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Vapor/Liquid/Liquid Equilibrium and Heats of Mixing for Diethyl 
Ether/Water at 35 OC 

Mlguel A. VlllamafiBn,t Ahmed J. Allawl, and Hendrlck C. Van Ness" 
Chemical and Environmental Engineering Department, Rensselaer Po&technic Institute, Troy, New York 12 180 

Isothermal P-x data and H E  data at 35 OC are reported 
for the system dlethyl etherlwater. These data are 
reduced to provide correlatlng expresslons for 0' and HE. 

Liquid mixtures of diethyl ether and water exhibit partial 
miscibility. Available solubility data (none modern) are sum- 
marized by Starensen and Arlt (1); they show that at room 
temperature the solubility of ether in water is less than 2 mol 
% and decreases with increasing temperature, whereas the 
solubili of water in ether is about 5 mol %, Increasing with 
increasing temperature. Useful data therefore require mea- 
surements in the dilute region of each species. Both the to- 
tal-pressure vaporlliquid equilibrium (VLE) apparatus designed 
by Gibbs and Van Ness (2) and modified by DiElsi et ai. (3) and 
the dilution calorimeter described by Winterhalter and Van Ness 
(4) are suitable for such measurements. However, one must 
be meticulous In making runs, and exercise patience, as 
equilibrium conditions are only slowly attained after mixing. 

The anhydrous ethyl ether was HPLC grade supplied by 
Fisher Scientific Co. with minimum assay of 99.9 mol %. The 
water was doubly deionized with conductMty less than 1 X 10" 
52-'. For VLE measurements, both reagents were thoroughly 
degassed. The measured vapor pressure of diethyl ether at 35 
OC is 103.264 kPa compared with the value of 103.387 kPa 
reported by Ambrose et ai. (5). For water, our value of 5.633 
kPa compares with the value of 5.628 kPa reported by Am- 
brose and Lawrenson (6). 

Results and Data Reductlon 

Vapor l L l q u l d / L l q u ~ I E ~ l l ~ r l a .  Table I contains experl- 
mental totabpressure data for the two regions of VLE. In  the 
region of vapor/liquid/liquid equilibrium (VLLE), the observed 
three-phase equilibrium pressure is essentially constant, and 
measurements In thls region establish thls pressure as P = 
104.70 i 0.03 kPa. 

For initial reduction of the two-phase equilibrium P -x data, 
we make direct use of Barker's method (7),  which Is based on 
the following equilibrium equation: 

Permanent address: Dpto. de Termologla, Facultad de Clenclas, UnlversC 
dad de Valladolld, Valhdolid, Spain. 

Table I. P-x Data for Diethyl Ether (l)/Water (2) at 35 O C  
x1 x2 P, kPa 

O.oo00 
0.0014 
0.0028 
0.0042 
0.0055 
0.0069 
0.0083 
0.0096 
0.0111 

0.9536 
0.9617 
0.9715 
0.9818 
0.9901 
1.0000 

1.oo00 
0.9986 
0.9972 
0.9958 
0.9945 
0.9931 
0.9917 
0.9904 
0.9889 

miscibility gap 

0.0464 
0.0383 
0.0285 
0.0182 
0.0099 
O.oo00 

5.633 
18.759 
33.033 
45.083 
57.298 
68.679 
79.064 
89.632 

100.205 

104.656 
104.588 
104.445 
104.172 
103.802 
103.264 

Here, the 9, are factors of order unity which take into account 
vapor-phase nonldeality and the effect of pressure on liquid- 
phase fugacity. The ?/ reflect liquid-phase nonideaiity and are 
calculated from an assumed expression for GEIRT. One de- 
termines by regression values of the parameters in this ex- 
pression that minimize the sum of squares of the differences 
between the experimental values of P and those given by eq 
1. 

The P-x data of Table I for both regions of VLE are well 
correlated by the modified Margules equation with a single set 
of parameters: 
G ~ / R T  = 

(A21x1 + A 1 9 2  - ~12%1xlx2 / (~12Xl  + a2lxZ)lxlxz (2) 

From the resuiting activity coefficients one then calculates the 
equilibrium y, values for the regions of VLE: 

(3) 

The results of this initial fit are represented by Figure 1. The 
intersections of both the P-x curve and the P -y curve for the 
VLE region dliute in ether with the three-phase-pressure line at 
P = 104.70 kPa are very sharp and allow us to establish 
unequivocal values of x la, the lower miscibility limit, and y , 
the three-phase vapor composition. Thus, we find that x l a  = 
0.01 172 and yl '  = 0.9463. The value of x l"  may be com- 
pared with 0.0125 Interpolated from the smoothed values given 

Y, = X,Y, P/"" P )  
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Flgure 1. P-y-x diagram for diethyl ether (l)/water (2) at 35 O C .  

Pregsures are in kilopascals. 

Xl! Yl 

Table 11. Summary of VLE and VLLE Results for Diethyl 
Ether (1VWater (2) at 35 OC 

'421 
A12 
a12 
a21 
rms 6P, kPa 
mas kPa 
P, kPa 
ZIU 

Bll, cm3/mol 
Bzz, cm3/mol 
B12, cm3/mol 
VIL, cm3/mol 
VZL, cma/mol 

x1; 
Y l  

3.35629 
4.62424 
3.76508 
1.81775 
0.163 
0.317 
104.70 
0.01172 
0.9500 
0.9463 
-996 

-567 
-i244 

107 
18 

by Serrensen and Arit ( I ) .  Although the location of the upper 
miscibility limit xl@ Is also mathematlcally established by this 
simple fitting procedure, its experimental location is uncertain 
because the intersectlon of the P-x curve for the VLE region 
rich in ether with the t!me-phase-pressure line at P' = 104.70 
kPa is indistinct. Moreover, wg have made no use of the 
equations for liquid/llquld equilibrium: 

x /ay /a  = x,@y,@ (1 = 1, 2) (4) 

With values of x l a ,  P , and y already fixed, we alter our 
fittlng procedure so that it provides both a correlating equation 
fpr GE/RT and a value of x ,@ that satisfy eq 4. Setting 

(5) Q = %~21xlx2/(~1Yy1 + % X 2 )  

we can write eq 2 as 

9 G E / ( x , x 2 R T )  = A *,xl + A 12x2 - Q (6) 

whence 

dS/dX, = A21 - A 12 - dQ/dwl 

In y1 = x,,(9 + x,(dS/dx,)} 

In y2 = x 1 2 ( 9  - x2(dg/dx1)} 

(7 )  

The activity coefficients are given by (8 ;  eq 5-76) 

(8) 

(9) 

6P r o  0 0  

0 t o  i 
I 

I 1 I I I I I  

1 
I 

-0 4 1  

X I  
0 0 01 0 95 

X 1  

Figure 2. Presswe residuals (in kilopascals) for the two regbns of VLE 
for diethyl ether (l)/water (2) at 35 OC. 

Eliminating 9 and d9/dx1 from eq 8 and 9 by eq 6 and 7, 
solving simultaneously for A 21 and A ,,, and specializing the 
result to the misciblli limit denoted by superscript /3 gives 

A,,  = {(xlB - x ~ @ ) / ( x , @ ) ~ )  in y2@ + (2/x2@) In yl@ + 
Q @  + x,@(dQ/dx,)@ (10) 

A ,, = {(x,@ - X ~ @ ) / ( X ~ @ ) ~ }  In y,@ + ( 2 / x , @ )  In 71 -t- Q p  - 
x,@(dQ/dx,)@ (1 1) 

Equation 4 yields the following for LLE: 

in y,@ = In Y~~ - in ( x , @ / x l a )  

in y2@ = in y2a - in ( x , B / x Z a )  

(12) 

(13) 

Eliminating In ylB and In y2@ from eq 10-13, we get 

A,,  = b,@ - x2@)/(x1@)2H1n Y2a - in ( X 2 @ / x 2 a ) 1  + 
(2/x2@)(ln yla - In ( x , @ / x I a )  + Q B  + x,@(dQ/dx,)@ (14) 

(2/xl@)(ln y2a - In ( x Z 8 / x z a )  + Q @  - x,@(dQ/dx,)@ (15) 

In  eq 14 and 15, yla and y2a are given by 

A 12 = b2@ - x lB)/(x28)2]~ln yla - In ( x l B / x l a ) )  + 

y/a = y/*+/  P*/(X/"P/" ' )  (16) 

with @/ evaluated at the three-phase equilibrium conditions yi 
and P . Thus, all quantities on the ri ht of eq 16 have been 
established by the initial fit. Since x j  = 1 - x , @  and in view 
of eq 5, eq 14 and 15 relate the parameters A 2l and A ,, to 
the unknowns x ,@,  cyl2, and a,,, and these quantities are now 
determined by a second regression based on ail P-x data for 
the two regions of VLE. This second step does not significantly 
degrade the quality of fii, nor does it lead to any inconsistency 
with the values of x ,a, y , " , and P previously established. All 
pertinent results of the overall data-reduction process, are listed 
In Table 11, along with the ancillary data necessary for evalu- 
ation of (8; eq 6-85). The values of A ,, and A 12 come from 
eq 14 and 15; the virial coefficients are calculated from the 
Hayden/O'Connell correlation (9). The value of 0.9500 for x ,@ 

is somewhat higher than 0.9425 interpolated from the values 
of Scarensen and Arit ( 7 ) .  

Figure 2 is a plot of pressure residuals; it indicates the quality 
of fit of the P-x data in the two regions of miscibility. Figure 
3 is a detailed view of the region of VLE for ether-rich mixtures. 
Note that the three-phase vapor composition y lies to the left 
of, but very close to, x,@. Thus, the system at 35 O C  does not 
quite form a homogeneous azeotrope to the right of the upper 
miscibility limit. 



Journal of Chemlcal and Englneerlng Data, Vol. 29, No. 4, 1984 433 

104.8 

104.0 

103.2- 

P 

- 

- 

- 

- 

I I I I I 
0.92 

x1 I y1 
1 

Figure 3. Detailed P-y-x diagram for dlethyl ether (l)/water (2) at 
35 "C for ether& mbttwes. Ckdes are P-x data points. Pressur& 
are In kllopascals. 

Table 111. HE-x Data for Diethyl Ether (l)/Water (2) at 35 
OC 

x1 XP HE, J/mol 
0.0029 
0.0046 
0.0063 
0.0078 
0.0117 

0.9526 
0.9655 
0.9664 
0.9688 
0.9731 
0.9800 
0.9850 
0.9876 

0.9971 
0.9954 
0.9937 
0.9922 
0.9883 

miscibility gap 
0.0474 
0.0445 
0.0336 
0.0312 
0.0269 
0.0200 
0.0150 
0.0124 

-43.9 
-70.1 
-93.8 
-115.3 
-158.8 

276.3 
278.8 
226.6 
210.8 
190.8 
143.5 
115.5 
91.8 

Table IV. Constants in Eq 29 for Temperature Dependence 
of Parameters in Ea 2 

N .  ! Nijo 

A211 = 3.36872 
A14 = -6.32214 
Cli 14.00137 Ciao -392.96561 
C21' -69.23038 Czlo 82.05381 

Aiio = 22.66103 
Aim = -31.60533 

Heets of Mlxlnq. Table 111 gives experimental HE data for 
the two regions of miscibility at 35 OC. Correlation of 'all data 
is accomplished by the four-parameter Margules equation: 

All of the HE data at 35 OC are correlated with the parameter 
set given in the first column of Table IV; the rms 6HE Is 3.72 
J/mol. The quality of fit Is Indicated by Figure 4, where the 
function ?f p HE/(x ,x#T)  is plotted vs. xl. This function 
becomes indeterminate as either x ,  or x:, approaches zero, 
and therefore the error bounds approach fm at these llmiting 
conditions. Thus, a plot of this function in the region of high 
dilution of one specks magnifies error, and one expects scatter 
about the line representing the correlatlng equation. In  con- 
trast, the same deta pkittd as HE vs. x1 in Figure 5 display little 
scatter. Here, a few data points for the two-phase region are 
included. These must, of course, represent a continuous 
straight line across the diagram from one solubility limit to the 

-5 t 
I 0 

-7  c 
0 0.02 0.95 1 
u 

X 1  X1 

Flgure 4. Plot of 7f HEI(x l x f i T )  vs. x for the two regions of 
miscibility for diethyl ether (l)/wafer (2) at 35 OC.  Circles are data 
points. The solid triangles represent the two values of Signer et al. 
(70) for the miscibility limits at 25 0C. 

HE t t i i2- 

- 200 - 
0 0 03 

XI 
Figure 5. Plot of HE (In J/mol) vs. x1  for diethyl ether (l)/water (2) 
at 35 "C showing data points in the miscible and partially miscible 
regions. 

other. The intersections of this straight line with the two 
branches of the correlating equation provide measures of the 
solubility limits, x so indicated is 
consistent with the value determined from equilibrium mea- 
surements, whereas the indicated value of x l @  is about 0.952, 
only slightly higher than the value found earier by regression of 
the P-x data. 

Dlscusslon 

Signer et ai. (70)  report both HE and VILE data for diethyl 
etherlwater at 25 OC. Their HE data lie entirely between the 
miscibility limits and do Indeed describe a stralght line between 
these two points. Their two values at the miscibility llmits have 
been converted to ?f values, and these are shown in Flgure 
4. 

and x 18. The value of x 
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Since we have correlations for both GE/RTand H E I R T ,  we 
can calculate VUE values at 25 OC for direct comparison with 
the data of Signer et ai. However, we are unable to use the 
same correlating equation for both GE/RT and HEIRT, and it 
is therefore not obvious how we are to get the temperature 
dependence of the parameters in the equation for GE/RT from 
the parameters in the equation for H E / R T .  

Consider first eq 17 written as 

% = A p l l ~ 1  + A 1 4 ~ 2  - (C21Ix1 + C 1 $ X 2 ) X 1 X 2  

Differentiation at constant temperature gives 

a%/ax,  = ~ ~ ~ 1 -  A , ;  - (c2,1x1 + c 1 ; x 2 x x 2  - x , )  - 
XlX2(C2l1 - c1;) 

W),,=1 = A211 (18) 

(%),,=o = A121 (19) 

Whence 

(as / a x  l)x,=o = A 211 - A 1; - c 1; 
= A 211 - A 1; + c21r 

(20) 

(21) 

Similarly, one can show by eq 5-7 that 

A21 = (@x,=1 

A 12 = (%,=o 

alp = A 21 - A 12 - (awdx l)x,=o 

a 2 1  = A 12 - A21 + ( d ~ / W x l = l  

Whence at constant composition 

dA Zl /dT = (d9/dT), l=1 (22) 

dA 1 2 / d T  = (dS/dT),,=, (23) 

d a 1 2 / d T  = dA 2 1 / d T  - dA 1 2 / d T  - d(d9/dx,),,=,,/dT (24) 

d a 2 , / d T  = dA , , /dT - d A 2 , / d T  4- d(d$/dx,) , ,= , /dT 
(25) 

a g / a T  = - % / T  (26) 

By the GibbslHeimhok equation (8; eq 5-61) 

and at constant temperature 

a ( a g / a T ) / a x ,  = - ( a s / a x , ) p  

a(ag/ax , ) / e T  = -(as / a x  1)/ T 

This may equally well be written 

(27) 

Appropriate combinations of eq 18-27 yield finally 

dA 21/dT = -A 21'/ T 

dA 12/dT -A 1 ; / T  

aa12/ar = -c,;/ T 

a a 2 , / a ~  = -c, , I /T 

dMv/dT = -N!'/ T (28) 

Since each of these may be written 

each may be integrated to give 
Mu = -Nvr In T + Nvo (29) 

where N,,' has been assumed constant and Nto arises as an 
integration constant. Table I V  lists these parameters as d e  
termined from the correlations already given for diethyl ether/ 
water a1 308.15 K. Parameters for the modffied Margules 
equation for GEIRT calculated from these values should give 

1 

Figure 6. P-x-y diagram for diethyl ether (l)/water (2) at 25 'C. 
Lines are calculated from eq 30. Clrcles are the VLE data of Siner 
et ai. (10 )  for the dilute-ether region. Pressures are in kllopascals. 

reasonable results for a temperature range at least from 290 
to 330 K. For 298.15 K, we get 

G E / R T  = 3.46742x1 + 4.41567X2 - 
(1.48118~2.27965)x1x2/(1.48118x1 + 2.27965~~) (30) 

With this equation we calculate P and y as functions of x , 
for comparison wlth the data of Siner et ai. (70) at 25 OC. We 
use their reported values of P,& and vkial coefficients from the 
Hayden/O'Conneil correlation (9). Results are depicted by 
Figures 6 and 7. The former shows the full P-x-y diagram 
with data points for the dilute-ether region of VLE. There is 
evident agreement of the experimental points with the caicu- 
lated lines. However, because of the steepness of the P-x and 
P-y curves discrepancies In pressure of as much as 7 kPa 
occur, but this is equivalent to discrepancies in x ,  and y 1  of 
less than 0.002. Furthermore, the observed value of the lower 
solubility limit, x l a  = 0.0159, is significantly higher than the 
predicted value of 0.014 05. 

Figure 7 is an enlarged view of the ether-rich region of VLE. 
The striking feature of this plot is the prdction of a homoge- 
neous azeotrope at a mole fraction of about 0.96 and a pres- 
sure of about 71.96 kPa. The experimental data of Signer et 
al. are discrepant In this region, showing a change from y 1  > 
x 1  to y 1  < x 1  and indlcating an azeotrope where y 1  = 
meover, the experimental value of y iiis to the right of x:a: 
characteristic of the presence of an azeotrope. However, the 
experimental pressures fail to pass through a maximum and are 
most likely In error. Even so, errors of less than 0.1 kPa are 
indicated. 

Comparison of Figures 3 and 7 shows that in going from 35 
to 25 OC the etherIwater system passes through a transition 
temperature below which it exhibits a homogeneous azoetrope 
and above which it does not. At this temperature the homo- 
geneous azeotrope merges with the heterogeneous azeotrope, 
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Flgure 7. P-x-ydiagram for diethyl ether (l)/water (2) at 25 O C  for 
the ether-rlch reglon. Lines are calculated from eq 30. The circles 
are P-ypdnts and the x's are P-xpomS from the ME data of Signer 
et al. (70). Pressures are in kilopascals. The insert shows how the 
system behaves at the temperature of Incipient homogeneous az80- 
VOPY. 

and the right-hand branches of the P-x and P-y curves are 
tangent to the three-phase-pressure line. Moreover, these 
curves and the left-hand branch of P-y curve a i  come together 
at the solubility limit xlB, as the sketch In the Insert of Figure 
7 shows. 

Glossary 
A 12; AP1 parameters in eq 2 
A 12 , , parameters in eq 17 

A 21 
second vlriai coefficients 21i, I parameters in eq 17 

c21 

excess Gibbs energy 
GEI(x ,x2RT)  
excess enthalpy 
HEI (x1x2RT)  
generic parameters, eq 29 

total pressure 
three-phase equilibrium pressure 
vapor pressure of pure i 
defined by eq 5 
universal gas constant 
absolute temperature 
molar volume of pure liquid i 
mole fraction, liquid phase 
mole fraction, vapor phase 
vapor-phase mole fraction for three-phase equilib- 

rium 

Greek Letters 

ff, P 
a l p ,  aH 
Y/ activity coefficient 
6 
@I 

as superscripts, identify values at miscibility limits 
parameters in eq 2 

denotes the differences: calculated - experimental 
correction factors in eq 1 and 3 

Registry No. Dlethyl ether, 60-29-7. 
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