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The Wilson, the enthalpic Wilson and the Orye equations were used for the simultaneous cor-
relation of extensive data sets on VLE and heats of mixing of eight binary systems hydrocarbon-
—n-alcohol, viz. benzene-methanol, —ethanol, -n-propanol, —n-butanol, cyclohexane—ethanol,
-n-propanol, -n-butanol and n-heptane-ethanol. The expected quadratic temperature depen-
dence of parameters of these equations makes a good simultaneous description possible of excess
free enthalpy and heat of mixing as a function of temperature. The Wilson equation gives de-
monstrably the best description of the experimental data. All the equations were as well used
to predict excess heat capacities for the systems listed and the confidence intervals were estimated
for the predicted results. The comparison with experimental data for four of these systems shows
that the predicted excess heat capacities are in general in good agreement with the experiment;
however, the Wilson equation yielded again the best results.

—

The excess thermodynamic functions Gibbs free energy ¢gF and heat of mixing AF are the pro-
perties of liquid mixtures that are very important for the design of distillation equipments and
for the purposes of the liquid solution theories. Precise description of the temperature dependence
of both these functions also makes it possible to predict the excess heat capacity, Cf, the quantity
comparatively hard to determine experimentally. In this respect, binary mixtures of n-alcohols
with benzene and cyclohexane have been studied experimentally in our laboratory recently.
Especially a number of sets of equilibrium data® _6, and several sets of heats of mixing7'8 have
been measured gradually. Their compleie processing comprising in addition further literature
data is given just only in this work.

The problem of a good simultaneous representation of the g and 4F functions was investigated
by a number of workers® ~1°. The ‘most significant results were presented in the paper series
by Nagata and Yamada'?~*# who ascertained these facts: a) The Wilson equation with a quadra-
tic dependence of energy parameters on temperature represents the experimental data on gE
and AP generally better than the NRTL or Heil ones. b)) On the assumption that the constants
were obtained by correlating data on g% and AE lying in the range of several tens of degrees, the
Wilson equation enables good prediction of excess heat capacities.

In addition to the widely well-known Wilson and NRTL equations there exist now a number
of further correlation relations for excess free enthalpy whose basis is as well the local composition
concept. Even if these relations are not often exploit in the literature they exhibit many good
properties — they are very flexible, enable a reasonable estimate of ternary VLE from binary
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data, most of them is able to describe limited miscibility and the like. To them pertain the Orye
E:quation'9 and the enthalpic Wilson equation (HMW)ZO.

In our recent work?} which has dealt with the applicability of the HMW equation for cor-
relating binary VLE we have found out that the HMW equation has in some respects even better
properties than the Wilsen one and gives comparable or even better results than the Wilson
equation both in the binary VLE correlations and in estimating VLE from limiting activity
coefficients. Therefore in this work we use besides the Wilson equation also the HMW and Orye
equations for simultanecus correlation of gF and AF and prediction of CE ar.d compare mutually
the results obtained with them.

The main aim of our work is to present in a condensed form and in a consistent
way the information on excess energy functions (g%, 1%, CE) of some systems benzene—
-n-alcohols and cyclohexane-n-alcohols (the cyclohexane-methanol system was not
treated owing to the fact that at temperatures lower than 45°C, its splitting into two
liquid phases takes place) in the temperature range approximately from ambient
temperature to the normal boiling points.

Correlation Equations

The equations of the local composition type, i.e. the Wilson, HMW and Orye ones
can be summed up into the following unique form:

E
9 _ —p X, %3 10 (42,4,) —g[In(x, + x345,) + In(x; + x,4,,)],
RT (x1 + x2451) (x5 + x,4,,) (
1)

o Ao— A o
Ay = —exp| ———2), (i+]); 2
= p( 2T ) (i+7) ©)

v;, v; are the molar volumes of pure components and 4;; — 4;; denote the adjustable
energy parameter differences. The individual equations can be obtained on substitut-
ing for p and g according to the following scheme:

Equation p q
Wilson 0 1
HMW 1 0
Orye 1 1

The relations for heats of mixing and excess heat capacities are not given here
explicitly because of their complexity; however, they can be obtained by applying
the well-known thermodynamic relations
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h_E - _T[M:IX’P, (3)

RT aT
CE = (@1joT). » 4

to Eqs (I) and (2). As a matter of course it is necessary to specify the form of tempera-
ture dependence of (4;; — lﬁ). In this work we assume that the energy parameters
are a quadratic function of temperature:

Aoy — A=A, + BT+ Cszv ' (5)
A1z — 2a3 = Ay + B,T + C,T?. (6)

The molar volume ratio of pure components v;[v; is considered to be temperature
independent.

Experimental Data and Their Accuracy

The activity coefficients were calculated from the data on the vapour-liquid equi-
librium (P—T—x—y) according to the Barker relation ‘

Iny; = In(»,P/x;P?) + (P — P)) (B — v")/RT + D,;P(1 — y)}|RT,
™

where ™

D;; = 2B;; — B;; — By, (8)

and the excess free enthalpy
G =gfRT=x,Iny, + x,1Iny,. )

To construct statistical weights in minimization criterion and to evaluate the signi-
ficance of correlation deviations it is necessary to know the possible inaccuracy
of correlated quantities. It can be calculated by means of an approximate relation
for the error propagation on the basis of the estimated errors of input quantities.
On the assumption that the quantities x, y, P, P°, B,,, B,,, B,, are those exposed
to an error and that these errors are independent and random, we can write for the
variance o*(In y;)

) = () )+ (Y o) +

0%, dy;
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alny\ dlny, o
+ [—Z P) + PY) +
(w)”()(wﬂ o*(Pf)

+i i(alny) *(By) - (10)

1=1 521 \ 0By

The respective derivatives can be evaluated from Eq. (7).

The errors o(x), 6(y), and ¢(P) may be estimated on the basis of accuracy of mea-
surements of the respective quantities. For calculating saturated vapour pressures
of pure components we used the Antoine equation. The error in saturated vapour
pressures originates therefore partly from the inaccuracy of their constants A, A,, A5
and partly from the error in the temperature measurement

-3 3 s (5) om.

For the Antoine constants taken over from the literature?? the error caused by their
inaccuracy is mostly higher than that caused by the inaccuracy of temperature.
Considering that we do not know the covariances Cov (4;, 4;) we approximate
this term by the standard deviation of saturated vapour pressure ¢,(P°) given in the
literature??

o2(F%) = ¥ (P — PRR(n — 3). (12)

k=1
The virial coefficients were calculated from the relation proposed by O’Connell

and Prausnitz. To determine the errors of single coefficients is practically impossible
Therefore we define an effective error in virial coefficients

UZ(B) = ‘72(311) = Uz(Bzz) = ‘72(312) » (13)

whose value is chosen from experience.
For the overall error in In 7; holds

o¥(Iny;) = o + 0} + opo + 0F + af, (19)

where the individual contributions are as follows

o2 = (lz + 5—2) o*(x), o’(x) = o’(y), (1)

Xi
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ok = % o*(P), (16)
I 2(po
Opo = P "w( i)’ (17)
i
. 230342
o = ———*2 g¥T), 18
s atac (19

g2 o (P= PO = 2P(P — PY) (1 — yi)? + 6P*(1 = y)* ,
" (RT)? !

(B). (19)

The errors in the virial coefficient estimates and the error in P{ induced by the vapour
pressure equations are not in their character random ones but with respect to the
significance of their part in the overall error they had to be inserted into the cal-
culation. In Eqs (15)—(I7) the terms considering the non-ideality of the vapour
phase were neglected. According to an approximate relation for error propagation
it holds for the error in G :

6*(G) = x}o?(Iny,) + x30%(Iny,) + [(Iny,)* + (Iny,)?] o?(x). (20)
The errors of single input quantities were, for most experimental data, estimated
as follows:

( o(y) = 0-001 - |
(P) = 0:3 Torr (21
o(T) = 0:02°C |
( |

Only some less accurate data required, however, to choose the error in pressure ‘
and especially in temperature higher:

If

&
I

o(P) = 0:5 Torr (22) J
o(T) = 0:03°C. ‘

The error o,(P°) differs considerably for individual substances; for some it reaches |
values higher than 1 Torr.

It is very difficult to determine the effect of inaccuracies in composition and in ‘
temperature on the error of experimental value of heat of mixing. As well it is proble-
matic to determine to what sort of error the measurement of calorimetric process
proper is subjected. For these reasons we choose the same overall error equal to 1 per ‘
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cent of the maximum value of H = hE[RT for all measurements in the entire con-
centration range:

o(H) = H,,,,/100. (23)

o]

Simultaneous Correlation of g& and h® and Prediction of Cﬁ

The best (in the statistical sense of the term) values of adjustable constants were
found by minimizing the objective function S defined by the following way
ng nH
S =Y w(GPP — G + ¥ hy(HPP — HO)?, (24)

k=1 I=1

where w, and h, are weights of single points

ng + ny 1
W = ——— <y 25
e (25)
ho=letmm 1 (26)

ny az(H,”")

and ng, ny is number of experimental points of VLE and heat of mixing, respectively.
The first factor in Eqs (25) and (26) serves the purpose to reduce weights in case
of unequal number of points of VLE and heats of mixing and the second one is the
statistical weight determined on the basis of errors of experimental values.

For calculating the best constants a program was made up based on a modified
Marquardt algorithm?3. This procedure combines the advantages of the second-order
methods (rapidity of convergence) with a high security of convergence which is
peculiar to the gradient method. The program evaluates as well the matrix of variances
and covariances of constants V needed for the estimation of error of the calculated
uncorrelated quantity (CE). To calculate the matrix of the variances and covariances,
the matrix of the system of normal equations A, and the value of criterion S, for the
best constants are used:

V=oAL, (27)
o> =S/[(n—-p), (28)

where A7 ! is the matrix inverse to the A, one, p is the number of adjustable para-
meters and n = ng + hy is the total number of points. The dispersion o7 is used
as an overall measure of quality of the correlation carried out.
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TaBLE [

Summary of Correlation Results
Total deviation o, mean absolute deviation D and deviation S, of calculated values gE/RT or hE/R
resp., from experimental values for single sets.

Tempera- Deviations
Function tureor umber Ref.
pressure of points Dy Sv,w Dy Sv.u Dg Sv.o
benzene(l)-methanol(2)
ow =266 oy=TT2 0g=86l
e 35°C 9 0-007 144 0-012 2:42 0014 3-07 36
& 45°C 20 0-007 2:51 0014 430 0-018 524 2
gE 55°C 14 0-006 1-43 0-012 2:59 0014 323 36
g% 740 Torr 20 0-012 3-08 0-020 4:66 0022 5-28 2
gE 521-2 Torr 20 0-007 2:19 0-014 4-03 0017 4-92 3
gE 340 Torr 20 0-007 1-84 0-014 320 0017 3-94 3
gE 2305 Torr 20 0-006 117 0-013 2-44 0-016 3-05 3
HE 25°C 10 0-004 1-28 0-019 6-40 0-021 6-90 33
HE 35°C 10 0-004 1-46 0-019 659 0-021 715 33
HE 45°C 10 0-005 173 0-021 696 0-023 7-63 33
benzene(l)~ethanol(2)
oy = 242 oy = 449 ao = 495 |
gE 760 Torr 9 0-010 2-80 0-009 2-89 0-010 321 45 |
gE 400 Torr 10 0-005 1-61 0-010 247 0-011 2:77 34
g% 180 Torr 10 0-005 0-87 0-009 1-31 0-010 1-49 34 |
gE 60°C 12 0-010 2:77 0-009 258 0-008 243 41 |
gE 55°C 9 0013 3-26 0015 3-69 0-017 416 29
g% 50°C 11 0-007 1-71 0-006 1-64 0-006 1-66 .4
gE 45°C 12 0-002 0-43 0-006 1-37 0-008 1-73 24 )
gE 40°C 11 0-006 1-19 0-004 0-72 0-004 078 41 |
& 25°C 9 0-006 0-59 0-011 1-15 0-012 1-27 40 !
g 25°C 10 0-007 1-40 0-016 3-81 0018 415 33
HE 35°C 10 0-007 1-40 0-016 3-81 0-019 422 33
HE 45°C 10 0-006 1-27 0-017 384 0-019 431 33
benzene(1)-propanol(2) [
ow=287 oy=446 op= 488 }
s 760 Torr 13 0014 3-60 0-012 317 0-012 3-02 42
gE 521-2 Torr 20 0-009 2:26 0-011 2:92 0013 336 4
gE 340 Torr 20 0-008 * 1-83 0-011 2-40 0-012 274 4
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Benzene-n-Alcohols and Cyclohexane-n-Alcohols 815
TABLE 1
(Continued)
Tempera- Deviations
Function ture or Num'ber Ref,
pressure of points Dy, Sv,w Dy Sy.u D, Sv,0
gi 230-5Torr 20 0-005 0-88 0-010 152 0012 1-78 4
g 65°C 20 0-007 2-44 0-012 318 0014 3-44 4
& 55°C 20 0-008 2:10 0007 211 0-009 2:25 4
g;: 45°C 20 0-007 117 0-011 1-47 0-013 1-63 4
g 35°C 20 0-019 165 0-016 128 0016 1-28 4
" 25°C 10 0-009 2:38 0-013 413 0014 4-46 33
HE 35°C 10 0-008 186 0-013 363 0014 3-99 33
HE 45°C 10 0-007 149 0014 336 0016 3-74 33
benzene(l)-butanol(2)
oy = 229 oy = 346 oo =373
g5 760 Torr 18 0-005 136 0-012 256 0014 2-86 46
g% 5212Torr 19 0-007 1-65 0-011 229 0012 2:52 5
g5 340 Torr 19 0-007 175 0-007 1-51  0-008 1-58 5
g% 230:-5Torr 20 0-008 0-95 0-008 1116 0-009 120 5
& 1371 Torr 20 0-008 0-61 0-010 068  0-010 071 5
I 65°C 20 0-009 122 0-010 1116 0012 1-36 5
& 55°C 20 0-016 154 0-010 089 0010 0-88 5
9 45°C 20 0-008 055 0-007 052 0008 060 5,25
HE 25°C 10 0-010 2:20 0-011 307 0012 327 33
HE 35°C 10 0-009 1-87 0-012 321 0-013 344 33
HE 45°C 10 0-007 1-41 0-013 2:88  0-014 3-14 33
cyclohexane(l )-ethanol(2)
oy =299 oy = 432 oo = 509

g° 5°C 7 0-007 021 0-010 034 0012 0-40 37
& 20°C 7 0-006 0-36 0-011 074 0014 0-88 37
g 25°C 9 0-023 2:60 0-023 236 0-022 228 44
g° 35°C 7 0-007 1466 0-012 2:11 0-015 2:36 37
&~ 50°C 7 0-002 0-60 0-008 206  0-011 2:68 37
& 65°C 7 0-003 0-73 0-007 174 0010 227 37
760 Torr 20 0-011 3-60 0-013 416 0016 4-82 30

HE 20°C 5 0-008 173 0-008 213 0009 2:53 47
HE 25°C 16 0-008 1-81 0-015 354 0017 4-07 7
" 35°C 9 0-009 1-88 0-011 2:57 0015 329 14
HE 45°C 10 0-007 1-51 0-014 347 0018 425 14
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TaBLE [
(Continued)
Tempera- Deviations
Function ture or Nrum.ber Ref.
pressure © points Dy Sv.w Dy Sv.u Do Sv,0
cyclohexane(l)~propanol(2)
oy = 3:61 oy = 516 gy = 5:66
g° 49-86°C 15 0-010 1-86 0-008 1-63 0-008 1-70 26
gE 55°C 1 0-013 2-75 0-017 3-27 0-018 3-56 1
gE 59-81°C 14 0-013 2:55 0-007 1-46 0-005 131 26
g° 65°C 14 0-006 1-60 0-008 1-69 0-008 2-03 1
& 70°C 10 0-014 4:59 0-014 4-26 0-015 4:30 26
yE 760 Torr 18 0-008 1-76 0-013 2-83 0-015 319 32
HE 25°C 14 0-009 2-86 0-007 333 0-009 3-70 8
HE 35°C 12 0-009 2:65 0-010 370 0-012 4:23 8
HE 45°C 14 0-008 2:43 0-012 5:06 0-014 5-58 8
HE 50°C 11 0:004 1-37 0-011 4-89 0-012 532 8
cyclohexane(])-butanol(2)
oy = 3-83 oy =311 0o = 338
yn 25°C 14 0-038 070 0045 0-70 0-049 075 38
g 35°C 13 0-036 2:01 0-032 175 0-036 1-80 38
P 45°C 12 0-039 2:47 0-027 1-75 0-024 168 38
gE 50°C 15 0-014 1-62 0-024 1-95 0-026 2-04 6
g° 70°C 16 0-009 278 0-016 3:02 0-018 329 6
HE 25°C 14 0-008 3-58 0-003 1-21 0-002 1-33 8
HE 45°C 14 0-007 2:52 0-006 2:91 0-007 325 8
n-heptane(l)—ethanol(2)
gy = 707 oy = 1372 oo = 14-67

gE 70°C 17 0-023 7-05 0-022 657 0-024 6-65 39
4" 50°C 12 0-025 691 0-028 750 0032 8:25 39 |
gE 30°C 15 0-035 3-87 0-038 4-26 0-042 4-61 39
HE 10°C 20 0-007 423 0-018 11-34 0:020 12-31 43
HE 30°C 19 0-009 3-62 0-033 13-78 0-035 14-45 43
HE 45°C 19 0-009 314 0-039 1315 0-043 14-11 43
HE 60°C 20 0-009 251 0-042 11-12 0-046 12:20 43
I 75°C 17 0-009 2-18 0-044 9-52 0-048 10-10
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818 Dohnal, Ving, Holub ¢

The survey of experimental data sets used for correlating and the comparison
of results of correlations by single equations is given in Table I. To judge the quality
of description of the whole system the deviation ¢ (Eq. (28)) is always presented.
The description of single data sets can be judged partly by the mean absolute devia-
tions in the sets given and partly by the deviations S, defined as

_1_ m (Fixp _Finlc)z

S, = Xk Tk
AT

: : (29)

mg=1

where Fg* denotes G;* or H;*® and m is the number of points in the set. The quan-
tity mS? has distribution y? and if the data are described with experimental accuracy
then the mean value of SZ is equal to unity. It can be seen in the table than even in the

TabLE 1T
Calculated Excess Heat Capacities (x = 0-5) with Estimated 95 per cent Confidence Interval

E
CE/R
45°C

Equation
25°C

CEIR

Equation —_—
45°C

25°C

benzene(1)~-methanol(2)

cyclohexane(l)-ethanol(2)

Wilson 1:24 £ 010 1-63 4- 0-14 | Wilson 1-119 4 015 1'79 4 0-20
HMW 1-40 + 0:24 147 4- 024 | HMW 1-50 + 0-25 1-55 4- 0-20
Orye 1:39 4 026 1-51 4+ 0-26 | Orye 1-50 4= 0-24 1-59 + 0°25
benzene(l)—ethanol(2) cyclohexane(l)-propanol(2)
Wilson 1-58 4- 0-10 1-98 4 0-20 | Wilson 121 £+ 0:14 178 4 0-10
HMW 1-76 £ 025 1-81 4 0-25 | HMW 144 4 0-15 1-50 4 0-14
Orye 173 4- 0:26 1-86 4 024 | Orye 1-40 £ 0-16 1-50 4- 0-14

benzene(l)~propanol(2)

cyclohexane(l)-butanol(2)

Wilson 1-74 £ 012 2:05 4 0-14 | Wilson 1-09 4- 008 1-53 - 016
HMW 1-87 4- 0-16 1-87 4- 016 | HMW 1:30 4 0-10 1:35 4 0-10
Orye 1:83 4- 0:20 1-92 4 0-18 | Orye 1-28 4 0-10 1:36 4- 0-10

benzene(l)-butanol(2)

n-heptane(1)-ethanoi(2)

Wilson 1-66 + 010 1-90 4 0'15 | Wilson 1-20 £ 0-08 1-84 £+ 0-10
HMW 1-77 4 014 1-754 0-15 | HMW 1-71 £ 0:21 179 4 019
Orye 1172 £ 016 179 4 0-16 | Orye 1:68 4- 0-20 1-83 + 0-18
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Benzene-n-Alcohols and Cyclohexane-n-Alcohols 819

TABLE IV
Comparison of Calculated Excess Heat Capacities with Experimental Data

Temperature Mean absolute deviation in Cg/R
°C/number -
of points Wilson HMW Orye

benzene(l)~propanol(2), ref.3’

25/5 0-10 0-18 0-16
30/5 0-09 0-10 0-10
35/5 011 010 0-11
40/5 0-19 0-14 016

cyclohexane(1)-propanol(2), ref.3%

25/5 011 0-17 013
30/5 0-10 013 0-10
35/5 0-10 0:06 0-05
40/5 0-12 011 012

cyclohexane(l)—ethanol(2), ref.3!

20/4 011 033 032
25/4 015 029 029
30/4 014 025 0-24
35/4 015 0-20 020
40/4 017 019 0-20
45/4 019 020 021
50/4 021 0-29 0-29
55/4 024 0-40 0-39
60/4 027 0-52 0-49
65/4 0-32 0-64 0-61
70/4 036 0-76 071

n-heptane(1)-ethanol(2) first data ref.2%, the others ref.?!

25/15 0-07 0-28 0-26
20/4 0-11 0-44 0-40
25/4 0-10 0-34 0-31
30/4 0-09 0-29 0-23
35/4 0-08 0-16 0-17
40/4 0-07 011 012
45/4 0-07 0-12 011
50/4 0-07 0-24 0-22
55/4 0-08 0-37 0-33
60/4 0-12 0-50 0-45
65/4 017 0-64 0-57
70/4 024 0-76 0-69
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820 Dohnal, Ving, Holub :

best cases the data are not represented with the experimental accuracy. Further,
Table I shows that with the exception of the only system the Wilson equation yielded
the markedly best results and that in all the cases the HMW equation was better
than the Orye one. The values of the calculated constants of single equations for
individual systems are summarized as miniprint in Table II. These values of para-
meters were used for predicting the excess heat capacities. The computation was
carried out for all the systems and for alt three equations at temperatures of 25°C
and 45°C. Table III presents the predicted C5/R values at the point x, = 0-5 together
with the estimated 95 per cent confidence interval of the value predicted (predicted
value +20). The estimation of the confidence interval was carriec out according to the
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Comparison of Measured and Calculated Values of Excess Heat Capacities at 25°C
Equation: Wilson, ——— Orye, —+—+ HMW, circles experimenta! data. @ Cyclo-
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—ethanol(2).
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approximate formula for error propagation
. P P
o(CoIR) =} ¥ — — Cov(K, K, (30)

where K are the adjustable parameters, Cov (K;, K;) the matrix elements of variances
and covariances of adjustable parameters V and p the number of adjustable para-
meters, F denotes the functional relationship for CE,,/R.

For the four systems for which we found experimental data on excess heat capaci-
ties in the literature, we give in addition the comparison of the experimental and
calculated values in Table IV and in Fig. 1. In the temperature range of experimental
data on heats of mixing (usually 25—45°C) the predicted excess heat capacities are
in fairly good agreement with experiment. The agreement becomes rapidly worse
with increasing temperature. The best results were again reached with the Wilson
equation, even though, as it can be seen from Table III, in a number of cases the
results predicted in terms of single equations within the range of approximately
25°C to 45° differ practically insignificantly from the statistical point of view.
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