanol solutions at 25 OC were chosen: methanol 
and ethanol were also utilized. The relevant properties were 
density, viscosity, surface tension, and carbon dloxlde solubility 
and diffusivity, for which the data in the literature were Incom- 
plete. Thus a comprehensive set of independent measure- 
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ments was obtained in our laboratory and is reported here. 
Useful prior work includes that of Hayduk and Malik (3) and 
Mikhail and Klmmel (4). 

Experhnental Procedures 

Canbon DkxMe SdUbBAnks. The COP solubility was deter- 
mined by saturating the test liquids in a gas bubbler immersed 
in an isothermal bath. Liquid-phase COz concentrations were 
determined by using a standard wet chemistry technique (7 ) .  
The partial pressures of COz over the liquids were calculated 
by subtracting the vapor pressures of the liquids from the 
m a s u e d  total pressves. Special care was taken to minlmize 
the net evaporation rate from the bath, so that bubbling for an 
extended period of time did not cause a significant composition 
change of the test solution. 

MokcuJar w m  d C a b  Dyox#e. The “sphere dl” 
method was used to measure liquid-phase dlffusivities, which 
involved absorbing COP into a laminar ripple free liquid film 
formed on the surface of a 3.78-cm 0.d. sphere. The con- 
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