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ETHANOL /WATER, PHYSICAL AND CHEMICAL PROPERTIES--
COMPILATION AND CRITICAL EVALUATION

1 Introduction

Accurate property data are eésentia] for thé design and evaluation
of new ethanol/water separation processes. Important physical,
chemical, and thermodynamic properties of ethanol, water, and their
mixtures are compiled here. Property data are also included for major ‘

fermentation by-products which can affect the ethanol/water separation

~design. Data for selected separating agents are also included.

Preparation of data for this compilation involved four steps:
1) Where available, data were collected from the chemical literature;
2) A1l data were critically reviewed (as in the case for ethanol/water-
vapor/liquid equilibrium data, where thermodynamic consistency testing
was used to eliminate faulty data sets); 3) Data were correlated and
computer routines developed to allow ready application in process
screening and design; and 4) Where important data were not available
in the literature (as in the effect of biological components and whole
yeast cells on ethanol/water equilibrium properties), new experiments
were conducted to collect the required data. |

For vapor/liquid equilibria, the model to be used will be the

general thermodynamic relationship:



Y, = mole fraction component i in vépor

Xi = mole fraction component i :in liquid

ptotal = system. total pressure |

75  = Tiquid phase activ1ty coefficignt for compoﬁent i

in,liq =.zero pressure reference fugaciiy for,componeht 1'inl~
| the 11quid | |

V{1iq = partial molar-volume df-component i in the liquid

9 - gas'phase fugacity coefficient of component i

Many of the correlations given in the following sections abelchosenvv
to lead to this overall model.

‘To be o?-the greatest use 5h-process écréening‘ahdvdesfgn;:propérty
‘data must be»in compdter usable form."The integfated computational
package of Prausnitz, g}_gl, (1) is"a,versati1e system for thermody-
namic property evaluation and is used widely in ihdustry. Whenever
possible, correlations and new‘cbmputer subroutines have been chosen
to be compatible with this patkagé.. Where correlations used in this
- pack age were. found 1nferior-to 6thers available (such-as. for liquid.

densities:) both correlations are included.

2 Pure Component Property Data

This section presents basic physical property constants for ethanol
and water. Vaiues of these basic properties are well agreed upon.
Several of these basic property values will be-used in the development
of correlations for the further properties discussed in subsequent

sections.
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Ethanol basic property data are summarized in Table 1. Water

basic property data are summarized in Table 2.

3 Nonideal Vapor Phase--The Fugacity Coefficient

3.1 Introduction
The fundamental thermodynamic equation of vapor 1iquid equilibrium
is:

fivap - fi]iq | (3-1)

where fi = fugacity of component i in the specified phase.
For an ideal system, Raoult's law expresses the vapor/liquid

equilibrium relationship as:

Yip tota]= Xip?ure _ . ' . (3-2)

where:

Yi = mole fraction of component i in the vapor phase
Xi = mole fraction of component i in the liquid phase
ptotal = system total pressure

pipufe = vapor pressure of pure component i at the system

temperature.
For the vapor phase, this is equivalent to assuming the ideal gas law.
Raoult's law fails for all but the simplest systems. At low to

moderate pressures (less than 5 bar) the activity coefficient is



Heat of Fusion - |
Heat of Formations(298°%K) -

Gibbs Energy- of fbrmatiéh,(?QB?K)d

-56:12 kcal/gmole
-403:22" kcal/gmole -

Table 1
Ethanol Basic Property Data = - -
'Prbgénfy - Value _lRéfehencé§. ' ;
Genera1 Propert1es o
1»;Formu1a ’ , : CZHSOH_ o
jMo]ecu]ar we1ght 46.069 1,2,3,4,5
~ Normal Bo111ng Po1nt : 351.47°K 1,2,3,4,5
Melting Point, 159.05°K 1,2,3,4, 5
© Density20 0.7893 2,34
. Flash- Point 282-284 K | 2,34
Surface’ Tens1on (298 K “23 1 dyne/cm 2,4
 Association Parameter 'l 40 1
C?Ttﬁta]“Propérfies‘ -
~ Critical Temperature - 516.26°K . & 1,4,5°
Critical Pressure - 63.835 bar . .1,4,5
:Cr1t1ca1 Volume 167 L/kgmole 1,4,5°
Critical Compressibility - 0.248 '1,4,5
Pitzer Acentric Factor '0.635 5
Molecular Properties: ’ S
Dipole Moment ~1.69.Debye - 1,57 -~ s
Radius of Gyration 2.2495 £ 1,5 R
o T v
Thermodynamic Properties: o =
Heat of Combustion (298°K)  326.8 kcal/gmole 2,4
L ’~1;152>kcal/gmo1e 2,4

2,5

-2,5°




Table 2

Water Basic Property Data

-
» Property Value References
General Properties:
Formula H,0
Molecular Weight 18.016 1,2,3,5
Normal Boiling Point 373.15°K 1,2,3,5
Melting Point 273.15°K 1,2,3,5
Dens ity50 | 1.000 2,3
Surface Tension (298°K) 73. dyne/cm 2
Association Parameter 1.70 1
Critical Properties:
Critical Temperature 647.37°K 1,5
Critical Pressure 221.20 bar 1,5 .
Critical Volume 56.0 L/kgmole 1,5
“ Critical Compressibility 0.229 ' 1,5
Pitzer Acentric Factor 0.344 5
(/ - Molecular Properties: _
Dipole Moment 1.83 Debye 1,5
PO Radius of Gyration 0.6150 A 1,5
v Thermodynamic Properties:

~

Heat of Fusion 1.435 kcal/gmole 2,3
Heat of Formation (298°K) -57.80 kcal/gmole 2,5
Gibbs Energy of Formation (298°K) -56.64 kcal/gmole 2,5




generally incorporated to account for Tiquid phase nonideality; but no
correction is made for the vapor phase. For the system ethanol/water,

" however, polar {nteractions increase the vapor phase nonidealities and

~even at 1 bar pressure;, a fugacity correction is necessary. - ' u
_total _ X ref,1iq
by Yy P =y Xy fy T | (3-3)
where:
bi = cdmpdneht i, gas phase fugacity coefficient
Y5 =ﬁc6mponenp,ﬁ5.1iquid»pha$e-activity'coefficien;“
firef,liq‘ = reference fugacity for?éomponent’i~in'the 1iquid'at"

standard state conditions for 15
In- this- séction, thé~HaydeneO‘Cohne11 virial equatjon:correlatioﬁ~
for fugacity CoéfficientSvis’oQtiined and e&a]ﬁated.for the sysﬁem
ethanol/water. A later section considers the 1iquid phase
nonideaTitiéS. |
3.2 The fugacity coefficient from an equatidn of state
The-fugacityfcoeffﬁcient is a‘function>df'temberature, composition
and pressure. It relates nonidealities in the vépof phase'pressure/
' vo]ume/tEmperature relationship and hence,'a model for the fugacity an
coefficient ‘can be developed from any gas phase equatioh of state v
which adequately models the vapor P,V,T behavior.  Ih‘this way, the
well developed vapor equation of state correlations may be applied

rather than developing an entirely new fugacity correlation.



The relationship between the fugacity coefficient and vapor phase
P,V,T relations can be developed directly from the definitions of

fugacity coefficient and fugacity:

total

b. = fi/(Y.P ) | (3-4)

1 1
[(anf )/(aP)]7 = V,/RT (3-5)

and with suitable thermodynamic manipulations (7), we find

p .
RT (In(f./PY.)) = RT In o, = J(. [(3v/en,) o - (RT/P)IdP
| 0 2Tl

= :/ﬁv [(aplani)T,V,nj - (RT/V)]dV - RT 1n Z (3-6)

Any suitable equation of state may now be substituted, and fugacity
coefficient correlations have been developed based on the Redlich-
Kwong, Sugie Lu, Lee-Erbar-Edmunster, Benedict—Webb—Rubin, Pitzer and
virial equations of state (5). Only for the virial equation are
rigorous thermodynamic relations knowﬁ for relating mixed component
vapor propertfes to the pure component properties, therefore, this
equation has been.chosen as the starting point in most recent
correlations for the fugacity coefficient.

The virial equation is given as

Z=PV/(RT) = 1+ B (TI/V+C (T)VP+ ... (3-7)



Expressed in pressure exp11c1t form and truncated after one term the

v1r1a1 equat1on reduces . to

Z.=1+[BP/(RT)] » o L (38)
where:-
P = system pressure
T = system temperature
R = ideal gas constant:
-Z”= compressxb111ty

and?the second virial coeff1c1ent for a mixture is given by the rule:

_ n. n - _ - ‘
B3 2 YyYy85 (M - - (3-9)
- i=lr §=1 ' ,
deriued from stat1st1ca] mechan1cs arguments
Th1s truncated v1r1a] equat1on accurate]y mode]s the P,V,T behavior

of ethanol and water systems (and others) up to_about one_hajf their

critﬁcaj‘dénsjtyv(at'uhﬁeh“pojntifurther*terms%mustybeﬁretajned);:-This

is(well beyond. the.pressure range of Tikely distillation and extraction

processes. Substituting the virial equatjonrinto:eduation 3-6" (with

the appropriate differentiations),yields the desired relation:

. o | |
In p, = Z: i) - B](P/RT) | L (3-10)

e

~ ‘
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thus, requiring on1y an expression for the virial coefficients.

3.3  Virial coéfficient correlation: Thé Hayden-0'Connell
correlation

The second virial coefficient is a correction to the ideal gas law
to consider vapor phase pair interactions. As such, the virial
coefficient can be directly related to the interaction energy between

molecular pairs as expressed by a pair potential:

. |
o 2 2m - i |
B =% fo _[ (1-e KT)rzsimb dededr (3-11)
J _
0 - 0

where:
d = the molecular pair potential function
r = molecular separation distance
k = Boltzman constant
N = Avogadro's number

For a simple system with only the classiéaT electfdﬁtatic fdrces (no
polar or association contributions) the molecular 5nteractions will be
made up of bound, metastable bound and free types (Fig. 1), and -
corresponding contribdtions to the virial coefficient can be
considered (7). wfth no association, the metastable and bound
contributions have been correlated with the critical properties,
dipole moment (u), and a mo]ecular'size parameter (8).

The free (repulsive, molecular volume) contribution to the viria]r

coefficient has also been correlated for nonpolar nonassociating



Free :Cb_n_f.r ib -u-tifo n

Bound »,
\ Contribution /

: P'qi_ r Energy, cb

Pair Separation, r
| XBL822-526|

Figure 1, Intermolecular pair potential contributions |
as used in the Hayden-0'Connell Hodel, .
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molecules using only critical properties and the Pitzer acentric factor
(to correct for molecular nonspherocity) (9,10). None of these
correlations are adequate for the evaluation of virial coefficient for
the polar ethanol/water system.

The limitations of previous correlations are overcome by the
modification of Hayden and 0'Connell (11). In this model, pair inter-
actions are represented in two parts, a classical electrostatic
contribution and the nonclassical contribution arising from polar and
association effects. In this way, equations of the forms already
deve]oped can be used to correlate most effects. To apply these
equations in finding the classical contributions for polar molecules,

pseudo-polar reduced properties were developed. For the nonspherocity

.correction to the free contribution, the Pitzer acentric factor is

replaced with the mean radius of gyration (which is not altered by
molecular polarity as is the Pitzer factor) and nonpo]af changes to the
critical temperature and pressure are cancelled by using a molecular
dipole moment angle averaging correction to the interaction energy and
molecular size correlations.

To complete the correlation for polar and associating components,
Hayden and 0'Connell developed correlations to account for these
additional effects. The polar (attractive) contribution to the free
contribution was correlated by empirically fitting data for polar,
nonassociating compounds. The association contribution to the bound
contribution waé then correlated as an equilibrium constant for the

association reaction in terms of an association (or solvation for



12

unlike moIeCu]es)'parameter. For unlike pair interactions, suitable
mixing-rules were developed.
.The:necéésary;equqtipns,for,the calculation of virial coefficients

for both polar ahd,nonpo1aﬁ{sy5tems are given below:

~Virial Coefficient Segment Contributions:

Total Free DimefiZed o | S

Bi_j = 813 | Bij - o B2
Free Free Nonpo]ar | Free, Po]ar : _ L (a '

813 = 13 e B1J _ s : : - (3-13)

BD1mer1zed_ (BD Meta;tab]e + BD Bound) + BD Assoc1at1ve (3:14)
Sl . ij v Cig o

: ?reéa Ndhpclar Contribution'
pFreestomolar (o 1A 085 L LOS (31
" i3 1J 13

[Corre]ation deveioped from data for nonpo]ar‘hydrocarbons].

where:
.1 eijﬂ .
ij v -
€5 ' 8 : ' : : '
F,_:]--:.corre.cted nonpolar pseudo=interaction. energy
€51 (eﬁ)' £yl C(1)ii) '
= \k=/) J1-5C) 1- — | (3-17)

angle averaging correction
(polar contribution removal)

4
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i) _r Yo.748 + 0.91 o BES S LN (3-18)
k - C; : e ii Cy 2+20 wi, -
. I —
standard form for association removal
non-polar components correction
e‘ij e'ij ' : ' .
‘e (k—) 1+ 855 Cayag) (3-19)
angle averaging
correction
Tc = Critical temperature
i
PC = Critical preséure
i
() -o7|R)E)] T - [(ITTe33 761+ (17T 7enT 320
Wi = nonpolar pseudoacentric factor
w; 5= 0.006026 R; + 0.02096 (R;)? - 0.001366(R;)> (3-21)

R; = radius of gyration of component i ()

) 1 1 1 .
wi;=7 (uu].,i + wJJ) (3-22)
16 + 400 w;. 16 + 400 w;i
10 + 400 u 10 + 400 w,

angle averaging correction term

511 =0 for u, < 1.45 angle averaging'correction term  (3-24)
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or
7, 4
: 1f7941 X 10_(ui) ;

ii

([ 1882w, 1 e )
| }[z-ssz'- ————] T (ol (e ) |
L i

03 AR R E
0:03:+ gy 1.

o
o . s

g = — i . 7;?0? U _>_ 2 and.u.
‘ k) ey R

:07.

(3-27)

[

or..

=00 for all other values.of w., (3-28)

S S o Ly
b= 1"26184.(013) and by ;. = 1.26184 (o, ;)

i5 (3-29) )

a
1]

effective nonpolar potential parémetef (potential well

width, or loosely, molecular size)

1/3.

935 =015 (14 845 Ciapii) - (3-30).

angle:averaging correction

(2.44 - ;) (L0133 7_ /e )3 ) (3-31)
S i

Q
1]

[standard nonpolar molecule, molecule size parameter]
o4 = (oﬁ._. OJJ ) __ | ( (3-32)

i3 = %y 545 Ciy) (3-33)

Q
]

for u:>1.45 (3.25)

(3-26)



15

C(2)ij = 15F 200 ~ angle averaging correction term  (3-34)
i

J

Free, Polar Contribution:

’ T..  (T..)% (T..)
1 1] 1

[empirical correlation developed from polar nonassociating
' molecule data]

where:
“:j = empirical correlational parameter for free, polar contribution
* ! * *
.y for My < 0.04 (3-36)
s ! %*
- or My = 0 for 0.04 < My < 0.25 (3-37)
* ¢ * ' *
OF wjj = iy - 0.25  for Mij 2 0.25. (3-38)
“:j = reduced effective dipole moment
7243.8 u.u.
u:j - L, (3-39)
Metastable and Bound Contributions:
AH. .
D,Metastable D,Bound _ - ij
et PR = Po,ighiy P <W> (3-40)

~ [Deduced from Stockmayer potential function]

where:

* oL
Aij = - 0.3 - 0.05 Mis : - (3-41)
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o | - :
aHy5 = 199+ 0.2 (u;5)° (3-42)
Associative (Chemical) Contribution:‘
: L 1500 n:
- oD,Associative : iJ
[Treating association as a reaction at .equilibrium]
where: : '
_ [ 650 (24
Eij = exp znij (eij/k) 300 - 4.2%] ‘ for ngj < 4.5 (3-44)
or i v
| [ 42,800 -
'Eij = exp 3“ij (eij/k) T 27300 - 4.2%]; for N5 > 4.5 (3-45)
L

(carboxylic acids)

Only six readily available properties are required to use the
Hayden-0'Connell correlation. Extensive tables of these properties are

provided in the appendices of both The Properties of Gases and Liquids

(5) and Computer Calculation for Multicomponent Vapor-Liquid and

Liquid-Liquid Equilibkium (1) as well as in other sources. Where

measured properties are not available, predictive methods can be used
(5). Requiredvproperty data for ethanol and water are summarized in
Table 3.

3.4 Aiternative-corre1ations

Alternative relations have been developed to correlate the second
virial coefficient for polar systems (12-19). Hayden compares his
correlation with those of Nothnagel, Tsonopoulos, Bléck and Kreglenski.
For water and alcohol, the Hayden-0'Connell correlation is superior to
all but the equation of Tsonopoulos which requires fitting

coefficients. The Hayden-0'Connell correlation is more general and



Property Data for Hayden-0'Connell
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Table 3

Correlation

~ Property

Tcritica] (k)
Periticar (bar)

Radius of Gyration (A)
Association Parameter
Solvation Parameter

Dipole Moment (Debye)

Ethanol

516.26
63.835

2.250
1.40

1.69

Cross

Water

1.55

647.37

221.20
0.615

1.70

1.83

~ With these units, Bjj will be given in cm3/gmole
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is the correlation employed in the Prausnitz computer equilibrium'
vca]culation'packége (1). As shoWn in the fo]]owihg evaluative
section, the correlation is excellent.

3.5 Fugacity coefficient  computer impTementatiqn» ‘

In ETOH“(the etﬁano]/watee eqqilibriumupackage):(Appendix 1), the
Haydeﬁ-ofconneli correﬁation is-used in determining fugacity |
coefficients. The virial coefficients are calculated in subroutine
vTDEP‘(mOde1ed after subroutine BIJS2 in;the more Qenéra] Prausnité
package (1)), and the fmgacity>coefffcients ere;ca1c01ated in PDEP
(modeled~after subroutine PHIS2 of.Prausnitz)..‘Fof a printout ofvfhe
virial and fugac1ty coeff1c1ents, MODE-24 shou]d be set equa] to 1
. when the E TOH package is called.

| 3.6 Fugac1ty corre]at1on—fcr1tica1 evaTuatiom

Second virial coefficients\for ethanol and water (but not their
mixtures) are available in the literature (20-25). -Subroutine TDEP of
the ETOH package was used to predict virial coefficients %br the
ethanol/water system ahd theveesulte are plotted against measured
values- in Figure 2" The various contributions.to the virial
coefficients- are presented in- Tab]e 4,

Vapor phase P,V,T measurements become very d1ff1cu1t at low
pressure'(1ess than 500 mmHg)--corresponding to low temperatute. For
the data of Kretschmer and wiebe (20) the authors indicate an expected
uncertainty in B of only 5 cm3/gmo1 at 373 K and above, but an
-uncertainty of greater than 100 cm3/gmo1 at 313°K and below._ As can

be seen in the figure, the correlation agrees well with the data at
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Or— l I T I
©
g -400 -
o
o
£
S
< -800+ -
K
2]
S
S -1200 —
=
>
b -1600+ —
o A B,qter LeFevre Nightingale, Rose
o J.Mech. Eng. Sci., 17, 243(1975)
n ® Bgyon Kretschmer, Wiebe
-2000 J.Am. Chem. Soc., 78, 2579(1954)1
L ® 1 1 | 1
300 - 400 S00

Temperature (K)

XBL822-5257

Fi gure' 2, Pure component and cross virial coefficients -
for the system ethanol/water.



" Table 4

Second Virial Coefficient'Contributions.'

Water

Ethanol o Crbss.w v _
Contributions 303.15°K  333.15°k  363.15°K| 303.15°K 333.15° ~ 363.15°K| 303.15°K 333.15°k 363.15°
gFree  -121.8  -88.6 -62.2 | -90.5 ~ -57.2. 2337 -63.6 - ~36.6 -18.3
gh.MetastablerBound 4509  _365.2 .-306.4 | -243.1 -202.0 -173.1 | -245.4  -198.9  -166.9
pD,Associative -1400.3  -749.8  -444.9 [-1427.3  -715.1  -401.5 |-1486.9 . —-697.0  -370.2
B -1973.0 -1203.6  -813.5 |-1760.9  -974.3  -608.3 |-1795.9 ~ -932.5  -555.4

0z



21

moderate temperature, deviating most at low temperatures where the
uncertainty in the data is greatest. Fortunately, the fugacity
coefficient varies as exponentié] (P) and larger errors can be
tolerated in the virial coefficients at lower pressure, and hence
lower temperature. | | |

At 373°K (the temperature at the base of an atmospheric pressure
ethanol/water distillation column) the discrepancies between correla-
tion for B

 and 8 are -3.10 and -19.50 cm3/gm01. At

ethano water

the respective vapor pressures of the components at these temperatures,
these deviations would result in deviations in the fugacity coeffic-
jients for the pure components of only 0.0002 in 0.9487 and 0.0006 in

0.9850, respectively. Even for the point at 313.15°K, where the

A_deviation is the greatest between experiment and correlation, a

difference of only 0.0029 in 0.9854 results.

Figure 3 shows the plot of ethano] and water fugacity coefficients
versus mole fraction ethanol in the vapor phase at various pressures
and saturation conditions, as calculated with subroutine PDEP of ETOH.
The temperatures 303 through’383°K cover the likely range for ethanol
water separation-eystems, and it is clear from the substanﬁia] devia-
tions from ideality (¢ # 1) that vapor phase nonidealities cannot be
neglected. The vapor fugacity coefficient must be considered 1h any

ethanol/water vapor/liquid equilibrium evaluation.

4 Liquid Specific Volumes
4.1 Alternative density formulations
Ethanol and water densities are necessary for design. The specific

volume is also required for the Poynting correction to the vapor/liquid
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equilibrium relation. Use of a general correlation form which can be
apb]ied to other components (preferably without fitting new data) is
desirable. Numerous corresponding states formd]ations have been
‘developed including the Tyn and Calus (26), Chueh and Prausnitz (27)
Yamada and Gunn (28), and Rackett (29) equations. Spencer and Danner
(30) evaluated the various liquid density equations. For nonpolar
1iquids these equations could predict liquid densities to within from
1 to 5 percent accuracy. Substantially larger errors were found for
polar liquids. |

To predict accurately polar 1liquid densities, Spencer and Danner
(30) proposed a modification to the Rackett (31) cbrresponding states
. formulation, employing a single fitting parameter. This modified
Rackett parameter is now tabulated for a large number of fluids (1,31)
and it can be estimated knowing only the fluid normal boiling point.
The modified Rackett equation is general (applying to both nonpolar
and polar fluids) and is the form used in the Prausnitz equilibrium
computation package (1).

4.2 The modified Rackett»equation

The modified Rackett formulation is given by:

with

v =1+ [1- (1T, 10288 for T/T, < 0.75
1 1

or

1.6 + 0.00693/((T/T, ) - 0.655] for T/T_ > 0.75
i i
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and _

o5 = (M), (V. ") o - (4-2)
where

ﬂ'L = molar vo]ume.ofxpure Tiqﬁid i

Tci o= crifi;a]vtehperature of i

: Pci = critical pressure of i |

R - ideal gas constant

ZRi o modified R;ckett ﬁarameter'for i

o =  mass density of bure liquid i

(Mw)i = component i, molecuTar wéigﬁt\

For- ethanol and watér; the modified Racketf'pa;ameférs.given by
Spencer and Danner are. 0.2520 énd 0.2380, respectively.

4.3 quuid,dehsjfyvcomputer implementation

In ETOH, thé modified Rackett formula is used in determining
1iquid densitiés fn Subroutine TDEP (mode]ed after subroutine MVOL in
the Prausnitz pack age (l))..'For a printout of the molar specific
v vo]umés MODE-24 should be set equal to 1 when thérETOH package isrv
called. | | | |

4.4 Density corre]ation——critital evaluation

Rackett correlation 1i§u1d density predictions. are plotted along
with measured densities for ethano]_(4) and water (32) for tempekatures
up to near the fluid hormaT boiling points in Figure 4. The avérage
errors for ethanol and Water, respective1y, are 0.0188 g/cm3 and
0f0336 g/cm3. For computation of the Poynting corrections to the
vapor/liquid equi]jbrium equatfon, thesé accuracies are.adequate.

Further, the modified Rackett relations retain accuracy at elevated

e
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temperature (for up to T/TCi = 0.85) and can be used in the design
of supra-atmospheric pressure distillation systems.

For design at ordinary pressure, greater accuracy in the density
spétification may be nécessary. For the temperature range of Figure 4,

the simple numerical fits for ethanol (1) and water (33) may be used:

Pathano] = 0-80632 - 0.00085365 (T) - 10°8(1)222x10-%(13) * (4-3)
Owater = 10000326 + 2.3859x107°(T) - 6.1070x107°(T)?
-8 ;13 » - |
+1.7334x107° (T) , e
p = gn/cm® T =%

The ethanol density correlation reproduces the data with an average’
deviation of #0.00014. The maximum deviation for the water

correlation is *0.00015.

.5 Vapor Pressures ‘and the Reference Fugacity

5.1 Vapor pressure corré]ations

Pure»combonent vapor pressures are needed for design and also.in
establishing the liquid phase reférence fugacities for vapor/liquid .
equilibrium determinations. The variation.in pure component vapof
pressure with temperature is given by fhe thermodynamica]]y rigorous
'C]apeyron equation:

d(1nP 1) /d(L/T) = -aH, o /R(Z

vap vap‘zliq)

where:
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Psat = pure component vapor pressure
T = temperature

R = 1ideal gas constant

AHVap = heat of vaporization

yA = compressibility (PV/(RT))

Numerous vapor pressure correlations have been developed based on

differing assumptions for the terms aH _  and (Z not

p vap'zliq) (

generally known a priori as functions of temperature) (34-36). A
detailed review is provided by Miller (37).
A particularly simple solution to the Clapeyron equation (good

over relatively small range of T) is the Antoine equation (38):
NP = A - [B/(C+T)] | (5-2)

Predictive methods have been devised for the Antoine constants (A,B,C),
but these are best fit directly to experimental data (39).

'5.2 Antoine correlation--critical evaluation

Antoine constants for ethanol and water at normal temperatures are
given in Table 5. Figure 5 compares the correlation with the
experimentally measured vapor pressure of Ambrose and Sprake (ethanol)
(41) and the steam tables (water) (42). In both cases the fit is
excellent and further refinements of the equations aré not necessary.

Antoine constants are also tabulated for most other typical solvents

(5).



28

Table 5

. Antoine Constants for Ethanol and Water

Compound Temp. Range . A - B ¢

Ethanol 0-100°C  18.91198  '3803.99  231.48

water 0-60°C ~ ~~  18.66855  -4030.182 235.0
| | 60-150°C 18.34426  3841.20  228.0

For n P | - A - (—§~6' P, = mmH T=°C

T Peat = R TACHT Fsat = 9 .

Référencesv4,'5,_40}‘
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5.3 Zero pressure reference fugacity derivation

The general reiation for vapor/liquid equilibrium may be eXpresSed

as
exp[(PEORT - pTeTyy 119 (RT))
where:
i = 1iquid phase activity coefficient of component at:

system temperature évaluated at reference. pressure.

. _' £
g

0,11q,P"®

= référence;fugacity for component i in the liquid
at thefstandard s¢ate cond?tjons:(TgPref) of “the-
activity coefficient. |

A partfculary cdn?enient choice of reference bréssure is

Pr?f-: 0. This simplifies the Pbynting correction term to:

)/(RT)] (for p"&T

14

Poynting correction = exp[(P j

For this-choice-of‘reférence.pressure, it then follows (settingA

x1'='Yi = y; = 1) that:

f.

1 ,1iquid _ P.Satb.satexp[— (P.sat V.

it SR IRDY (5-5)

_ where:
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fio’]1QU1d = zero pressure reference fugacity for component i
in the liquid
¢.sat = fugacity coefficient of component i, evaluated at

1

system temperature and P = P].Sat

5.4 Zero pressure reference fugacity correlation

sat sat

Having developed expressions for P.°%", ¢, _liquid

and V1 for ethanol

and water, we can evaluate the zero pressure reference fugacity. For
computational efficiency, Prausnitz has fit the reference fugacity

directy to the form:

0, 0T (g ) v e, M+ TCy DT+

?

[(Cq )(1NTT * [(Cg N(T)] (5-6)

In the normal temperature range, this numerical fit is equivalent to

0,liq

evaluation of fi according to equation 5-5. Further, at high

pressures, the Lyckman correlation (43) was used to predict values of
0,11iq

P.sat
i

to insure reasonable values for fi up to T/(TC.) = 1.8.

i
Extensive tables of constants for equation 5-6 have been compiled (6)
and values for ethanol and water are presented in Table 6.

5.5 Reference fugacity--computer implementation

In ETOH (Appendix 1), the reference fugacities are computed in

subroutine TDEP (modeled after subroutine PURF in the Prausnitz

package (1)). Pure component vapor pressures can be generated using

ETOH by calling BDPT with X1 = 1 (ethanol) or X1 = 0 (water).
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~ 'Table:6

Zero Pré$sureﬁReférenCé Fugacity,
Equation Constants '

o e 0, ]1qu1d _ 2 1aT + T&
| 1n £ c1 “lv:,- c3 T C4 1FT\+ Cs 47

Ethanol - o Water

L on.o9ere - s57.041588
o S -3465.87350 v<f2004;§4i6f |
e v',;0;0623613923 | ~0.0035888444 |
55" R 20.486493 o -6;66893878- | |
| o 0664221 x s © 1815054287 x 10~7
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5.6 Reference fugacity correlation--critical evaluation
Pure component vapor pressures generated by the ETOH package are
presented in Table 7. The agreement with measured values (see—Fig. 5)

is excellent,

6 Vapor/Liquid Equilibrium: The Activity Coefficient

6.1 Hydrogeh bonding and liquid phase nonidealities

The hydroxyl group is dominant in imparting many of ethanol's
anomalous physical properties. Polarizability and hydrogen bonding
result from the small size and dominant hydroxyl group of the |
molecule. These effecfs are most evident in the 1iquid phase where
ethanol is largely dimerized by hydrogen bonding (44). Hydrogen
bonding is even stronger in water, and water mo]ecﬁ]es associate in
the liquid phase in ordered groupings of typically five molecules
(45). Abnormal]y high boiling point, heat of vaporization and entropy
of vaporization are all manifestations of the strong associations of
ethanol and water.

The unusual vapor/liquid equilibrium behavior of ethanol/water
mixtures is also largely attributable to liquid phase nonidealities
resulting from molecular association effects (100). As either ethanol
is added to pure water, or water to ethanol, the ordered molecular
groupingvof the pure fluids is disrupted and new orderihgs formed.
Association effects lead to the formation of the ethanol/water
azeotrope (as well as azeotropes between ethanol and other solvents).

It is beyond the capability of present day statistical mechanics
liquid phase pertUrbation theories to account quantitatively for the

complex association effects observed for ethanol/water mixtures (46).
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Table 7

Computer Generated Pure Component Vapor Pressures

- ETHANOL

Pressure Temperature Pressure Temperature
(nm Hg) (°K) (mn Hg) (k)
19.0758 280.0 7.4337 280.0
26.4653 285.0 10.4093 285.0
36.2567 290.0 14.3865 290.0
149.0775 295.0 19.6386 295.0
65.6764 300.0 © 26.4955 ©.300.0
86.9375 1305.0 35.3514 305.0
113.8932 310.0 46.6726 310.0
147.7385 315.0 61.0055 315.0
189.8427 320.0 78.9853 320.0
241.7622" 325.0 101.3439 325.0
© 305.2504 $330.0 128.9179 330.0
382.2682 335.0 162.6573 335.0
474.9915 340.0 203.6327 340.0
585.8183 345.0 253.0425 345.0
717.3739 350.0 312.2207 350.0
872.5146 355.0 382.6424 355.0
1054.330 360.0 465.9301 360.0
1266.145 365.0 563.8590 365.0
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To predict vapor/liquid equilibrium behavior, therefore, we must rely
on well based liquid phase models with constants fit to accurate
equilibrium data.

6.2 Ethanol/water equilibrium data evaluation

The ethanol/water system has been extensively studied and many
vapor/liquid equilibrium data areavailable in the literature (see
Tables 8 and 9 for a compilation of data sources). O0Often, though, the
literature data arehighly scattered and the data of different |
researchers are in disagreement. Before an equilibrium model can be
developed, accurate data must be selected and faulty data removed.

The Gibbs-Duhem relation (eq. 6-1) (70) is a rigorous thermodynamic
relationship between the activity coefficients of all components in a
mixture and, hence, must be obeyed by correct ethanol/water

equilibrium data.

E E
AH AV
« dT| - | == «dP + 2 X: dln y.=0 (6-1)
[R(T)2 } [RT ] T ‘

where aHE and avE afe the excess heat and volume of mixing,
respectively. An integral (area) test of equilibrium data can be
developed from the Gibbs-Duhem relation for‘ﬁsotherma1 or isobaric
data sets (71,72). The criteria for thermodynamic consistency of
binary equilibrium data are then:

For Isobaric data sets:

1 -
Y Xy =1 E
In L dx, = 1 ﬂz- dT (6-2)
Y2 RT |



36

"Table 8

" Ethanol/Water Eduifibrium Data Sources
- Constant Temperature '

~ Researchers

'Tempeféfpre (°k)  Reference

Dulitskaya

Jones’; SHbenb@?n, Colbdrn

. Dorﬁte'

,Udoyénkb,,FatKQ11na

Wrewski

" Pemberton, Mash |

© Mert]
’GcﬂHEtﬁfwiCkéﬁ

Nikdlskaya

Linderstroem-Lang, Vaslow

d'Avi]a; Silva

Bar-David, Dodge

105
1943l
1929
1952

1a39

1977

1972
1947 -

1946

1968
1970

1959

1323,
323,
298.
313.
312.91, 327.96, 347.94

303.
363.

- 313
283.

298
298
298

283,
298.

423

15
15, 333.15

15

15,°323.15, 333.15

15, 323.15, 343.15,

15

.15,.328.15, 343.15

15

15, 323.15, 348.15
17
15, 288.15, 293.15,

15, 303.15

155 473.15, 523.15

15, 288.15, 293.15,

-,47-

48 .

49

50

. 51

52

.53

54.

55

56

57

58"
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Table 9

Ethanol/Water Equilibrium Data Sources
Constant Pressure

1

Researchers | _ Date Preésure'(mm Hg) Reference -
Beebe, Coulter, Lindsay, Baker 1942 95, 190, 380, 760 59
Carey, Lewis | 1932 760 60
Dalager ' 199 760 ’ 61

~Jones, Shoenborn, Colburn 1943 760 - 48
Kauer, Bittrich | 1968 760 . 62
Svoboda, Hynek, Pick 1968 745 o 63

~ Kirschbaum, Gerstner 1939 50, 100, 250, 500, 64

: 740, 760 '
Novella, Tarraso / 1952 760 , 65
Rius ‘1959 706 66
Carey, Lewis 1932 760 - 67

Stabnikov, Matyushev, 1972 380, 760 68
Protsyuk, Yushchenko , o :

~

Otsuki, Williams 1953 760 69
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- For Isothermal data sets:

1 v X;=1 L E : |
f 1n -1 ax f 15 AV g R (6=3)
) v, T1T , RT 9%

X1=0_ o '

AHEF1§Qnot a priori known.asia;function‘of compesitioh for the-
-ethanOJ/waier $y$tem;fﬁente,’for the isobaric eduaﬁioh,_no_simp1ifica7j;
‘tions can be made'and isoberic dafa can notbe'readi]y tested for |
vthermodynamic consistency (72). For'isothermel'data sets, Hewever,
the second integral can be approximated to zero'With great}eonfiqence
'es‘AVE is eXtremely ema11 ebmpared to'RT} | | l |

| G1§en the corre]at1ons ‘thus. far deve]oped for the vapor phase
fugac1ty coefficients: (¢ )- and for the zero- pressure reference
f.O‘ref)

- fugacities (f, > ¥4 Can be. evaluated according to:

’ total
Yi¢ip

= 0,ref
Xifi

(6-4)

The thermodynamic coﬁsistehcy of individual data setS'cen then be
tested by trapezojda].ru]e~integratﬁbn'of.equation'6-3 in the
simpiified;form-of equation'é—Sland-expreséing'the actiYity |
coefficients as in equation 5 using the reported composition (X,Y)

pressure (P) and temperature (T) data.
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N = number of data points beginning at X1=0 and going to X1=1

The sum in eduation 6-5 should ideally equal zero, and Prausnitz
suggests |A| < 0.02 for the consistency criterion (70).

Consjstency with'fhé Gibbs~-Duhem relation is a necessary, but not
sufficient condition for determining the validity of equilibrium data
" sets. Further, the integral test described tests only whole data sets
and cannot distinguish individual faulty data points (Van Ness, Byer
and Gibbs have devised a far more complex test for specific points
within a data set (73,74)).

Given the limitations of the consistency test, it was used as an
~initial screening tool to eliminate obviously faulty data sets and.
select passing sets for further evaluation. The test was performed
using program CONTEST (Appendix 2). Figure 6 shows graphically the
integration of equation 6-5 for the data Qf Pemberton and Mash (52).
The difference in areas ;bove and below the 1In (71/72) = 0 line is
only A = .0026 and these data werechosen for further evaluation. For
Figure 7 (data of Jones, Shoenborn and Colburn (48)) the difference in
area is A = -0.0419 and the data are scattered. This second data set
was eliminated.

The Pemberton-Mash data were collected at the British Natijonal
Physjca] Laborafory in 1977 using a sophisticated static equilibrium
. cell measuring device. The researchers claim accuracies as follows:
1) Temperature to within #1 m'K
2) Pressure to‘the greater of.i 0.02 percent or * 2.6 Pa.

3) Composition to = 0.046 percent.
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Isothermai'data was taken for pufe ethanol and water plus 24
intermediate concentrations. Datawere taken covering the required
vrange of températures and pressures{' |

The data of Pemberton and Mash were chosen for use in developing.
: “the éétivity coefficient model. |
'6;3:,The actﬁvity coefficients models for the excess Gibbs energy.
Thé Gibbs Duhem rélation constréins the’thoice of,méde]sber vabOr
- ~liquid edui]ibria. Aﬁy méthematita] representation fbr the activityb

*coéfficients must be consistent.with:
zxj d In yi:= Ov(at constant T, Pj - | ‘J: | (6-6)
The excess Gjbbs.energy of miging is‘given by:
GE>=.RT 2 X, n vi ' | (6-7)
i _

so that for a binary system:

“,GE + X2[(QGE)/(3x])]%5P

]

RT 1In Y1;»

(6-8)

RT 1n Y, g x][(aGE)/(axi)]T,P

These relations provide the necessary-link to statistical mechanics
theories which can be used to model the actfvity cdefficients. Any
molecular interaction model for the Gibbs energy (consistent with
equation 6-6) can be used to corre]ate'1iquid phase activity |

coefficients.
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Common models for the excess Gibbs energy are summarized by
Gmehling and Onken (75). As an initial screening,the equilibrium data
fitting program of Anderson (1,76) (after some modification to allow
handling of larger data sets) Was used to fit two and three parameter
Wilson (77), NRTL (78), and UNIQUAC (79), and two parameter Van Laar
(80) and Margules (81) models to correlate an isothermal ethanol/water
data set (see Figure 8). A1l of these models, except the two parameter
NRTL and Margules, were sufficiently flexible to fit the data
(including predicting the azeotrope). Of these mode]s,,the UNIQUAC
equation is based on the most fﬁ]]y developed molecular 1hteraction
theory, and in fact, the UNIQUAC model can be shown to reduce to the
other models upon appropriate simplifying assumptions (79).

The UNIQUAC, Wilson, and NRTL equations share the advantage that
they can predict multicomponent equilibria using only binary fit
parameters. The Wilson and UNIQUAC equations have the further
advantage that group contribution theories have been deve1oped to allow
the prediction of the necessary binary parameters when experimental
data are lacking (this could be important, for instance, in establishing
a pre]iminary screening program for solvents to be used in an ethanol
extraction scheme). Fina]jy, the UNIQUAC (but not the Wilson) model
can predict miscibility gaps (again important in extraction system
design). Based on these considerations, the UNIQUAC equation was chosen
for modeling the ethanol/water activity coefficients. .

6.4 The UNIQUAC model

The derivation of the UNIQUAC model is described by.Maurér and

Prausnitz (82). The UNIQUAC activity equation is based on an extension
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of Guggenheim's statistical mechanics mode] (83) to assess'the excess
Helmholtz energy of mixing at constant tgmperature and volume, which
(for none]ectro]yté solutions) can subsfitute for the excess Gfbbs

ffee energy at constant temperature and pressure, and hence yield the
activity (84). The liquid is envisioned as a three dimensional lattice
of molecular segments with nearest neighbor interactions and described
by a partition function. Large molecules may have hany segments
filling several lattice sites and the number of nearest interacting
neighbors is related to the lattice coordination number (Z), the
molecular volume (r:), and molecular surface area (q;). Z is

generally chosen equal to 10. The molecular size parameters (r.

: and

: qi) can be determined from pure component data for van der Waals

volume and surface area (85) and are tabulated for most common
molecules (1). The model, in addition, accounts for nonathermal mixing
by cdnsidering the local average environment of each molecule type
rather than the overall average molar concentration (following Scott
(86)). The local compositions (e;j) are related to the overall
composition (X:) through Boltzmann type factors. This recognizes the
tendency, for instance, of similar molecules (all polar or all
nonpolar) to group (and interact) together, and of dissimilar molecular
species to separate. Thus, the model considers molecular interactions )
on the mickoscopic scale at which they take place. These cross species
interactions are given by two binary energy parameters for each pair

of species, and these adjustable parameters must be determined by

fitting experimental vapor/liquid equilibrium data.
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. When thquﬁIQUAC equation for the excess Gibbs energy is
differentiated according to equation 6-8, the desired relation for the
‘a,activjty;coefﬁicients results. The,actinty coefficient is made up by -
two eontrieutiohs {equation 6-9) w1th mo]ecu]ar s1ze and shape |
) d1fferences lumped 1n ‘the- comb1nator1a1 part and energet1c 1nteract1ons |
lumped nnnthe-resadual, Qi'aqd}ei.represent thervo]umeuand surface‘
area'fiactﬁoﬁs, respectively,ffor component. 1. Yy s almodifﬁed‘
surface area. fract1on over wh1ch the energet1c 1nteract1ons operate (as
'v'1n§roduced_by Anderson (87)); For,most mo]ecu]es,“ei e but
for'watefiand aicohe]s, fhe Small hydroxyT group dominates the
energet1c 1nteract1on so that the apparent surface of energetic

i.nnteract1Qn-(qt) is smaller than the actual mo]ecu]ar surface area (q). ‘

1"“71f? n *ieqmbinaroriaj + 1n ij851qua]" (6-9)
e - e r
g 1 1 1
cdnyyp e e X 2% ‘”.q“’z(ﬂl T, 2p)
v 221 2°12 7
+Cap [-In(eg +oy1y) + T, ST (6-10)
Tt T % T Gt T
E : ) r,.
. 2 , 2 2 2
Iny,=Ing=+=4q, In —+0,(2, - =—2,)
A PR N
o o1
+Ca, - In(e, *+ 91T12) + 1 12 _ :.'1 21
%* o7 °1 7 %21

where:
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~and where (for the ethanol water system):

(coordination humber)
(ethanol structural size parameter)
(water structural size parameter)
(ethanol structural area parameter)
(water structural area parameter)
(gthano] modified area parameter)

(water modified area parameter)

10

T12 and T,q are the UNIQUAC parameters.

7
’Q‘l =?(r1-q1) - (rl‘l)
7
2,2 =7 (r2 - .q2) - (rz -1)
o . N s XoTs
1 Xlr1 + er2 2 Xlr1 + X2r2
I ' o L 2%
17 X9 * X9, 2.7 X9 * X509,
91 = T 0 8y = — 7T
X191 * X9, X191 * X9,
012 = [91 le] [ % “12’]

2.11

0.92

1.97
1.40
0.92
1.00

(6-11)

(6-12)

k6—13)

(6-14)

(6-15)

(Physical parameters
calculated from a:
knowledge of the
molecular structure

of ethanol and water)

The major temperature

dependence of these parameters can be removed if they are expressed as
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~
|

-aUpp
12 = ®*P \TRT
= ~al |
- : 21\
for = exP,(‘ﬁTF)‘

AU12/R and:- AU21/R are then’ the f1na1 parameters which are found by

(6-16)

f1tt1ng equilibrium data.
C is the UNIQUAC third parameter--set equal to one aecordtng to.
the original developmeht (yielding theftwo parameter_UNIQUAC,
‘equat1on), but a11owed to vary (remaining’positive) in;the‘f‘
mod1f1cat1on of - Maurer: (82) | | |
645 vA temperature dependent'extehsion oijNIQUAC--fittinQVthe"
ethano]/water system ‘ |
| As can- be: seen in Fig. 8, the two parameter UNIQUAC equat1on can
:accurately represent 1sotherma1 ethanol/water- equ111br1um behav1or at”
"’323.154K, To correctly preditt the variation of important equilibrium -
properties-(such as azeotrope compositipn) with pressure however; the
bas1c UNIQUAC model must be extended to 1ncorporate temperature
»dependence in the UNIQUAC parameters | | '
| The basic- thermodynamic reﬂationshipwforftheJvar{ation*of“activity.

coefficient with. temperature  is:

m
L S, JSV. (6-17)
aTl P,X RTZ

~and
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m
ﬁ” X0 v) st
— P.X = TR

where HE is the excess heat of mixing and SE is the excess entropy‘
of mixing. For the ethano]/water system, the heat of mixing is a
complex function of temperature and pressure (see section 7) and
neither an athermal solution (HE - 0 so that 1In v; is independent
~of T) or a regular solution (SE = 0 so that 1n Yi a %g simplification
can be applied.

Prausnitz (1) suggests that where the temperaturevdependence of
activity coefficients cannot be neglected, the dependence can often be

accounted for by representing the characteristic energies in the form:

b
aUpp =3y, * ‘%3 | (6-18)

Thomsen (88), however, has tested several systems using:

alp, = ap, * b12/ /T ' (6-19)
AUlZ = a12T (6—20)
aly, = 3, exp(b/T) | (6-21)

as well as equation 6-18. Al1 these forms gave similar improvement in

the overall equilibrium correlation.
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| To find the temperature dependence of the acttvity coefficients for
the ethano]/water system,,rather than E;EEiEEi asSuming a posSibly too
restrictive form-for the UNIQUACainteraction energy parémeterSsdthe |
dPemberton data was: used to f1t the UNIQUAC equat1on at Six temperatures‘
| (298 15 303 15, .323. 15 343 15 363 15, 383 15 K) correspond1ng to the
pressure range 60 to 1070 mm- Hg The resu1t1ng va]ues of (AU 2/R) |
~and (AU21/R) are shown vs temperature in F1gure 9. Both parameters
uvvary'smooth1y.over the»range stud1ed AU21 could. be fit approx1mate1y
n the form of equation 6—18 but AU12 is better fit in: a parabo]1c
) form A f1ve term po]ynom1a1 expans1on was chosen to f1t both AU12
and AU21 (equat1ons 22 and 23) through the ‘range- of 1nterest Th1s
v po]ynom1na1 can f1t both interaction energy forms qu1te accurate]y and“
is read11y,d1fferent1ated (this is advantageous in ca1cu1at1ng;the

heat -of mixing as in section 7.3).

aUj,/R = -10845.010853 + 144.454638358(T) |
-0.692588910446(T)2 + 0.00143459625212(T)3 - (6-22)
-1.096233611 x 1076 ()%
auy ~38765. 541772 - 475. 052110708( T)
'2.14108540923(T)2 —-0.00420316593674(T)> - (6-23)

21/R

+

+

3.054583612 x 1076 ()%
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Figure 9. Temperature dependence of the UNIQUAC
interaction energy parameters for the system
ethanol/water.
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6.6 Ethano]/water equi1jbriUm model-—computer imp]ementation and
cr1t1ca1 evaluat1on | |
‘ The overall model for pure ethano]/water vapor/11qu1d equ111br1um

is given by the general relation

Y. by ptotal =Xy, £ 011U gy (ptotal y Videry (6-24)

T xp (P

¢i’ VA11q and f 0,11g are g1ven by the corre]at1ons of sect1ons

3, 4, and 5 The'mod1f1ed (temperature dependent) UNIQUAC equat1on

 for Y5 prov1des the: flna] necessary re]at1on.

Subrout1ne TXDEP of the ETOH program (based ‘on ACTIV2 of the
Prausn1tz-package.( )) calculates the act1v1ty coeff1c1ents,
Subrout1ne BDPTM is a dr1ver rout1ne which calls.the other subroutines
of: the: ETOH: package (Append1x 1) us1ngaequatnonw6+24ato make¢bubble
and dew+pd1nt calculations. (For: the ethaﬁb]/nater system; given any
two of P,vT; X, Y, the dfher'two'arevfound).
| A te111ng-tesf of the overall'equi1ibriun mode1 is the prediction
'df'isobaric data.v The model was developed from.isothermai data sets
whiiera single isobaric'data}set-coversta:range‘of temperatures.

Fﬁgdres lodthrough 22 compare mdde] predictions with data for the
ethanol/water vapor/liquid equilibrium-at various pressures from-.

50 mmHg tov780 mmHg. At the higher pressures agreement is excellent.
At low preSSures,'there is some discrepency between tne data of'
Kirschbaum (64) and the data of Beebe (59). The Kirschbaum data are in -
good agreement with the data df other researchers at higher
pressures. The equi]ibrium'model”accurate1y”predetSathé:]ow#pressure

equilibrium behavior as given by Kirschbaum.
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Figure 10. UNIQUAC model fit to ethanol/water equilibrium
data.
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An even more difficult test of the model is its abi]ity to‘predict
the variation in the azeotrope compoéition with pressure. Figure 23
shows the model prediction compared with the.daté of Pemberton énd'Mash
(52), and the data of Beebe (59). The ?emberton—MaSh data.are more
‘reliable. The mode]'accurately predicts the azeotrdpic composition
down to about 200 mmHg but ddes not predict the disappéarance of the
azeotrope at véry iow pressures. Figurés 24 and 25 show the predicted
equilibrium curves at 50 and 100 mmHg expandéd near the a;eotropic
compdsition. The cﬁrveé closely follow the data of Kiréchbaum (64)_
-(differing by 1essithan 0.001 hoTé.fraction), but in this:region;the
curves are'a1most-para11e] to the Y = X line and very Sma11‘errors_ih
the equilibrium prediction can give a large appérent error in |
predictioh of the. azeotrope. composition.

The equilibrium model closely bredicts the slope of the data curves
in the range from X = 0.70 to 0.85 mole fraction. This is crucial for
'prediction of the required reflux ratio in an ethanol/water
distillation and for this purpose, as well as for'generating plate
counts for column design, this model is quite satisfactory.

6.7 Further improvements tovthe equilibrium model |

The ethanol/water equilibrium model described, provides the
necessary accuracy for detailed separation process design. For
spécific applications (such as predicting the exact variation in
:azeotropic composition with pressure) further improvements are

necessary.
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Figure 23. Effect of pressure on ethanol/water azeotrope composition.
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To prediet the diéappearance of~the azeOtrppe at low pressure, the
v'temperature versus: UNIQUAC parameter correlation could be cont1nued
down to lower temperatdres (the data of d'Avila and Silva (57) cou]d,t
be ‘used down to 283.15°K). Likewise, the correﬂat1on cou]d:hedextended
to predict»high?pneSSUre equ%iﬁbrﬁumvbehavﬁor'(cqrrelatjng»the!uNrQUAc\
parameterstwith~the;data offBarfDarid and Dodge (58)). | |

" Another means to tmprpve the activity cbeffitient correlatidn is

: tp'app1y the extended three»parameter UNIQUAC fOrm (C not. he]d f1xed
'at C - 1. O) Using the same strategy as in estab]1sh1ng the two
parameter correlatton,'1sotherma] data\NereJndependent]y fjt at s1r'
temperatures. The reSQTttng three coeffictents are piottedyvereUS_
‘temperature in F1gures 26, 27 and 28. Maurer (82) sUggests that for a
given system the third - parameter should be reasonab]y stab]e w1th a
va]ue of C = 0.7 g1v1ng 1mprovement for most systems over C=1.0. It
was hoped that a s1ng1e opt1ma1 va]ue of C could be found for the
ethano]/water system, but C varies w1de1y w1th temperatures (from 0.47
to 1.89). Further, AU 2/R no 1onger var1es smoothly w1th .

_ temperature ' '

Accepting the: UNIQUAC third parameter as- temperature dependent

the variation in the three parameters with temperature can be fit

approximately byf : p
sU,/R = -89.328445 + 24.275419 8 | . (6.25)
+ 68.69882 82 + 14.59371 g° 4

- 10.421989 8

4.5220483 8°
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2 B

MUy /R = 327.38164 + 198.60022 g + 152.99377 52 (6-26)
- 8.5121911 8- 58.20737 8% + 0.75478520 8>
+ 7.0619251 g8
¢ = 1.3325301 - 0.76270750.8 - 0.32100718. 8% (6=27)
+ 0.22672759 ¢> +.0.13847213 8 - 0.031366680 8°
- 0.017084929 g° S _
Lo - ; o o
with g = -16.030588 + 0.047058824 T o (6-28)

T2 K

vThé'témpératUré débendent thréé-pérametér;model does.prédiﬁtfthe>

' dissappearahceiof1the;azeotrqpe»(ét»P 5550 ﬁmHg)-but'spuriogs max ima
in the;azeotrope'versys temperature:corfe]ation‘alsOwrequt; The -
erra]] improvement in the‘cpnrelationvis marginal. A further»,
diffitu]ty;with the three parameter model is that no longer can binary
paraheters be used 1nvpredicting}mu1t1component bhase equi}ibria.

~ This is a major handicap as the correlations of ééttioh 9 cannot be.
applied'with:the>threenbahameter"equatﬁon&to;predict'the-equi}ibrium
behavior in the presehcé_of fermentation byﬁprQaucts or édded -

extractive.agents. For these reasons, the two parameter correlation

should be preferred.

7 Thermal PrOpérties —~Véborvand Liquid Enthalpies
7.1 uEntha]py patﬁvrelations
The_enthalpyg(]jke’the-cher fundamenta]'thermddynamiC'ré]atiohs)

is a state function. Any path may be used in relating the enthalpies
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of two end states. One convenient method for the correlation of
enthalpies is to refer all enthalpies to an ideal state. Paths are
then chosen whereby the various nonidea] contributions are added to
reach the final real state.

7.2 Gas phase enthalpies: Cg gnd virial corrections

Pure component gasses at 0°C (273.15°K) and zero pressure (i.e.,
the ideal gas state at 0°C) is chosen as the standard state. To
represent the enthalpy of an actué] gas relative to this ideal standard
state, path terms can be summed for the effect of temperature (still
at zero pressure) and then for the effects of pressure and for mixing
effects in multicomponent systems, The témperature effect on enthalpy

(at zero pressure) is given by Cg with:

m
o0V Ly (\r].-/'T Y an (7-1)
i=1 273.15 Pi
where :
H1.0’vap = the ideal gas (zero pressure) enthalpy relative to

the zero pressure, 0°C, standard gas state

0

Py

the ideal gas specific heat of component 1.

Cg' is a function of temperature and can be determined by
flow cglorimetric measurements at several low pressures and extrapolat-
ing the results to zero pressure (89). The heat capacity is a
monotonic function of temperature and Prausnitz (1) gives correlations

for water and many organic vapors using the general form:
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cd-o

p =0 * 0T+ 0T+ 0 In T S (7-2)

with Cg zv(stahdard state specific heat)“kéallkgmole°K

K

T
Values of the conétants~f0r ethanol and water arqagiveh in. Table-10.
This equation aCcUrate]y fits ‘the datgvfor;both,ethanQIV(QO)'and water
(91) (Figure 29).

- The bath'term to account for_vaporvnonidealities of the mixed

system at system pressure is given rigorously by:

P

L -~ LV o . | R
aH = jo'[v I (7-3)
where:
P = system pressure
"V = mixture molar volume. -

This correqtion_termtcan now be eva]uatéqbby substituting ahy

equation of state which adequately represents the miXturé P,V,T ”

behavior. B . v ; : | - L
Applying the virial equation (as already developed in section 3 ' .

for correlation of the vapor fugacities),

ij ’ ‘
Yin [Bij - T v ] (7-4)

m‘ m
AH=P 3
i=l  j=1

At Tow pressures, this correction is smaJ]'{lS'percentﬂat 370°K and

1 bar). The correlation of equation 7-4 accurately predicts this
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Table 10

Zero Pressure Vapor Specific Heat

Ethanol Water

D,  -1.7797 x 10° 6.1122

D,  5.0472 x10° | 2.1460 x 102
Dy  -1.1213 x 1072 3.2756 x 1073
Dy 3.1568 x 101 3.7823 x 10-2
0 _ |

Cp = Dl + DZ/T + 03 T + D4 InT

€O = kcal/kgmole®K T =°K
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correction for the 1jm1ted data of Counsell, Fenwick and Lees (90) for
pure ethanol up to 1 bar. Unfortunately, data is not available for |
the ethanol/water mixture and the mixture correction of equation 7-4
cannot be tested.

7.3 Liquid phase enthalpies: 8H,4p and aHpsy

7.3.1 Liquid enthalpy,. general relationship

By appropriate path choice, liquid phase enthalpies may also be
related to a 0°C ideal gas (zero pressure) reference state. The

enthalpy is then given by:

lig _ LU O,vap o 0 0
H = ggi X H, - Xi8Hyap,i = SHmix (7-5)
m | dVi
+ 3 XP (V. = T =)
ig 1 i dT

O,va o . .
The term X.H, pcorfects from.0°C to the system temperature (in

the gas phase) for each of the components. The ideal vapor is then

condensed to its ideal 1iquid components (at zero pressure and with no

0

vap, i for each component.

0
mix*

excess heat of mixing effects) releasing xiAH
The ideal liquid components are mixed at zero pressure, giving up aH
The final term accounts for the effect of pressure on the mixed liquid.
At low pressures (to ~5 bar) the liquid is essentiq]]y incompressible

and this term can be neglected. The first term is evaluated from
cO 0
p,i vap

as in section 7.2. New correlations are required for aH
and AHO. .
mix
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7.3.2 Zerd pressure heat of vaporization

The Clapeyron equation (séeveqUétion 5-1) provides an.exact”1{nk

bet&een the heat of vaporization and thé vapor preséure»versusv

'~ temperature ré]ationship. App]yfng the Clapeyron re]atibn, the

(hypgtheticald heat of VapOrization of a'compOnent at_zerO“pressUre-Ts

related to the zero pressure reference fugacity by:

. o fd 1 £,0,114
AHS. . = RT S :
vap,i o aT :

(7-6)

As in section 5, the zero pressure reference fugacities for ethanol

- and water can be corre]ated §c66rd1ng to (1):

< 0,119 _‘ ' - |
In £, 0 =G 5+ Gy i (T)

The zero pressure heat of vaporization is then given by:

e . o |

aH0 S R[-C, . +C, (/)2‘+‘C' (T) + 2¢. (T)°]

‘ ‘Vap,'i 2,1 3,1 /‘ 431 . _ 591 v
wﬁfh
0 _ o e

AHvap,i = kcal/kgmole K

T = K

R 7 = 1.9872 kcal/kgmole’K

The constants for ethanol and water are given in Table 6.

+ €3 5(T) + ¢y ;(TnT)

At Tow temperatures (and corresponding saturation pressures) the

 effect of pressure on' the heat of vaporization is small, and -aH

c]o;e]y follows -the true AHvap

‘temperatures. the deviation is large (Figure 30).

vap .
at saturation pressure. At higher
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- The heat of m1x1ng is r1gorous1y related to vapor 11qu1d

‘ equ111br1um propert1es through

o Ery e - o
. <3(1/T ))"P’X | Al m1x | | . | | ) | ( )

Expfeésingvthe excess Gibbs energy in terms of activity coefficiéhts,

s ' 2 m fadn viy oo I o

f O,Jiquid

In: section 6, the: y were expressed re]at1ve to. N -

' ;he zero pressure reference state. Hence, if we use Y; as caleculated
in section 6, aH -x'ca1cu13téd=with'equatron'7-10 will be at the zero

’pressure reference: state (AH0

nix) as required “for evaluation: of

the 11qu1d enthalpy by equat1on 7-5.
Subst1tut1ng the standard UNIQUAC form for Y5 “and d1fferent1at1ng

gives (92):

AH . = —RTZ ‘ J_. i | : ' _(7'11)

Th1$ form (with TJi independent of temperature) is generally

Jnadequate for prediction of AHO The general approach of

1X°

correlating aH . with a model for the activity coefficient can be

mix
successful, however, when_pafameters are fitted to enthalpy (not

“equilibrium) data. (93).
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.For the ethanol/water system, sufficient high quality equilibrium
data wereavailable to determine the temperature dependence of the .
UNIQUAC energy parameters. When the new temperature dependent UNIQUAC

equation for vy, (see section 6) is substituted into equation 7-10, a
model for the complex heat of mixing behavior of the ethanol/water

system results.

. -6 aT 6,8 \ [t
BHpgy = RT? Xy » - [ a?l]p . '+1'f 12 [ a%l] o x
°17%%21 A \P1T%2 21 ’

®2 12 (129281 M2
7

- [= ; T . ~ aT ’ —_—
817127 P \[erT12%e, P,X
(7-12)
+ X ! Ti2| L[ %% 12
272 9T+e"r 3T Ip x [GIT *'9.]2 T 1p,x
2701712 ’ 112°%2 ’
- T T T
oproyryr J| 21 Pk \loyresty 9/ | P Pk
1 \ qlx ! qlx
o1 ——L L, 6y =t (7-13)
64X * 9%, ML L
ay = 0.92 q, = 1.00
with aHO, = kca]/kgmo1e
mix

R = 1.9872 kcal/kgmole’K
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T.. = exp <TTTL1> S - (7-18)

AU;.‘. .o . e . :"
[%‘r <_R‘1l'l>]P - N

5l L e (Y5)
T fp T PR
_Usfng;fﬁeinéw temperafdreidebEndénfﬂformﬁfOR AUTJ/R'deVe]opedwfrom"

equilibrium data;(section‘G.S)i )

9

AR = Ry (1) * (D) #0pp(D) # oy (1)

~and "v (7—16),

+0,1(T) + pyy(MF

[i
o
N
ey
+
3
™~N
—
—
3
+
3
=
——
_‘

LS

then:

I A“> N (P NP |
[ﬁ <T1ri]px ) 2_17’"[“%'3”,,“#,("'3"5 )T ¥ og)T0 * oy )T

2 | | (7-17)

and fina]]yi:

t..1
[———E] = = T .
T P, X ij

‘Using the constants 25

i (7-18)

j through pj; evaluated from equilibrium -
~data (see equations 6-22 and 6-23) the model is complete. )
A computer program, HMIXING (Appendix 3), has beenvdeveloped to

implement this model.  Subroutine HMIX, given the temperature and mole
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fraction of ethanol, Computes the zero pressure heat of mixing. For
moderate pressures (less than ~5 bar) the effect of pfessure on heat
of mixing is negligible. |

Model.predictions for the heat of mixing versus temperature and
composition are given in Figure 31. These can be compared with the
calorimetric results of Larkin (Figure 32) (94).

The efhano]/water system is extremely nonideal, showing both
exothermic and endothermic mixing behavior. At intermediate
temperatures, the isothefma] mixing curves are actually sigmoidal, with
both positive and negative deviations at the same temperature. A

combination of association and dissociation reactions for the polymeric

~ ethanol and water 1iquid components is simultaneously present. The.

modified UNIQUAC model correctly represents the form of this complex
behavior, but quantitatively underestimate the extremes of nonideality.

The combositions at maxima and minima are accurately predicted, but

the corresponding AHgix values are underestimated (by as much as

30 percent at 323.15°K).

This is an extreme test of the modified UNIQUAC model. These
enthalpy predictions are made based on interaction parameters fit
so]e]y‘toothe vapor/liquid equilibrium behavior. Further, the AHgix
relation uses derivatives Qf the UNIQUAC y relations - demanding even

greater accuracy for -good results. The ability of the model to predict

0

the complex form of the aH-. behavior is very encouraging and

suggests that with further good experimental data to improve the

temperature dependent UNIQUAC parameter fit, that more exact
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. .Heat of mixing for the system ethanol/water.

50 4
Or- .
32305k
50¢ - 4 F i
323i5K" , N
<1100 ' * Modified UNIQUAC - ] o T ]
Model for Heat of Mixing CO!inme"ivC data Of LO,r-kin,
- ' ' J. Chem. Thiermo,, 7, 137 (1975)
L R . 1 L L L [ ]
02 04 06 08 0.0, 02 04 .. 06 08 Xe}
' . Mole Fraction' Ethanol '
B - . " xBLB23-3437




85

0

Vap (150

Values of AHgi are always small compared to aH

X
kca]/kgmo]e.versus 103000 kcal/kgmole) and the predictions of the
UNIQUAC model will generally be adequate for use in distillation
design. Where more accurate values are required (as possib]y in
extraction system design) Larkin (94) gives a numerica] ;orre]atibn for

T

the heat of mixing (for the temperature range 298.15 to 38§>lifg):wﬁ

m . _ '
aH o = 0.239 X (1-X) ggi a, (x)' | | (7-19)

with

a; = b, + ¢ (T) + 4 (T)2 ’ (7-20)

i =0, 0.5, 1.5, 2.5, 4.5

5 3
b;/10 ¢ /10 4
a, ~ -3.63868 +1.83829 -2.32763
35 +9.25982 . -4.83586 +6.37228
a s -14.08894  +7.51661 ~10.11280
a, ¢ +10.91318 -5.89498 +7.98868
3 s ~2.79986 +1.50557 ~2.03127
where:
AHmix = heat of mixing (at about the saturation pressure) in
~ kecal/kgmole oo — — o T T T T T

T = K



86

X o= mole fraction ethanol in the liquid.

- These eqpations genenated theVCUrves in Figure 32 correlating the

- Larkin data. }. | o |

7.4 “Sihpiifiedvfe]ations

'Mdst;design,epp]ita;ions'are'et.or;near'atmpsphéric-pfessUrea The:
pvmost:commgn]ynneeded.enthaipyfvaﬂuesVWiiivpheane"1JQujd eniﬁelpjesnand
_ heats df'vapbrizafion'at 1 atmosphere- If we negfect nonideal mix{nd

'*v,e%fects (as were cons1dered in the prev1ous more comp]ete re1at1ons)'}

ﬂthen s1mp1e corre]at1ons are ava1]ab]e to pred1ct the needed therma]

o propert1es.

7.4.1 ¢ latm
IR R | L -
-Ifithe (hypothética]) ideal gas standard state iS-kep]aced by a
(real) pure component 1 atmosphere, 0°C liquid standard state, andfif
- non1dea1 mixing effects are- neg]ected then 1iquid phase- entha1p1es

can be expressed as:

ylat 1 T clat 14 ' '
i=1 273.15° 'pi - | . .

Céatm’]iq»for ethanol (4) and water (95) have been correlated as:

,i .
clatmlia _ o5 008 + 6.330 x 1072 (T-273.15) (7-22)

pethano]

+1.032 x 1073 (T - 273.15)2

latm,1iq .. | T-173.15, °+26
C 'Y - 18.014 x [o 996185 + 0.0002874 (“‘7Rﬂ7“)

water

+0.011160 x 1070-036 (T“273'15)]' | (7-23)
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with
C;atm,]iq = specific heat of pure component i in the 1iquid
- ! phase at 1 atmosphere pressure (kcal/kgmole’K)
.. T = Temperature in °K. Equations are valid for the range

273.15 to 373.15°K

The temperature dependence of Céatm,]iq is small, and for
most purposes the use of a constant representative value is quite
adequate.
7.4.2 AH:
vap
The heat of vaporization is required for distillation flash calcu-
~ lations. Neglecting vapor phase nonidealities in mixing, and noting
~ that for close boiling components the saturation pressure of the

liquid mixture is close to the saturation pressure of any component,

then:

m
%; vap ; (7-24)

Further, (again neglecting nonidealities and assuming operation at

near 1 atm) the enthalpy of a saturated gas phase relative to the 0°C

- ' 1iquid standard state can be represented as:
4V apor gi T Clatm,Hq dT) ’ fi (7-25)
- - vap,

273.15 Pi
The heats_of vaporization for ethanol and water can be represented
over a very wide temperature range by the general Ri}zgrfcp[respongjngﬁr

7 stgteé }elétioﬁ (96) (see Figure 33 (5)):
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AHVap

RTc

0-35% 4 10,950 (1T,

)0.456

- 7.08 (1-T)) (7-26)

where:

AHvap kcal/kgmole

T = TiTeritical (Te in °K)
1.9872 kcal/kgmole °K

o)
Hl

Pitzer acentric factor

€
I

T and o for ethanol and water are given in Tables 1 and 2.

For improved accuracy in the low pressure (50 mmHg to 2 atm)
range, the simple empirical fits for ethanol (4) and water (97) can be
used (see Figure 34, data of Counsell (90) and Polak (98) for ethanol,

~ Keenan (42) for water):

Mo ethanol = 10,428.3 - 10.7861 (T - 273.15) (7-27)
- 0.055277 (T-273.15)2
' 2
B, ap water = 14,568.1 = 22.0570 (T) + 0.0442725(T) (7-28)
-5,..3
- 5.36506 x 107°(T)

Plewes (99) has developed enthalpy concentration diagrams for the
ethdno]/water system at 760 and 300 mmHg. These graphs can be readily

applied for preliminary process evaluation.

8 Salt Effect on Ethanol/Water Equilibrium
8.1. Introduction
Dissolved species, especially salts, are known to perturb vapor/

liquid equilibria. In some cases, such as potassium acetate in _

ethanol/water (101), the effect can be quite large (in this case
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eliminating the azeotrope). In most (but not all) instances, the
dissolved species depresses the volatility of the solvent it is most
soluble in, while augmenting the volatility of theféolvenf it is léast
soluble in, the effect 1ncreasing as the disso]ved\specieSvconcentra-
tion is incréaséd. With the volatility difference between speciesv
increased, the separation efficiency is improved.

The "salt effect" on phase equilibrium is important for the
ethanol/water system. Salts at high concentration have been added to
distillation reflux to enhance ethanol relative volatility, break the
azeotrope and allow production of a pure ethanp] product from a single
column (102). Salts have been added to di]ute ethano]/wéter solutions
to enhance the selectivity of organic solvents in extracting ethanol
(103,104). Finally, the dissolved components naturally present in a
fermenting beer or wine can affect the relative volatility of ethanol
and water. In new processes, 1ike vacuum or flash-fermentation (105),
which selectively remove ethanol from the fermenting broth (thus
concentrating the remaining nonvolatile components), this effect may
become important. Even microbial cells cahvaffect the apparent
relative volatility of ethanol and water.

8.2 ModeTs for the sa]t effect

The addition of a dissolved species further complicates the already
complex water/ethanol intefactions which determine equilibrium
behaviof. Various models have been set forth, from the simple
qualitative hydration approach to quantitative attempts based on

electrostatic or van der Waals theories.
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According'to the simpTe;hydration mode (106,i07,108,109), salt
mo]ecuTes wil]hassociate preferentiaTTy with the solvent in Which they
are. more soTubTe. 'Generally, this will be the more polar solvent (in
th1s case’ water) The*watervmo]eculeS'wiTT form a hydration sheTT'
"around each ion, thus "t1e1ng up" the. 1on s hydrat1on number of water
molecu]es SaTts are- nonvoTat11e-—hence, the vo]at1]1ty of 1on—
'moTecuTe comp]exes is essent1a11y zero. The vapor compos1tTon is then
| determ1ned by the soTut1on in reg1ons remote from the b1nd1ng 1ons
The bu]k T1qu1d remote from 1ons 1s now depleted in water moTecu]es
The nonaqueous so]vent (ethano]) concentrat1on in these reg1ons is
re]at1ve]y enhanced compared to the pure ethano]/water system and thus,:
' the volatility offethanol 1n-the,sa1ted system is re]at1ve]y enhanced.

This sfmplefmodel negTectsyentireTYYinteractions betWeen thet
dissolved species and the nonaqueous solvent To be useful in
quant1tat1ve pred1ct1ons, hydrat1on numbers shou]d be 1ndependent of
the nonaqueous solvent chosen and the same as those for pure water in
theVSOTUte; - However, these conditions are not generally met (110,
111);» This model cannot-explain  "salting in" (volatility depression)
of-nonaqueous'soTvents observed~for some-saits. FinaJTy,vthis-modeT
cannot explain the disappearance of an azeotrope-causedvby salting.

If the salt acts only by binding water moTecoTes and thus 1n¢reasing
the effective ethanoT'concentration in the bulk of the liquid, then
the ethanol/water aéeotrope shod]d stilT occur, and should appear at a

lower total ethanol concentration in the liquid.
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Electrostatic theories have been used to attempt quantitative
predictions of the salt effect. The activity coefficient of the
nonaquequs solvent is corrected by an added term for ‘the electrostatic
contribution to the chemical potential. This correction is derived
from the Helmholtz work funétion in discharging the jons from pure
aqueous sd]vent and recharging them into the actual mixed solvent
solution containing the nonaqueous component. The electrostatic
theory was first applied by Debye and McAuley (112) with many later
refinements (113,114,115,116).

Electrostatic models do predict the general trehds that smaller
jons (higher chargé density) are more effectivé in salting out, and
that less polar nonaqueous solvents are the most affected. However,
the models do not predict the many observed anomalies and departures
from these general rules. Salting in is not explained. Quantitative
predictions of the enhancement due to a particular salt cannot be made
to closer than a factor of two (117,118,119,120).

The Timitations of the electrostatic models arise from their
simplified view of the solvent as a structureless dielectric continuum
with ion interactions measured only by their effect on dielectric
properties. Al1l other types of forces, and the effect of ions in
orienting the solvent structure, are ignored (111,113).

Salting in can be explained when short range.van der Waals forces
are considered (121). Using the London formula for the dispersion
potential, Bockris, Bowler-Reed and Kitchener (122) developed a

quantitative expression for the van der Waals contributions to the salt



94

effect. This’is then added to tﬁe electrostatic centribution (119).

_whileffhis model can preqiet salting in of the nonaqueous solvent, the.
model is not successfu1 at»quanfitative}y predicfihgvthe‘degree of the

| salt effect (122). |

As 1t 1s st111 beyond the capab111ty of any theory us1ng on]y

~ measurable pure component propert1es to pred1ct quant1tat1ve1y the
,vcomplex.effect of dissolved solutes on vqur/11qu19,equ1]1br1qm

behaYior;-we”mhst re}y_instead on_We]1 besed models -with constants fif
tdvaccuhate equflibrﬁum dafa fer}the mixedvsystem;f'

' Cons1der1ng on]y e]ectrostat1c effects but allowing for .
nonspheroc1ty and 1nduced d1po1e effects, the-activity coefficient of"
the nonaqueous so]ventr1n a sa]ted'solut1on,can be represented-by a
power séfies in tﬁe cohcentrations of the-salt éndnnoﬁequeouSvsolvent‘

(115, 119):

In Y; = k X

'where:-

Xi and Xg are“mele.ffaet10654of-thegnehaqueous_eo1vent and?ofe
the-sa1t,_respé;£ﬁve1y.

When-thewinterattion'consiants.(kk;m) are calculated from pure
eomponent'prqperties USing.eTectrostatic principles (115),.the mbde]j
fails to qqantitatiVe]y'prediet salting phenomena. If,‘howeyer; the
constants ;}é fit to experimentql equfl}briﬂm data, then a va]uab]e

ptediCtjve model results.. X, is-then generally-taken as the
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nonaqueous solvent concentration oh a salt free basis and the fit
constants reflect (in a complex way) all the various force effects of
the salt on the components of the solution.

At high dilution, equation 8-1 reduces to:

X

Xi* k.0%s

(8-2)

nv;=Kkgo*kop 1,0

Assuming a similar expression for the effect of the salt on water, a
very simple relation for the enhancement of nonaqueous solvent

volatility by a salt can be derived (123):

where k! and k¥ ; are constants as in equation 8-2 but

0,1 0,1 ¢
from the calculation of Y; and vy, (activity coefficient for the
nonaqueous solvent and water), respectively.

K. and K, are solvent relative volatilities with and without

s
salt.
Yﬁt/xi.'
Ky = SIS | (8-4)
w

with X; and X, given on a salt free basis. k{7 is a measure
of the effect of the salt on the nonaqueous solvent. kg 1 is a
measure of the effect of the salt on the water component of the

solution. The difference between these factors is referred.to simply-
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as the enhancement factor k, and is a measure of the effect of the

salt on the re]at1ve vo]at111t1es of the so]vents

K. T o - o . o
2=k X, N - (8-5)

| vThis sinple relation is a'11mit1ngf1aW'(for low salt and fixed
nonaqueou$'501Vent concentration only). -Further. it;shcu1a‘be'va113' '
.only-whenlthé change in boiling point dQéftd thefsaithjé’snallwéo that
the activity COefficientercomputed with ‘and without salt are at the -
_samewtemperatnreaaagain*thTS'iS’thuexfer’]ow'saﬂt”conCehtration

8.3 Vo]at1]1ty enhancements: at high salt ‘and ethano] concentrat1on—*
'11terature data |

Despwtez1ts<appahentt]imitations;-thefsfmple*modeﬂ-offeqaatfont8=5“
has - been app]ied,succeSéfu]]y to many systems even'at salt eatUhatidn'
conditions (119, 123) Tab]e 11 summarizes reported‘experinentai
evaluat1ons of the sa]t effect for the system ethano]/water ‘Thefdata
are actua]]y qu1te 11m1ted in that a]most all are for salts at ’
saturat1on and- data are: rare]y ava11ab1e for ethano] concentratfons
below 10 mole. percent (salt;free,basls). ‘

Johnson andvFurter.(IZB) applied equation: 8-5 to theqethaan/Water
. system with 12 different,salts at saturation as well as to 12 othen
systems with methanol and n-propanol replacing ethanol. The values of
k for‘the 24;systems tested were all remarkab]yhconstant and a sing]e
value: of k for;eachﬁeystem-Was5abiektoépredictathe\entihe eqnilibriUmv

curve-dupTicatﬁng"the data to within approximately one mole percent
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Studies of Salt Effect on Ethanol Volatility
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Table 11

Effect on
Salt Ethanol
Salt Concentration Volatility Reference
Sodium Nitrate Saturation Enhance 124,125
Potassium Nitrate Sat. Enhance
Sodium Sulfate Sat. Enhance
Potassium Sulfate Sat. Enhance
Ammonium Chloride Sat. Enhance 123,126
Sodium Chloride Sat. Enhance
Potassium Chloride Sat. Enhance
Sodium Nitrate Sat. Enhance
Lead Nitrate Sat. Enhance
Mercuric Chloride Sat. Depress
Mercuric Bromide Sat. Depress
- Mercuric Iodide Sat. Enhance

Barium Nitrate Sat. Enhance
Potassium Sulfate Sat. Enhance
Ammonium Sulfate Sat. Enhance
Cuprous Chloride Sat. Enhance
Barium Chloride Sat. Enhance 127
Barijum Nitrate Sat. Enhance
Calcium Nitrate Sat. Enhance
Sodium Chloride Sat. Enhance 128
Potassium Iodide Sat. Enhance
Lithium Chloride Sat. Enhance
Potassium Chloride Sat. Enhance
Calcium Chloride 100 g/L Enhance 129
Cupric Chloride Sat. Enhance 130
Sodium lodide Sat. Enhance 131
Sodium Bromide Sat. Enhance
Potassium lodide Sat. Enhance
Potassium Bromide Sat. Enhance
Sodium Chloride Sat. Enhance 132
Mercuric Chloride Sat. Depress
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Tablé 11 (continued)

o ‘ Effect on
N Salt - - Ethanol
CSalt -~ Concentration - Volatility  Reference

Calcium Chloride v © Sat. Enhance . 133
Ammon ium Chloride o - Sat. Enhance: -
Potassium:Chloride . ~-Sat. Enhance

Sodium Nitrate - - Sat. Enhance

Lifhium'Ch]oride'w . - Sat. ~ Enhance . 134 '

Sodium Bromide . - .0244 to .1197 Enhance - 135°
o g ‘mole fraction .~ = .- R
" Ammonium Chloride .0150 to-.1070 ~ Enhance”

Sodium Ghloride = -~ . =~ .0049 to .0501 ‘Enhance

) x‘Potaésium7ACetate7; o Sat.. ~ Enhance .. 101
Sodium Acetate : . sat. Enhance 137
Calcium-Acetate . Sat. Depress:. . . .
Barium Acetate - Sat. Enhance/ -
- : - . Depress*-

Sodium Acetate : » 0.75 io'3 g/L Enhance 7138

*VOlati]ify enhancement at low ethanol concentration crossing over
to depression-at-high ethanol concentration.
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throughout. The values of k found for the ethaho]/water system
measured with salts at saturation are summarized in Table 12. There
fs no apparent underlying basis for the success of equation 8-5 (which
was derived only as a limiting law for the case of dilute salts) in
modeling thé behavior of the wide range of systems of Table 12 under
the more complex conditions of salts at saturation. The derivation
of equation 8-5 from the more general form of equation 8-1 suggests
that a more complex relation should be required.

Johnson and Furter offer a partial explanation for the constancy
of k in a balancing between chahges in the components kg,l and |
kg,l’ reflecting a cancelling of opposing effects on the vapor/
liquid equilibrium. Using data for the system ethanol/water/ammonium
chloride at various values of ethanol and salt conceﬁtration (not just
salt at saturation), they plot kg,l and k3,1 (calculated separately)
and show that they both vary strongly with the salt concentration.

The variations tend, however, to cancel almost exactly giving a
constant value for k (the difference kg,l‘kg,l)‘

Table 13 summarizes the order of effect of various ions (119, 123).
The order found by Johnson and Furter for volatility enhancement by
jons on the ethanol/water system is in.good agreemént with the order
found for several systems with polar nonaqueous solvents. The order
also corresponds roughly with the predictions of the electrostatic
theory that smaller ions (higher charge density) should have a greater

effect. The exact effectiveness order found, however, 1is not
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Table 12

Enhancement_Factors’for Sa]ts-at Safdration*

‘f,Salﬁe,~» o Ce Enhancement Factor

mmonium Chlorides - g3’ 0
Sodium Chloride - 1
Potéssiuﬁ Ch]oriaé' ~ o | | o | o 9.7
’vASoqiumfwitFagg - R o 1'f o 1; ‘é.g_
n'-.Lead.NTtratei, }l;{ o ‘ | S e .v8;i  :
Mercaric CHloride: HRE o . 1.4 ﬁ
Mercuric Bromide N 2.1
l_Mefcﬁriﬁ fodﬁQé > - _'4'“v :_ ; oz
Bariun Nitrates T s
Potassium Sulfate " 23
Ammonium Sulfate - R 8.

Cuprou$ Chloride | v ( | , n 5.5

- *Results- of wJohnston: and.Furter- (123)
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Table 13

Ions in Decreasing Order of Effectiveness

Ionic Radius (angstroms)

Cations
Lithium | 0.65
Sodium 1.00
Potassium 1.33
Lead | ' 1.18

* Barium ‘ 1.38
Ammon ium —_—
Mercury : 0.72

/

Anions
Sulfate _—
Chloride _ 1.80
Bromidé | - | 1.96
Nitrate —

Iodide ' ' 2.20
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identical even for all neutral po]ar ﬁonaqueous solvents and can be
very different for strongly eeidic or basic solvents, The anomolous
beﬁavjor ofvmercuric‘ion,hasibeen-re1ated to its cota1ent bonding.
propeﬁtiesvj123), _ | | | | |
‘-Dete ere net.ataileble;for'ethand]/waterlstrong*aeid’systemS'(HC];
H,S04) but‘forisimilar systems (139) the effect~qf‘Hf\i0nS,19
Very small and can be neglected at ordihary pH. This apparent
ontrad1ct1on of the pr1nc1p1e that small dons shou]d have a large |
effect is. exp1a1ned when we consider the tendency of water ord1nar11y'
to be in a small fract1on dissociated. _H+ 1ons, thus, make up a part
of the ord1nary structure of the water nonaqueous solvent system and
can fit into the norma] structure when added at 1ow concentrat1on |
' w1thout caus ing disruptions. | | |
| Very little information is available on the:effect of mixed salts
on ethanol/water relative volatility. For many nonpolar systems at
Tow salt and nonaqueous solvent concentration, the effect of multiple

salts is approximately additive (119, 140) so that:

st m: ' o
g K (8-6)
J=1 '

where Xj and kj are the mole fraction and enhancement-factor for
the jth salt component added.
This'additivity of effects has also been reported for a limited

number of polar nonaqueous solvent systems (141, 142). For the



103

ethano]/water system the only data arefor mixed halide salts at
saturation (131). At low ethanol concentration (< 0.40 mole fraction)
the additivity roughly holds, but near the azeotrope a synergy is found .
such that mixed salts enhance the ethanol relative volatility by
significantly more than their simple additive effects even after taking
into account the enhanced solubility of the mixed salts compared to

the salts added separately.

While equation 8-5 has proved successful in correlating the
effects of a wide range of simple salts in the ethanol/water system
at saturation, it does fail for many important cases. Particularly
problematic are the acefate salts and sugars. Some acetates are very
soluble in the ethanol/water system and are among the most effective
salts in breaking the azeotrope to allow a $1mp1e one co]umn
extractive distillation. Sugars (sucrose and glucose) are present in
wines and beers during fermentation and distillation.

For the system ethanol/water/potassium acetate at saturation,
Meranda and Furter (101) found large enhancements (with the azeotrope
completely eliminated), but the value of k varied by a factor of three
as ethanol concentration was decreased from X = 0.9 to X = 0.1. This
led to much further study of the family of acetate salts at salt
saturation. The variation of k with ethanol composition was confirmed
for potassium acetate and also found true when methanol replaced

ethanol (137). For the system ethanol/water/sodium acetate at

AL AL £ ]

saturation a large enhancement was also found, but the values of k- — — ——— -

were approximately constant with varying ethanol concentration (137).
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Bedrossianvand Cheh (138) then applied equation 8-5 to the sodium
acétate system under conditions of varying levels of salt at Tow
‘concentrations (0.75 to 3.0 g/L). Under these conditions (unlike the.

behavior at salt saturation) the value of k was found to vary very

_,s1gn1f1cant1y with- ethanol concentration as. shown in. F1gure 35. As

" the ethano] concentration 1s “decreased; k 1n1t1a11y s]ow]y decreases,
- but at low ethano] concentrations (51m11ar_to.;hose found in a
fermenting btoth) the value of k rises by a factor of five.

Fufthér apomaTous bghaVior is fodnd,for bgri@m'and ca]Ciumvacetate
- at satufétion (137),, At.low ethanol goncentratfonslbarium acetate
enhances ethano]”reﬂatﬁye"voiati1ﬁty; butfat-high ethanol concentra-
tions'barium"aCetate“depresées ethanq] vb]ati}ﬁty causing salting in.
Although cé]cium acetate is more soluble in water than gthanoi, it
‘cause5f5a1tihg'fhvatfal]'eth&ﬁ;J cﬁncentratibns;

The énoma]ouS'behaviors of the acetate family cannot be deécribed
by equation 8-5 with a single k value for each salt. Potassium acetate
is known to form'two different hydfate$ and at least one ;}coho]ate -
(136). These special associations may help explain this salt's strong
effect.on reJatﬁVe vo1a$iJity. Sodium acetate is-very .soluble in both
ethanol and water and this results in very large (> 30°C) boi]iﬁg
~ temperature rises for the saturated system over the salt free system~.
Th1s 1nva11dates the use of equation 8-5 since the volatilities with
and w1thout salt are no longer measured at approx1mate1y the same
temperature and this may help explain the difference in results between
the experiments at. saturation and at low salt concentrations (where

the boiling rise is smél]).
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36 | ‘I 1 l
1.5 g/I Sodium Acetate
Data of Bedrossian and Cheh
30— —
24| —
| 8 —
12— —
6 —
0 ! I 1 l
0 0.2 0.4 06 0.8
Mole Fraction Ethanol
(Salt-free basis)
XBL823-5438
—— FiguFe 35. Effect of sodium acetate on ethanol/water

relative vo]atih‘ty.v
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) Sugars will genera]]y be present only at 1ow concentfat1ons (except:
at the beg1nn1ng of batch. fermentat1on) and hence have 11tt1e effect |

-‘Khar1n and Perelyy1n (143) studied the effect of: sucrose on ethano]

'. re]at1ve vo]at1]1ty and aga1n found k to vary w1de1y w1th the ethanol -

- concentration (Figure 36) causing sa1t1ng 1n -at low ethanol concentra—'
-tions,(less than 0.06 mole fraction) and-salt1ng out at moderate
concentrations. Simiiar behavior has been observed for azTimfted
number of other systems (e;g., pyrﬁdine/water with sodium sulfate
(114)). | | o

Recent work by Jaques and Furter (135) rafses further.questfons as.
to the broad. applicability of equation 8—5;"fﬁ'th5S‘w0rki equation.

8-5 was tested under the conditions for which it wes'defived-—constant
nonaqueous.so]vent‘Concentration and varyingj]dw Sa1t'c0nCehtration.
For both ethanol and_hethanol systems, the_equation wquedsvery well
giVing near]y_constaht‘k values (Figure 37). However, the;Ya]Ues of k
"found under these conditions:of low salt concentration (~O;62 to 0.12
mole fraction).were consistent]y lower tﬁen those found for the salts
at-saturation (Table:14).

“The difficu]ties cited-1ead to'1mportant‘coﬁc1usions-fer the use
of equation 8-5. For azeotropic distillation design (using salts at
saturation) equation 8—5.canvbe used with k valﬁes taken from the
1iterat0fe. For most systems of simplie salts, k will not vary
substantially with ethanol concentration at salt saturation and some.
~extrapolation is acceptable. For complex or highly soluble salts (such

as potassiumvand sodium acetate) further'care must be. taken to.apply
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O
41— —
@)

OF— —
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' Sucrose

Data of Kharin and Perelyyin
...8 e —
-2 1 ] | |
0] 0.1 0.2 0.3 0.4 0.5

Mole Fraction Ethanol
(Salt-free basis)

XBL823-5439

Figure 36. Effect of sucrose on ethanol/water relative
volatility. ’

[
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R | Slope.= ki='5:3

in—-— 04—

-

Data-of. Jd;qnig‘s and. Furter |

B R FEE S T l J
O 002 004 006 008 0I0 Ol2
~ Mole Fraction ‘Ammonium Chloride

X BLB825-5638

Figu\‘rze;x37i’.“..Eif%'é._c:t.,of ammonium: chloride on: elthénovT/vwat’ér
relative volatility. '
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Table 14

Enhancement Factor for Dilute Salt Solutions
~and Solutions at Salt Saturation

- ,'

Enhancement Factor k

Salt ‘ At Saturation Dilute Salt
Sodium Chloride | 11,1 8.3
Potassium Chloride 9.7 7.8
Ammonium Chloride 8.3 5.3

Sodium Bromide —_— 6.7
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the equation on1y at the condifioﬁs'for which the experimental k_vé]ue
~was measured.,

" The 1imitéd déta forrsa1ts at-]ess ‘than saturation*concentration~
suggests that k va]ues determ1ned at saturat1on cannot be app11ed at
l]ess=than saturation. The-data- for- sod1um acetate also suggests that

Whi1ezkfmay_be'near1y 1nvar1ant'w1th X"in the moderate ethanol
cohcentration rahge, that VOTati]ﬁty enhancement may be |
d1sproport1onate1y 1arge at the Tow (<O. 027m01e fractioh) ethano]i
concentrat1ons typ1ca1 of a fermentation broth | ‘ |

‘ 8.4 _VoJatj]ity_enhancemenﬁ‘at lowssAIf'andfethand]'éo@centrétidﬁ

8.4.i Voiétility-enhanteﬁént\in %ementation systémsf“

ﬁuring wine prodiction, ethanol is stripped from the wine by co,

. eyo]Ved'inrthe fermentation. In indUstria]‘ethanoT prod0ctipn,
ethanol is initia11y concentrated in,a'strippihgvstjlls ;in‘new.
,%ermentation processes such as flash fermentation (105) or extractive
fermeﬁtation (145), ethanol is removed from the fermenting broth (by

' f]ashing under vacuum or by extraction, résbective]y) continuously as
;it*is;produéed. In-all of'thESeyprocesseSnthefethanol,is removed ffomﬂ
a solution containihg dissolved species and the effect of these
sbécies on the ethanol/water equilibrium:should be considered.

Table 15 presents the composition of a grape must (the crushed
grape juice which is fermented tovproduce wine) (146). The concentra- .
tion of inorganics is low and these will have little effect. Only the
carbohydrates (sugars)‘are present in large concentration and the data

of Kharin and Perelyyn (143) can be used to.estimate- their effect .on
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Table 15

Composition of a Grape Must

¥

Component Amount Range (%)
Water 70 - 85
Carbohydrates 12 - 28
Total Acids 0.3 - 1.3
Tannin 0.0 - 0.2
Nitrogen 0.01 - 0.20
Ash ' 0.2 - 0.6
Ash Constituent ' Amount Range (g/L)

Fe 0.001 - 0.030
K 0.400 - 2.000
Ca 0.040 - 0.150
Mg 0.050 - 0.200
Al . 0.001 - 0.040
Na 0.050 - 0.200
Mn - 0.000 - 0.050
C1 0.030 - 0.150
P,05 , 0.100 - 0.420
SO 0.028 - 03330

4
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the ethanol vqiatiTify:aﬁd hence on the volatility Tosses (which
tonstitdte a substantjéj po1]Utidn:prQb1em) during fermentation.
-‘Tab1e 16=presents;the composition of a typical stillage from

»mdlasSes'(147); Stillage is‘thevconcentrated product remaining after
ethanol hasabeen‘distjjled.away,and,contains-thekSpent.yeast v ”
(so]ids)._vTéble 17'bre$ents the,;ompoéition of'a feémentation beer .
produced iﬁ continuous fermentation using the semisynthetic,medfum‘of“
Cysewsk (Tab]e.18)l(l48). Again the concentrati@n§ of’dissp]ved
inbrganic components are low éhd should hévé only a very small effe&t
on:ethéhp]/Watefvequi]ibrium. B a

Propo§ed new fermentation processes. will c0ncent¢5tevtheMdissolved;‘
species ahd,,fof these. processes, the effect of fhe dissOJVed cémpo_
nents may betbme impOrtant.v In vacuum.fenmentation, the:feed»soTutfbnv
is continuously added to a fermentor under vacuum. Fermentatﬁon takes:
place in the broth and ethanol is boi]ed/away as it is produced (to'
“eliminate end product inhibition). Nonvo]étile feed components which
are not metabo]ized;“bui1d up in the fermentor. A.sma11 ]iqUiﬁ bleed
“is taken torremoverdead-qe11sland;regu]ate.the'exténi of'buildupaof
components to levels below where they.wqu]d inhibit the fermentatioﬁ
'réactﬁon. It is desirable, however, to maintain the bleed as small as
possible to take most of the product in the concentrated purified vapor
form. Likewise, in conventional fermentation, to reduce the liquid
waste disposal load, stillage is now recycled (with added substrate)
to the fermentor, again concentrating nonvolatile dissolved species

(149).. Similar concentration effects occur in extractive and
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Table 16 °

Composition of a Stillage
from Fermentation of Molasses

Component
Total Solids
Total N
Total P (as P,05)
K (as Kzo)

Ci
Ca

Mg

Total Reducing Sugars

Total Proteihs

Amount (g/L)

61.0
0.87
0.099

11.4
6.0

0.8
0.23

2.5

0.9%
- 0.4%
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" Table 17
~Composition of a Fermentation Beer
(after yeast cell removal)

Total N *. | L o . o ‘1».7"*60

| Free 504: ' o .. ‘» , - 0.051

oo - 3.38,
< S 0.883

" - DR 0202 -
Mg | o - ’ | d‘;'.?:24~6
ca C 0.029.

B F*éé*NH3;OaS%N) | S - .05455?

. Reducing Sugars (as Glucose) | - .. 1.0

* Soluble protein based on bound nitrogeh is approximately 8.1 g/L.
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‘Table 18

Fermentation Medium

Component (g/L)
Glucose (anhydrous) 100.0
Yeast extract (Difco) 8.5
NH,C1 1.32
MgS0, - 7H 0 0.11
CaCT2 0.06
0.2 ml

Anti-foam (General Electric AF60)

Tap water

Make up to 1 liter
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mémbranevextractive'fermentationvprocesses. “In one probbéed extraction
ptocess,rpotassium.ch]oride is aCtua]]y added to the‘fermentationv
broth to enhance'thevethano]/water extractiteaseparatiOn (103).. :
 Table l?”summarﬁzes ]eveﬂéiat‘whiCh'Vaﬁiods saits’(pnesent 1n'most
| feedS)-become‘inhioitory (150) These 1nh1b1tory 1eve1s w111 set - the
11m1ts for operation: of the- fermentat1on and are. the. max1mum concentra- ”
tions that need be considered in assess1ng effects on vo]at111ty
| enhancement
8 4.2 .. Exper1mental procedure
New data is- needed to assess the effects of d1sso1ved components--
'] both=sa1tsvand*bwolog1ca1;componentseson.ethanol;mo]at111tywrn new
fermentation  schemes. Etnano1 concentrations-wil]-be‘1imited to Tes$;
than'0;04gm9]e~ffactionv(the 1tﬁ1tlof'tota1 end produot’inhtbﬁtionf
and?typicaﬁ1yvto'0.0ZZmo%e'fractﬁon*(where inhibition-is small). Salt
concentrations will be well below saturation. ° n
An Othmer equilibrium still (151) (Ace Glass No. 66818) was used to
_measure volati1ity enhancements at conditions stmi]ar to those of a con-
centrated fermentation beer (Figure'38) The method of still operatjon
was. s1m11ar ‘to:that of Johnson - and. Furter (132) who used‘a still to
determine enhancement-effects of salts at saturationstl 400 ml1 of the
1iquid to be tested.waswcharged'to-the-roughly_SOO ml still body. The
liquid was heated by a thermosyphon heater tube wrapped outside with a
heating tape and controlled with a vartac; To prevent bumoing, a Ni-
chrome wire coil was placed inside the thermosyphon tube to provide
-nucleation sites forvboiling; A.very»s1ow:boi]ﬁng rate-was:usedvto

prevent splashing: and“entrained droplet carry over to the collector.



117

Table 19

Inhibitory Levels of Salts on Ethanolic Fermentation

Concentration at Concentration at
Onset of Inhibition* High Inhibition**
Salt (gmole/L) (gmole/L)
Sodium Chloride ©0.291 | 0.457
Ammonium Chloride 0.117 0.466
Magnesium Sulfate 0.606 0.829
Magnes fum Chloride . 0.566 0.886
Potassium Chloride ©0.549 | 1.654
Ammonium Sulfate 0.134 0.205
| Potassium Phosphate 0.639 | 0.753
Calcium Chloride 0.074 : 0.238

* 20 percent reduction in cell mass production.
** 80 percent reduction in cell mass production.
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The vapor was condensed in a refrigerated (1°C) condenser and
collected in the 18 ml receiver. 'When the receiver is fu11, the excess
condensate returns to the main still body via the overf]ow return line
so that after sufficient time a steady state is achieved with the
condensed vapor in equilibrium with the boiling liquid. The still was
insulated and the vapor portion of the main body was wrapped outside
with heating tape and maintained at 1-3°C higher than the boiling
1iquid to prevent refluxing.

The ethanol and water compositions of liquid and vapor -products
were determined by gas chromatography. The chromatograph injection
port was fitted inside with'a sleeve containing a glasswool plug to
collect nonvolatile components and prevent them from fouling the
column. The chromatograph was calibrated with known standards so that
the ratio of water and ethanol peak areas measured by the thermal
conductivity detector gave directly the mole fraction of ethanol (on a
dissolved species free basis). Individual analyses varied by less
than 5 percent and four or five analyses were made of each sample and
the averages reported.

To test the experimental technique, pure ethanol/water samples
(with no salts) were equilibrated in the still. Eight hours equilibra-
~tion time was found inadequate but at 20 hours (the still left
overnight) excellent agreement with literature values (Pemberton and
Mash (52)) was achieved. A mass balance after the equilibration also
Showed the system to be closed. Figure 39 shows the results of this
test}along with results with added ammonium chloride at 0.012 mole

fraction salt.



Mole Fraction Ethanolin Vapor

0.6

T I I T I l l
0.4 ~
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—— Data of Mash and. Pemberton
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o D * XBL 823-5440

Figure 39. Ethano]/water re]at1ve volat1]1ty w1th and w1thout added ammon1um

ch]or1de salt,

0zl
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8.4.3 Effect of salts at low ethanol concentration--NaC1l, KC1, NH,C1
Experiments were conducted with dilute ~0.015 mole fra;tion (35g/L)
~ ethanol solutions and'with NaC1, KC1, and.NH4Cf at concentrations
ranging from 0.00 to 0.02 mole fraction saTts—-as might be expected in

a fermentation. When these results are plotted according to equation

8-5 (Figures 40-42) a straight line relationship results indicating a
constant k value. These values are 14.5 for NaCl, 11.0 for NH4C] and
17.4 for KC1. In the case of all three salts, the values of k found

at these dilute ethanol concentrations are substantially higher than
those'reported.by Jaques and Furter (135) at higher ethanol concentra-
tions. Thisvbehavior is very similar to that reported by Bedrossian

and Cheh (138) for sodium acetate where k values were also elevated at
low concentration. To test the effect of ethanol concentration on the
enhancement factor, additional experiments were conducted holding the
NH,C1 concentration constant (at ~0.012 mole fraction) while increas-

ing the ethanol concentration from 0.015 mole fraction to 0.114 mole
fraction. These are the points shown in Figure 39. vResu]ts (summar-
ized in Table 20) show that k does decrease with increasing ethanol
concentration. The value of k = 4.0 obtained here at Xetoh = 0.114
compares with the value of 5.3 of Jaques and Furter obtained at

Xetoh'= 0.223, indicating that the enhancement may reach a minimum
before returning to its constant value found at moderate ethanol
concentrations. This again agrees with the behavior reported for

sodium acetate (see Figure 35).
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Figure 41. Effect of potassium chloride on ethanol/water
relative volatility.
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Table 20

Variation of Enhancemént Factof k with‘Ethano1 Concentration
for Ammonium Chloride at 0.012 mole fraction Salt

Mole Fraction - 'Enhancement

Ethanol Factor k
0.0152 12.6
0.0415 6.3
0.114 4.0
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Sinéé feEmentation beers Contain‘seveha1 disso]ved.compOnenfs, it
is importantvtdidetérmine‘if the additivity Qf'effécts expressed by
eduafjgn.8-6,holds under conditions of di]uféﬂethano1'and salt
’cénceﬁtrqtipn. Mixed NaC1/KCT solutions were equilibrated in the still
vandithemenhanCement:efféctSadetermﬁhed. Thesevare~summdnﬁzed'in
Table 21. " Applying ‘equation 8-6 to these: solutions and~us{ﬁg_the k

valués detérmined fdr the éa]ts-individuaily'givés:

(”Sov]u,t,]’on_vlz .
S K

1n &% = 0.0019 x 17.41 + 0.0019 x14.52 = 0.0607
0. o . o .
-Solution 2: _
In &= = 0,0017 x 17.41 + 0:0036 x 14.52 = 0.0819 .

o}

which are both in very good agreement W1th-the measured enhancement
‘values. At these Tow sa]t,cohcentratiohs interactions between |
‘:different salts should be small and this édditivify is as expected.

8.4.4 Effect of disso]Ved-bio]og}tal-compOnehts—-yeast exfract

Yeést.e&tract'is-thefWatér soTUbie!portiéhfof"autolysedgyeast,”
composed of proteins, amino acids, peptides, sa]ts_and otﬁér componeﬁts
(Table.22) (152). It is similar in composition to the producfs
released by lysed yeast cells in repeated cycling through a |
fermentatidn; | |

Large ions of unsymmetric chérge distribution often cause salting
in. This hydrotropism has been observed in-many systems W1th salts

such as- sodium benzoate; sodium toluene-sultonate, and ‘aniline nitrate
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Table 21

Volatility Enhancement in Mixed Salt Solutions

Salt Mole Fraction

NaC1 KC1 X yO ' In s
B . e e e K;

0.0019 - 0.0019 0.0155 0.1568  0.1654 ~ 0.0636

0.0036 0.0017  0.0147 0.1504  0.1614 0.0836

Yg = Vapor mole fraction ethanol without salt.
YS - Vapor mole fraction ethanol with salt édded to the liquid.
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S Table22

Typical_Composﬁtion'of Yeast Extract

Ni trogen Ipércent)
) S
Amino

.- Salts- (percent)
Ca.
Fe
K
- P

ficarb°5¥drates (percent)

Anino'.Acids (percent)
Arginsine '
Cystine
Histidine
Isoleucine
Leucine
Lysine
Methionine.
Phenylalanine
Threonine
Tryptophane.
Tyrosine
*Valine-

" Vitamins ucg/g. -
Biotin T
Choline"
Cyanocobalamin
Folic Acid
Niacin
Pantothenic Acid
Pyridoxine '
Riboflavin
Thiamine
PABA

Fowooo

e
(o))

OO OWUO O~ .ovn

2,000 -
0.0
20
400
100
30
50
100
24
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(153, 154, 155). Prausnitz (144) explains this effect as_an
attraction of the nonelectrolyte molecules to the ion's large nonpolar
end to reduce the concentration in the chérged.region. Some of the
biological mo]eéu]e‘fragmenté of‘the yeaﬁt extract were expécted to
have this hydrotropic effect. »

Solubility data for amino‘acids and peptides in water and ethanol
(156 ,157,158) supported thﬁs hypothesis for some components.
Acetnaphthalide and benzamide--both with a polar residue attached to a
large ring structure--are more soluble in ethanol than water and would
be expected to depress ethanol relative volatility. Most of the common
amino acids however (such as glycine, alanine, valine, fryosine, aﬁd
leucine) show very high dipole moments (present at ordinary pH as
dipolar zwitterions), are more soluble in wafer than ethanol, and
should enhance ethanol relative vo]ati]ify.

Results from equilibration in the Othmer still with yeast extract
pfesent showed substantial salting out. Figure 43 plots In KS/K0
vs yeast extract composition in grams per liter (a mole fractioh'cannot
be calculated without a representative molecular weight for the complex
extract mixture). The resulting plot ﬁs roughly linear, with an
effect on a weight basis slightly less than one half that found for
pure KC1 salt.

The concentration of charged species in the solution can be
determined approximately by measuring the conductivity of the so]dtion.
The conductivity can be related directly to the solution condosity

which is the molar concentration of an NaCl solution having the same
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Speci%ic conductance as the measured solution (2). The conductance of
solutions of various dissolved ions is related by the Nernst-Einstein
equation and is inversely proportional to the ions' diffusion
coefficients (159). For all simple inorganic salts the molar
concentration to achieve a given conductivity is similar, but for
larger ions with large diffusioh coefficients, the concentration
needed to achieve a given conductance is higher, For the yeast
extract solutions, therefore, the condosities will probably
underestimate the actual ionic concentration. When enhancement is
plotted against condosity for the yeast extract solutions (Figure 44),
a rougnly linear relation is again found. The resulting k value based
~only on estimated charged species concentration is much larger (k = 76
vs. K =‘17.4 for KC1) than the values obtained for pure salts. .It
must be concluded that noncharged species (including zwitterions) are
havfng an effect along with the charged species in salting out
ethanol, as expected from the amino acid solubility data.

8.4.5 Effect of pH and glucose

Fermentation beers are normally acidic (pH = 3 to 4). To test the
effect of pH, an ethanol/water solution (Xe = 0.0150) was acidified
with sulfuric acid to a pH of 2.88 and equilibrated in the still
(results in Table 23). To within experimental error, no effect on
volatility was observed. This is as expected since a pH of 2.88
cokresponds to the extremely small concentration of only 2.4 «x 10'5
mole fraction. In a compiex mixture such.as a fermentation broth, pH
may stiTl have an effect as the protonation states of other species

(and hence their effect on volatility) may be changed by changes‘in pH.
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Table 23
- Effect of -pH on Ethanol Volatility

pH = 2.88
No enhancement

w

0
Xo = 0.0150 Ye = 0.1527 Ye = 0.1524

Table 24
Effect of Glucose on Ethanol Volatility

Glucose Concentration: 20 g/L

X_ = 0.0156 YO - 0.1604 vS - 0.1571 1 s _0.0249
e = 0. e = 0-16 - = 0. n R, =
K = -11.3
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To confirm the applicability of the data of Kharin and Perelyyin
(143) for sugars; a sﬁng1e égoenfment-wasnconducted with 20 g/L
glucose added toian-éthanol/waten‘mfxtufe (Xe-= 0.0156) and
equilibrated (results in Table 24). 'Saltingfin was}obSérvéd_with'a'k '
value-of —11.3>wh1ch-iéwcbmbarébﬂe;tofthe'vdlue»ofvéli;Q reported for
5otro$e at Iow-ethano].concentration%(see_Figure 36).

8.4.6 Ethanol volatility over a conp]evaeér |

A?concentrated fennéntation:broth was prebaréd fo:test the change
__in apporent ethanol vojati]ify’ovgf the oomplex mix;ure.'"A continuous
’culturefwas maintained-using»Cyéenéki'simedjum~(Tab]é\Ls) tovproduco?o
»,large samp]e of .the -broth,. fnofinitial broth composif{On was as given
in Table: 17 with a yeast ce]] concentrat1on of 10 g/L Thws beer was
then concentrated fourfold. by str1pp1ng with air under mild vacuum and
at. 60°C. Thewconcentratedfbeenﬁ(w1th¢peﬂ1sv1ntac;:as;examnned»macrOs«
scobfoally) was diluted.with ethanol and water in various amounts to
produce beers of rough]y constant ethano] ooncentration (X = 0;015 v
mole fraction) but increasing dissolved spec1es concentrat1ons The
actua] amounts of each component m1xed and degree of . concentrat1on
-oven"the=0r1g1na1 beerjare summan1zed>1n'Tab1e 25. A final sample.-was: ..
prepared as abové,'botiwiih yeast cells centfﬁfuged out. Samp]es»wefe
then equ111brated in the still. Before injection into the G.C., the.
:11qu1d samp]es were cooled and centr1fuged (at 2°C to minimize
volatile losses) to remove cells which cou]d'plug the G.C. prefilter.

Results are summarized in Table 26.. For all the beer samples with

cells present, a smél1 degree.of salting in-was observed. This is
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Table 25

&

Fermentor Beer Samples for Volatility Enhancement Studies

4 Fold : 95 Wt %

Water Concentration
Concentrated Beer Ethanol (m1) Factor
(m1) -~ (m1)
75 . 27 298 0.75
300 - 27 _73 3.00
373 27 0 3.73
300 (centrifuged) ' 27 73 3.00
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- Table 26

1Ethanol‘Volafdlity Over Fermentation Beer

’Beer'CdnéentnatiOn _ _
Factor - X Y . Y ]"'K
- - : : . - Mo

0.75 0.0153  0.1552  0.1527  -0.0192
© 300  0.0160 0.1603  0.1304 - -0.2414

3.73 .ot 0.6l4  0.1311  -0.2634

3.0+ 0.0l  0.1450 0578 +0.0997

* Centrifuged beer - cell free



137

surprising as the glucose concentration in the most concentrated
sample was only 4 g/L--not enough to explain the ethanol volatility
depression,_and_a]i of-therothér éohponents tested salt ethanol out.
The single sample without cells present did show salting out as
anticipatéd. |

A first possible explanation might be an attraction of ethanol to
the slightly charged (160) outer cell surface; hydrotropism at a grand
scale. However, this explanation is inadequate as a complete ethanol
monolayer over all the cells present in the threefold concentrated
sample would reduce the bulk liquid ethanol concentration by only
2.6 x 10'3g/L, far too little to account for the measured reduction
in ethanol vapor composition which wbu]d require a bulk ]iduid
composition reduction of 9.1 g/L. This explanation is feasible,
however, if not only fhe cell outer wall surface, but also the cell
- internal membrane structure became available to adsorb ethanol--the
cell becoming an ethanol "sponge" upon heating in the still. If the
cells settled to the still bottom during equilibration, they would have
been contacted directly with the more concéntrated ethanol overflow
returning from the condensate collector. An adsorption of 0.3 g
ethanol/g cells (dry weight) would be necessary to account for the
volatility depression effect. -This is only one third the ethanol
adsorption capacity of Amberlite (a common exchange resin).

Thé same results would have been seen in the event of ethanol
absorption into the lipid cell membrane. The solubility of ethanol in

most organic solvents increases substantially at high temperature
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(161). It is poééible that under the hﬁgh_(boi]ing) températUre 
conditions in the stil1, ethanol may have been extracted into the
“cells. This wou1d¥haVearéduced the:bu]k ethah01~concentkationvduring
edui]ibratioh fo give a-Tow:méasureduvabon compoéitioﬁ;‘ During
centrifugation (at 2°C) the ethanol may'have”beén—fe]éésed_to the
so]utidn to return a high”measuréd ethanol 1liquid contentrétibh?and&
show the apparént‘sa1ting in.

'fAhother»pOSSible explanation is’ the release of nonvolatile ethanol
' éXtracfants;(COmpbnehts whicﬁfwould'redﬁce tHe_ethénoJ.QOIati1ity) from
the cells during the twenty hours of equilibration in the still'at"
,boﬁ1ing feﬁperaturé§.'wAfter equﬁliﬁration, the;ée11s are stﬁ]]
~ coherent bodies but are much smaller fﬁanvthe»cells originally taken
from the fermentor. This seems to be a reésonable explahifjoh. |

Finally, the présencé of. yeas£ ce11s;ﬁay have fnterféred with
mixing in the still, preventing equi]ibration.'~Thisbséems unlikely
thOugh.considering the twenty hour equilibration times used.

To better'e1uc1date, an equilibraffdn'run was attempted under
vacuum at 35°C to:reduce,temperatﬁre;effetts and breVent changes_in'
the cells' (cell morphology is not altered.under'Vacuum,in’the‘Qacuférm
process). Unfortunately, excessive bumping made:this test 5mpossib1e;

Applying either of the two 1ike1y'exp]ana£{ons, the enhancement'
found for the beer without cells would be most'appropriate to use in
the analysis of a vacuferm process (where high temperatures are not
encountered). The volatility depression found for the complete beer

-would be expected in the case-of atmospheric pressure (high
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temperature) stripping in an ethanol stripping still processing whole
beer.
8.5 Conclusions

The new data for volatility enhancement by salts in dilute ethanol
solution demonstrates that equation 8-5 is applicable on1y at fixed
ethanol concentration (a criterion applied in its derivation). The
constancy of effectiveneés factbrs "k" for many salts over the midrange‘
of ethanol concentrations appears td result from a fortuitous balancing
of salt effects on ethanol and water in this composition range.

Limited attempts. have been made to include the effect of nonagqueous
solvent concentration in correlations of the enhancement factor.
Following Guyer (162), Bedrossian and Cheh (138) found for their data

for sodium acetate that:

S 0y 4
In (Ye - Ye) a Xe _ (8-8)
at constant ;!EEEE
salt

with enhancement increasing as the ratio of equation 8-8 decreases.
Jaques and Furter (163) have applied equation 8-1 retaining terms
through the third order to derive a six constant equation similar to
equation 8-5 but including a dependence on the nonaqueous solvent
concentration. Al1l six constants must be fit to data, and, not

surprisingly, the equation correlates data quite well. For salts at
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saturation, the Wilson equation has been app}ied wjth new pseudo-Wilson
'constants found for the ethanol andeater components in the salt
saturated solution (164). This method has the disadvéntage-that new.
constants must be fit to data for every salt concehtration of interest.

A more- promising approach to_COrre1ating the effect 6f’di$§o]ved
_componentsfon phase -equilibrium is the generalization of the UNIQUAC
approath (82,165) to include dissolved components as species of zero
‘ v01at11ity. Binary interaction eﬁergy parameters would then be found
for a]]'componehts in the solution (including diéso]ved species). |
'ThisAapproéch; along with a method to predict a priori the interaction
coeffiéients, is now under;deQelqpment at the’University of |
California, Berkeley (166).

Vo]atility.effects in complex systems like fermentation beer are
difficult to predict. Fortunately, the effects are generally small
(as seen in Figﬁre 39). Most beer (or winé) components will enhance
ethanol volatility, but yeast cells present at high temperature depress
ethanql‘volati]ity. These effects may bé neglected for initial design
purposes, - or approximate cprﬁections may'becincluded;baséd-on»the-data
of this report. For a sensitive’fina]ldeéign, new equiTibriumfdatav
should be taken over ihe actual broih of ihterest at . the-design
conditions. Problems due to unwanted temperature effects could be
eliminated by using a static mixing cell device (1ike that of Pemberton
and Mash (52)) instead of a recirculating still. This woﬁ]d give vapor

pressure vs total composition and temperature data from which
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eqUi]ibrium compositions could be deduced by the method of Barker -
(167).

Dissolved components will have a large effect only when
specificia]]y added at high concentration as in extractive distillation
or sa]t augmented 1iquidvextraction (103). Effects due to naturally
occurring dissolved components will be negligible compared to the
effect of these added salts at high concentration. Literature reported
enhancement values at saturation conditions can be used to evaluate
extractive distillation systems and the values of thfs report can be
- used to evaluate liquid extraction from dilute ethanol solutions at
fixed salt concentration. The large enhancements found at dilute

ethanol concentration do suggest that salt augmented 1iquid extraction

may be an attractive process alternative for ethanol product recovery.

9 Multicomponent Equilibrium Modelling

9.1 The UNIQUAC model for multicomponent equilibrium

Ethanol/water separation design will frequently require evaluation
of multicomponent vapor/liquid equilibria. At ordinagy pressures the
ethanol/water system forms an azeotrope and an additional component
must be added to alter the equilibrium, breaking the azeotrope to
produce anhydrous ethanol (168). In liguid/liquid extraction
processes, an additional chemical agent (the'extractant) must be added
to effect the ethanol/water separation (103). Fermentation beer
contains fermentation by—producfs (aldehydes, glycerol, acids and

»

fusel 0ils) which must be considered in the separation design (169).
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. The UNfQUAC model is especialiy va]uab1e for separation process
des1gn as multicomponent equ111br1a can be computed using on1y |
parameters for the. separate b1nar1es wh1ch make up the complete
! mu1t1component system “ ‘

The act1v1ty coeff1c1ent for- each component in a mu1t1component

,system is- g1ven by:

In v = Inghs .(Z) g. In AP B X 'SL‘ - (”9;1)'
Yio=0 oo 2l e Xy 303 ' .
..I z v 1 zleT:'j :‘
-q +q. - q. o
% 143 eJ TJ1) L FRN N i
. o 7K % Tk
where
: . 1
o . ik o. - 9% o = q{Xi
=T = Ig.X =T
T T 595k Tk,
. 3%
z,.
L. = ? ( _qJ) - (Y‘ 1)

| —AU >
o ewp i

where all symbon,haVe the same?meaningaas ipvsectHOn 6"equations;6;10w
'throughaealﬁﬁ .The~pure~CGmponent‘parameters (r.,q1;q')»are

determ1ned from a know]edge of molecular structure and are tabulated
for most common molecu]es (i), the»b1narx parameters must be
determined from vapor/liquid equilibrium data for all binaries 1n_the

system;as.was;iT]ustrated,for,thefethano}/water system in section 6.
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The multicomponent UNIQUAC model is implemented for computer
computation in the Prausnitz computer package described in Computer

_Calcu]ations,for Multicomponent Vapor-Liquid and Liquid-Liquid

- Equilibria (1). Results for the system ethanol/water/benzene (a system
used to break the ethanol/water azeotrope), aré presented in
Figure 45. The liquid/1iquid ternary equilibrium was predicted based
on the interaction parameters fit only to the binary vapor/liquid
equilibrium data shown. Some improvement would be expected if the
data for the binary systems and the predicted ternary were all at the
same temperature,

9.2 Data sources for mu]ticomponent equi1ibfium mode]ing

The binary parameters for ethanol and water should.be found using
the new temperature dependent model of Section 6. For other
componehts of a multicomponent system, binary parameters can be fit to
available data or new binary equilibrium data can Be measured. A
massive collection of equilibrium data compiled by Gmehling and Onken,
with binary UNIQUAC parameters already computed in now available (75).
Parameters for most components important to ethanol/water separation
design are included in the Gmehling compilation. Some of these are
summarized in Tables 27 through 29.

For preliminary equilibrium evaluations involving components for
which no data is available, the UNIQUAC binary pérameters can be
estimated using the UNIFAC groﬁp equilibrium contribution method'(92).

This method is described in detail in the monograph Vapor-Liquid

Equilibria Using UNIFAC (170). Using this method, a large number of

separating agents can be rapidly screened and new separation methods

compared.
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Table 27A

UNIQUAC Binary Parameters for Beer Contaminants
With Water

Component Component Equilibrium Data
1 2 aU12/R aU21/R  Conditions Source

Water 2,3-Butanediol 85.91 - 54.82 4121 mmHg 171

Glycerol —mm—- —- 760 mmHg 172

Acetaldehyde -427 .94 1198.40 763 mmHg 173

1-Propano] 493.90. 69.95 760 mmHg 174
2-Propanol - 95.04  630.61 760 mmHg 175

Tert-Butanol - 10.85 553.26 760 mmHg 176

1-Butanol 477.23 181.72 760 mmHg 177

1-Pentanol 502.09 153.12 760 mmHg 178

3-Methylbutanol . 819.62 -223.79 760 mmHg 179

2-Methyl-1-Propanol 283.07 299.94 35°C 180

Allyl Alcohol 217.67 78.00 760 mmHg 181

Acetic Acid -251.69 407.01 760 mmHg 182

Formic Acid -215.26 -111.50 760 mmHg 183

Furfural 537.73 - 36.22 760 mmHg 191
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Table 278

UNIQUAC Binary Parameters for Beer Contaminants
: With Ethanol '

Comppheht*  TCdmpqhentx o : «Equﬁﬂibrium, “Pata
o1 2 alp/R o aUpp/R Conditions  Source

© fthanol Acetaldehyde  © '593.73  _50.19°  30°C 57
| | 1-Propanol - 35.28 71,76 760 mmHg 184
'2ePropaﬁdlv -350.68 480.80 760 mmHg 185
Tert-gutanol  -436.36  659.76  760mmdg 186
‘1-Butanol - N 75.36‘ . ;38;71v 760 mmHg', 187
1-Pentanol ;zao,édi 508,22 .760€mmHg_" 188
13-Methy1butano1 - L166.42. 316.35 70°C 189
2-Methyl=1-Propanol -319.10 - 451.17 760 mmHg- 186,
A11y1 Al cohol” 391.45  -250.05 | 760: mmHg 181
* Acetic Acid -162.72 122.36 - 706 mHg 190
tFurfura1' ' v ”f25.45‘ 403.43 760 mmHg 191
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Table 28

UNIQUAC Binary Parameters for Ethanol/Water
Separting Agents

~ Component Component Equilibrium

Data

1 2 ali2/R aU21/R Conditions Source
Water Benzene 772.50 966.13 760 mmHg 192
Diethyl Ether 102.27  1198.92 25°C 193

Ethanol Benzene -293.47  1302.67 760 mmHg 192
Trichloroethylene -.86.90 . 838.84 760 mmHg 194

Diethyl Ether -173.48  665.42  10°C 1%
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Table 29A

~ ..UNIQUAC PUreQCompOQéni'Parameters,

oA

23-autanediol .. 356 3320
CGlycerol . 3.8 " 3.060
| 1A¢gtafdehydé  }“4_ IR . 1.899 1.796
| 1;éfopanol L S R 2780 2.512
f‘ZAPrdpanol 2y 2.508
Tert-gutanol. 3453 3128
1-Butanol o suss S 3082
1-Pentanol a1 3.5%
 ‘3—Meihbiuténo]- N | _ 4.128" 3.588
Z;Methyi:i-Propanol | A
AT1y1 Alcohol . o 2.550 2.300
‘Acetic Acid o 002 o 2.072
Formic Acid . 'fvﬁ 1.528 0 1.532
Fufural . 3188 2.48
Cgenzene | 318 2.400
Trichlorethylene " ©3.310 2.860.
Diethyl Ether o 3.395 3.016
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Table 298

UNIQUAC Modified Area Parameters

Component

q' for Alcohols and Water

q'

Water 1.00
Me thanol 0.96
Ethanol 0.92
C3-0H 0.89
C4‘-0H 0.88

| CS—OH 1.15
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Subroutine BDPTM

Purpose: Performs ethanol/water equi]ibrium‘bubble and dew point
calculations

Usage:  Call BOPTM (P, T, XETH, YETH, ITYPE)

Variables:
(In Call)
Equilibrium pressure P mmHg
Equilibrium temperature T deg K

Equilibrium ethanol liquid mole fraction XETH
Equilibrium ethanol vapor mole fraction YETH
Control flag . ITYPE

(In Data Blocks)

Equilibrium ratio, Y/X K
Print Control Flag _ Mode(24)

Other needed routines

POEP, TDEP, TXDEP

Description:

This subroutine performs one of the following calculations:

For ITYPE = 1 or 2...

This subroutine calculates the bubble or dew temperature (deg K)
for a given pressure (mmHg) and feed composition X(ITYPE=1) or
Y(ITYPE=2). It returns T (K) and Y (ITYPE = 1) or X (ITYPE = 2).
A guessed T must be supplied, but if it is .LT. 200.0 or .GT.
600.0, A guess of 325.0 will be supplied.

For ITYPE = 3 or 4...

This subroutine calculates the bubble or dew pressure (mmHg) for a
given temperature (K) and feed composition X(ITYPE = 3) or

Y(ITYPE = 4). It returns P (mmHg) and Y(ITYPE = 3) or

X(ITYPE = 4). A guessed P must be supplied, but if it is .LT.
1.0e-4 .0OR .GT. 76000.0, a guess of 350.0 will be supplied.

Uses passed X and Y as initial guess for all cases.

BOPTM is based on subroutines BUDET and BUDEP, found in Computer
Calculations for Multicomponent Vapor-Liquid and Liquid-Liquid
tEquilibria by Prausnitz, Anderson, Grens, Eckert, Hsieh, and
0'Connell, Prentice Hall, 1980.
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A Newton-Raphson iteration is used based on the objective functions:

Bubblé point: 2. KX;=1
I Ci=]
T A 2
Dew pQTnt::, L '};v2:,=§t'= 1
B . ] '|=1 1.

”wheneéthe:eduiﬂibriuhvratiOS-"K%“~akeﬂca1cu1atéd by PDEP;'TDEP and.

» TXDEP based on the new-témperaturé dependent UNIQUAC equation.

Variables used in subroutine BDPTM:

Name Type,Main:Use_ o Bchksa ;' _‘ v“DeScribtion

MBS R standard
ALOG: . R standard- L ‘
DWMMY . R array - ‘ : Dummy. var1ab]e

F1 R variable Newton Raphson m1n1m1zat1on variable
F2 - R variable .. Newton Raphson minimization varlable
I [. variable: Calculation index”
IERROR I variable Error flag -
IT © ['variable Iteration number :
IT™AX I variable Maximum-allowable iterations .
ITYPE I variable Argument Calculation type flag ’
ITYPE= 1-Bubble Point Temperature (Given P,X-Find T,Y)
ITYPE= 2-Dew Point Temperature - (Given P,Y-Find T,X)
ITYPE= 3-Bubble Point Pressure (Given T,X-Find T,X) .
' ITYPE_ -‘4-Dew Point Pressure (Given T,Y=Find P,X) -
K. “R:Array ' Equilibriumiratio;, ‘Y/X (1=EtOH, 2 water)
"MODE(24)I Variable- - - Print control ftag-=.1 - Pr int
B ‘ ' intermediate values
P -~ R Variable «--  Argument Pressure (mmHg)
PDEP; R External _ o
S - o Sum of KX (BP'calculation) or Y/X
- S (DP" calculation) S
SS R Variable ' . Sum of KX
T R . Variable Argument  Temperature (deg K)
TDEP R External ' '
TXDEP R ‘External S
X R Array R Liquid mole fractions used in iterative
: ST ~ calculations
- XETH R Variable Argument. Mole fraction ethanol in liquid--passed.
Y © R Array ; : Vapor mole fraction used in iterative.
) ' o calculations

YETH R'Variablef- Argument Mole fract1on éthano] in vapor——passed
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Subroutine PDEP

Purpose: Calculates ethanol/water equilibrium ratios: K = Y/X
Usagé: Call PDEP_(P; T, Y, K)

Inpu; Variéb]és:

(In Call)

Equilibrium pressure P mmHg
Equilibrium temperature T deg K

Equilibrium vapor mole function Y
(1 = EtOH, 2 = Water)

(In Data Blocks)

Liquid Molar Volumes VLIQ
Virial Coefficients B
Activitiy Coefficients © GAMMA

- Qutput Variables:

Equilibrium Ratio, Y/X K
(1 = EtOH, 2 = water)

Other Needed Routines
TDEP, TXDEP

Description

This subroutine calculates equilibrium ratios Y/X as functions of P,
T, Y. Vapor phase nonidealities are included as fugacity coefficients
(6;) based on virial coefficients calculated in TDEP. Liquid phase
nonidealities are included as activity coefficients (ysi) calculated

in TXDEP based on the new temperature dependent UNIQUA& model.

Yifri‘ef,liquid
Ki = 5P

PDEP is based on subroutines PHIS2 and VPLQK, found in Computer
Calculations for Multicomponent Vapor-Liquid and Liquid-Liquid
Equilibria by Prausnitz, Anderson, Grens, Eckert, Hsieh, and
0'ConnelT, Prentice-Hall, 1980.
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used in subroutine PDEP

 Name Type

BM.
EXP

000 -

‘:GAMMA,

PHI
-PRT -

WIQ

C 20 00 X0 20 20 0 — o

Main Use

Array.

Variable.
“standard
Array

AArray :

Variable
Array

Variable

Array:

‘Variable
Variable-

Array

.mgds

“  JSUBT}

JSUBT/

/SUBTX/

‘Argument

Argument

Argument
/SUBT/

Argument.

Description

Virial. coefficientsﬂ(l EtOH 2= Cross,

3=Water) .

M1xture virial coeff1c1ent

Zero pressure reference fungacwty
(1=EtOH, 2=water) . .

Activity coeff1c1ent (1 =EtOH, 2= Water)
‘Calculation index ‘ o
Equilibrium ratio YﬁX'(l—EtOH 2= Water)b L
‘Pressure

Fugacity coefficient (1=EtOH, 2=Water)
Pressure/(R x . Temperature): ,
Temperature (deg.»K) e
Liquid spec1f1c volume. (1=EtOH, 2=Water)

Mole’fraction in: vapor»(LsEtOH;'2=watér)'
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Subroutine TDEP

Purpose: Calculates temperature dependent variables for the
’ ethanol/water equilibrium system.
1) Liquid molar volumes;
2) Zero pressure reference fugacities;
3) virial coefficients.
Usage: Call TDEP (T)
Input Variables:
(In Call)

Temper ature | T deg K

(In Data Blocks)

Initialization flag IFLAGI
(=0 on first call to initialize) '

* Qutput Variables:

Liquid molar volumes VLIQ
Zero pressure reference fugacities F

Virial Coefficients _ B

_ Other Needed Routines
None

Description

Calculates the temperature dependent equilibrium variables. Liquid
molar volumes are calculated using the modified Rackett correlation.
lero pressure reference fugacities are calculated according to an
empirical fit by Prausnitz. Virial coefficients are calculated using
the Hayden-0'Connell method.

[f this subroutine is used, IFLAGl must be commoned to the main
program. IFLAGl = O when the subroutine is used for the first time.

TDEP is based on subroutines MVOLM, REFUG, and BIJS2, found in
Computer Calculations for Multicomponent Vapor-Liquid and ,
Liquid-Liquid Equilbria by Prausnitz, Anderson, Grens, Eckert, Hsieh,
and 0'Connell, Prentice-Hall, 1980.




170

Variablé used in Subroutine TDEP

Name Type Main Use

ALOG"

IFLAGL
1J

o
PN

P1
P2
RD

ROP
SGM:

0 300 00 X

0

x

X

00

0 F0 et et

- Array-

Sfandard

' Array;

'Array:

Array

Variable

Array

Arrayne‘
Array -

Array
Array

Array
Array

Array

~Array-

Array
Variable
Standard
Array

Variable

_Variable-

Variable
Variabile
Array

Variables

“Variable

Variable
Array

Array

‘Array .

Blocks - -

/SUBT/v

ISUBT/

/SUBT/

,/MALNT/'

. Description

V1r1a1 coeff1c1ent 1ntermed1ate

ca]cu]at1on var1ab1e

Virial coeff1c1ents (1 EtOH 2 Cross,
- 3=Water)

_ Varial -coefficient 1ntermed1ate

calculation variable.

Varial coefficient intermediate

calculation variable.

“Dipole. moment}1ntermed1ate ca]cu]at1on |

-variable.
Reference fugacity equat1on constants
(1 EtOH 2= water) v

Dipole moment (1=EtOH, 2=Water) (Debyes)

Virial. coefficient 1ntermed1ate '
calculation>variabies ‘

Characteristic Energy :

Association parameters (n) (1=EtOH,
2-cross, 3=Water). ’

Rackett Exponent

Zero pressure reference fugac1ty
(1=EtOH, 2=water)

| Ca]cu]at1on index
Control flag (=0,

In1t1a11ze var1ab1es)
Calculation index ' _
Calculation index - :

Critical Pressure (1=EtOH, 2=Water)

Dipole moment intermediate
calculation variable

Dipole moment intermediate
calculation variable

Dipole moment intermediate

~ calculation variable

Mean Radius of gyration (1=EtOH,
2=Water) (Angstroms)

Modified reduced dipole moment

Effective nonpolar potent1a1
parameter
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Standard

SQRT R

T R Variable Argument _Temperature (deg K)

TAU R Variable - Molar volume intermediate ca]cu]at1on

- variable (1=EtOH, 2=Water)

TC R Array . (deg K) Critical temperature

TR R Variable Reduced temperature (deg K)

TS R Variable Virial coefficient intermediate
: calculation variable.

TSP R Variable Virial coefficient intermediate
v : calculation variable.

VLIQ R Array /SUBT/ Liquid specific molar volume

_ (1=EtOH, 2=water)
W R Array Nonpolar acentric factor
X1 R Variable Dipole moment intermediate

: : calculation variable.
ZRA R Array Rackett Parameters (1=EtOH, 2=Water)
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Subroutine TXDEP

Purppse Calculates temperature dependent act1v1ty coeff1c1ents for
the ethanol/water equ111br1um system.

- Usage: Ca]] TXDEP (T X)

Input Var1ab1es

(In Cal])
Temperature s T - degK

Ethanol 11qu1d mole’ fract1on X

. ‘(Ih Data Blocks)t "_ ‘
Initialization flag. IFLAG2

(=0 on first call to. 1n1t1a11ze)

Act1v1ty coefficient se]ector flag NOP
=1l. 2. parameter: UNIQUAC : o
=2 3 parameter UNIQUAC™

Output Var1ab1es

Act1v1ty coefficients ”‘ | ~ GAMMA’
(1=EtOH, 2=Water). ’

Other Needed Routines
None

Description

‘This subroutine- calculates act1v1ty coeff1c1ents for- the- ethano]/water
- equilibrium system. . The:new. temperature .dependent 2. or 3" parameter
UNIQUAC. equations. are used. ~

If this subroutine is used; IFLAG2 and NOP must be: commoned to the
main program, I[FLAG2=0 when the.subroutine is called- for the first
time. ” ' n

TXDEP is partially based on ACTIV2, found in Computer Calculations for
Multicomponent Vapor-Liquid and Liquid-Liquid EquiTibria by Prausnitz,
Anderson, Grens, Eckert, Hsieh, and 0'Connell, Prentice-Hall, 1980.
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used in Subroutine TXDEP

Name Type

ALOG
CP10
crP1l
CP12
CP13
CP14
CP15
CP20
cP21
cP22
CP23
CP24
CP25
CP26
CP30
CP31
CP32
CP33
cP34
CP35
CP36
CTHO
CTH1
ELL
EL2
EXP
GAMMA
IFLAG2
L6l
LG2
NOP

OOV HODVO VOOV OVOV VDO OVDVOIONRD0O0T0D0

PAR
PHS
PH1
PH2
Q
QP

R

S1

S2

T
THEtA
THP1

D000

X000 00

Main Use

Standard
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable

Variable -

Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Standard
Array

Variable
Variable
Variable
Variable

Array
Variable
Variable
Variable
Array
Array-

Array

Variable
Variable
Variable
Variable
Variable

Blocks

/SUBTX/
[MAINTX/

/MAINTX/

{ PARMS /

Argument

Description

Coeffients for 3 parameter UNIQUAC
equation

Intermediate calculation variable
Intermediate calculation variable
Intermediate calculation variable
Intermediate calculation variable

Activity coefficient (1=EtOH, 2=Water)
Control flag (=0, initialize)
Intermediate calculation variable.
Intermediate calculation variable.
Caculation type control flag
NOP=1 for the 2-parameter UNIQUAC

=2 for the 3-parameter UNIQUAC
Temperature dependent parameters (aU/RT)
Intermediate calculation variable
Intermediate calculation variable
Intermediate calculation variable
UNIQUAC structural area parameters
UNIQUAC modified structural area

parameters
UNIQUAC structural volume parameters
Intermediate calculation variable
Intermediate calculation variable
Temperature (deg K)
Intermediate calculation variable (o)
Intermediate calculation variable



THP2

THS

T12.

T21

R Variable

R Variable’
R Variable
R Variable
R™Array

174

_ Intermediate calculation variable
Intermediate calculation variable -
UNIQUAC parameter T1p . .
UNIQUAC parameter To1 :
Argument . Mole. fraction in Tiquid (1=EtOH,2=Water)
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Program ETOH: Ethanol/Water Vapor/Liquid Equilibrium Model

PELETE,LGO,OUTPUT.
ANF4,T.
LINK,X.
EXIT.
puUNP, 0.
6RUMP.
EOR o ‘
PROGRAM ETOH(TAPES=14,TAPES=16,0UTPUT=TAPES)
£
c CONNECT FOR INTERACTIVE TERMINAL USE
c
CALL CONNECT(D)
-CALL CONNECT(§)
"
C LR R R EES S LN HE AL EES LRI EEEESEPEREESEEEELEESE LIRSS £ 1
c .
C ETOH IS A DRIVER PROGRAM USED TO GENERATE BUBBLE OR DEUW
C POINT DATA LISTS FOR THE SYSTEM ETHANOL/UWATER. THE '
c MODIFIED TEMPERATURE DEPENDENT UNIQUAC METHOD IS USED.
L
¢ NOP=1, SPECIFIES THE TUO PARAMETER UNIQUAC EQUATION.-
C NOP=2, SPECIFIES THE THREE PARAMETER UNIQUAC EQUATION.
c
c RESULTS ARE VALID FOR THE PRESSURE RANGE FROM S0 TO 10090
L MMHG. "
c
COMMON /MAINT/ IFLAGH
COMMON /MAINTX/ IFLAG2,NOP
COMMON /DATA3/ LOOK,NOBE(40)
NOP=1
MODE(24)=0
IFLAG1=0
IFLAG2=0
3 URITE(S,1)
| FORMAT(+ IF YOU WISH DATA AT A CONSTANT TEMPERATURE,
1s,/,% TYPE 00. IF YOU WISH DATA AT CONSTANT
2%,/,% PRESSURE, TYPE A 01.9)
READ(5,100)I1
100 FORHhT(IZ)
IF(I1.6T.0) GO TO 110
WRITE(6,2) '
2 FORHAT(‘ VHAT TEMPERATURE DO YOU WANT DATA AT? DEG(K)#)
" READ(3,4)7
4 FORHAT(Fb 2)
WRITE(4,8)
8 FORMAT(* PRESSURE=,5X, 3TEHP *,12X,*XETHS ,7X ,3YETH+)

ITYPE=]
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P=55.0 - S
XETH=0.0 |

CYETH=0.0 : S

60 T0 10 o

110 URITE(6,20) . |

20 FORMAT(* WHAT PRESSURE no vou uANT DATA AT? (MNHG)*)

"< READ(S,120)P’ ) ‘ |

120 FORMAT(F4.2)-
(URITE(é 8

'ViofXETH XETHS .01 SR
" CALL BDPTA(P;T,XETH,YETH,ITYPE)
 WRITE(6,30) P,T,XETH,YETH =
30 FORMAT(IX,F7.2,6X Fa.z,tox F6.4,5X,F6.4)"
IF (XETH.GE.1.0). 6O 040 L L
GOTOTO L TR
A0 WRITE(8,150) . .o - ‘ |
150 FORMAT cxr vou unur 10 RE ZRUN. THE, PROGRAH TYPE A 00

160 FORMAT(12)
CIFAT.D G T03 S
“STOP . . s
CENDL R o
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SUBROUTINE BDPTM (P,T,XETH,YETH,ITYPE)

THIS SUBROUTINE PERFORNS ONE OF THE FOLLOWING CALCULATIONS...

ITYPE= 1-BUBBLE POINT TEMPERATURE (GIVEN P,X-FIND T,Y)
ITYPE= 2-DEV POINT TEMPERATURE (GIVEN P,Y-FIND T,X)
ITYPE= 3-BUBBLE POINT PRESSURE (GIVEN T,X-FIND P,Y)
ITYPE= 4-DEW POINT PRESSURE (GIVEN T,Y-FIND P,X)

FOR ITYPE=? OR 2...

THIS SUBROUTINE CALCULATES THE BUBBLE OR DEW TEMPERATURE (DEG K) FOR
A GIVEN PRESSURE (MMHG) AND FEED COMPOSITION X(ITYPE=1) OR Y(ITYPE=2).
IT RETURNS T (K) AND Y (ITYPE=1) OR X (ITYPE=2)., A GUESSED T MUST BE
SUPPLIED, BUT IF IT IS .LT. 200.0 OR .GT. 600.0, A GUESS OF 325.0

WILL BE SUPPLIED. USES PASSED X AND Y AS INITIAL GUESS.

FOR ITYPE=3 OR 4...

THIS SUBROUTINE CALCULATES THE BUBBLE OR DEU PRESSURE (NMHG) FOR A
GIVEN TEMPERATURE (K) AND FEED CONPOSITION X(ITYPE=3) OR Y(ITYPE=4).
IT RETURNS P (MMHG) AND Y(ITYPE=3) OR X(ITYPE=4). A GUESSED P HUST BE
SUPPLIED, BUT IF IT IS ,LT. 1.0€-4 .OR .GT. 76000.0, A GUESS OF 350.0
WILL BE SUPPLIED. USES PASSED X AND Y AS INITIAL GUESS.

SUBROUTINES TDEP, TXDEP, AND PDEP ARE CALLED.

BDPTM 1S BASED ON SUBROUTINES BUDET AND BUDEP,

FOUND IN #COMPUTER CALCULATIONS FOR NULTICOMPONENT VAPOR-LIQUID AND
LIOUID-LIQUID EQUILIBRIAR BY PRAUSNITZ,ANDERSON,GRENS,ECKERT,HSIEH,AND
0,CONNELL, PRENTICE-HALL, 1980.

DIMENSION X(2),Y(2),DUNNY(2),E2(2),E6(3)
COMMON/DATA3/ LOOK,NODE(4Q)

COMMON/SUBP/ PHI(2),BN

COMMON/SUBT/ VLIG(2),F(2),B(3)
COMMON/SUBTX/ GAMMA(2)

REAL K(2)

DATA ITMAX /30/

CHECK VALIDITY OF INPUT PARAMETERS.

IF (ITYPE .LT. 1 .OR. ITYPE .GT. 4) GO T0 510
IF (ITYPE .GT. 2) GO TO 10

CHECK FOR VALIDBITY OF GUESSED T.
IF (T .LT. 200.0 .OR. T .GT. 600.0) 7=325.0

CHECK FOR VALIDITY OF INPUT P.



O

()

;INITIALIZE'Y‘ |

178

IF (P..GT. 1.0E-4 AND P\.LT 76000. 0) 60 10 20

IERROR=1
GO T0 300-

CHECK. FOR UALIDITY OF GUESSED P

10+ IF (P LT. I OE 4 OR P GT 76000 Q) P 340 O

CHECK FOR VﬁLIDITY OF*INPUT T.

:IF*(T .G 200 0> ,AND, T .LT 600 0) 60 TO 20

fNYTlALIZE X

X(l) XETH

Y CSYETH o | “
H2)=T.0-¥(y : o

*Togjor ITERATION LOOP

408 1TRITRE

IF (IT. oLT.. ITHAX) 60 T0-50:
IERROR=3.
60, 10" 300

GET K VALUES FOR P,T,X,Y

S0 IF (ITYPE .EQ. 4 .AND. IT .GT. 1)°G0 70 55

- IF (ITYPE .EQ. 3 AND._IT .67. 1) GO TO S5&
~. CALLLTDER (T) :

" 55 CALL TXDEP (T,X)

56 CALL PDEP- (P, T Y,KY

CALCULATE "SUM-OF KX (BP), OR"Y/K: (DP).
§20.0 -
bo 80 I=1,2'

IF (ITYPE .EQ. 2 .OR. ITYPE .EQ. 4) GO TO 40
DUMNY(I)= K(I)*X(I)
60 70 70

60 _uunnxtx) =Y(I)/K(D)

70 S=S+DUNNY(T)

80 CONTINUE: -

4



179

C BRANCH TO TUO HMETHODS OF CONVERGENCE FOR BUBDEWT AND BUBDEUP.

- C

IF (ITYPE .GT. 2) GO TO 140
F1=AL0OG(S)
5
C CHECK FOR CONVERGENCE.
¢ ‘ :
IF (ABS(F1) .LT. 1.0E-8) GO TO 130
t \
C FIND K VALUES AT T+1,0 FOR FINITE DIFFERENCE DERIVITIVE.
c a
CALL TDEP (T+1.0)
CALL TXBEP (T+1,0,X)
CALL PDEP (P,T+41.0,Y,K)
§5=0.90 :
IF (ITYPE .EQ. 2) GO TO 100
)

C CALCULATE NEW VAPOR COMPOSITION FOR BP-AND SUM OF KX AT T+1.0,
c
Do 90 I=1,2
Y(1)=DUMMY(1)/S
S§S=5S5+K(1)+X (1)
90 CONTINUE
GO TO 120
c | -
C CALCULATE NEUW VAPOR COMPOSITION FOR DP AND SUN OF Y/K AT T+1.90,
: ‘ |
100 DO 110 1=1,2
X(I)=DUMMY(1)/S
88=85+Y(1)/K(I)
110 CONTINUE
120 F2=AL0G(SS)
c B
C CALCULATE NEW NEWTON-RAPHSON TEMPERATURE
C
T=(F2-F1)3T/{(F2-TsF1/(T+1.0))
c .
C BREAK LOOP IF T IS GETTING OUT OF RANGE.

C
IF (T .GT. 100.0 .AND. T .LT. 1000.0) GO TO 40
IERROR=4
GO TO0 300

c _

C NORMALIZE CONVERGED X OR Y.

"

130 DO 150 I=1,2 .
IF (ITYPE .EQ. 2) GO TO 140
Y(I)=DUNNY(1)/S
GO TOD 1350
140 X(I)=DUNNY(I)/S
150 CONTINUE
GO T0 900
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170

180

o
200°

.80

IF (ITYPE .EQ. 4) GO Tﬂ 180

D0 170 1= l 2
»iY(I) DUHHY(I)/S :
CONTINUE

60 T00200
D0 190 1=152

X(D= ounnv(i)/s
CONTINUE

TF (S JLT. 550 JAND. § .GT. 0.2) 60° T0 220

IF (S LT. I .0) GO T0 "10

. gE5,0"

210 -

220

230
240

250"

ﬂl’) [ I8

310

320

130
1340
350"

3480

60" T0. 220

§20.2 : |
1F (ITYPE .£Q. 4).60 TO' 230
P=P#S

60 T0 240/
P=P/S - -
IF (P .GT. 1.06-4 .AND. P .LT 76000.0) GO 10 *50

~TERROR=S -

GO 10 300

CIF (ABS(S 1. Oi'.LT. 1.0E~ -8) so 10 900
"f so T0 40" “ '

PRINT AN ERROR NESSAGE.'

IF'CfTYPE GT. 2) GO TO 3!0
El=1HP- '
E2(1 Y =4HMR 0

(E2(2)=4HF" Hs.ﬁ

ESZ4HTENP -

60 10320
E1=1HT

" E2(1)=4HDEG -

E2(2)=1HK

ES:4HPRES S - o
IF (ITYPE .EQ. 2 .OR. ITYPE .EQ. 4) GO TO 330

E3=1HX:

EA=3HBBL"

GO 10340

EJ=1HY

E4=3HDEY" ‘ :
60-°70 (350,340,370,380 390), IERROR -
E5(1)= 4HINPU
E&(2)=4HT PR
E6(3)=2HES -
GO TO 400
E4(1)=4HINPU

E&(2)=4HT TE

E6(3)=2HNP
GO T0" 400

-
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370 E&(1)=4HNUNB
E6(2)=4H. IT
E6(3)=2HER
GO TO 400
380 E&(1)=4HCALC
E4(2)=4H. TE
E4(3)=2HNP
GO TO 400
390 E&(1)=4HCALC
E6(2)=4H. PR
E6(3)=2HES
400 GO TO (410,420,440,450), ITYPE
410 WRITE (46,4700 E1,P,E2(1),E2(2),E3,X(1),E4,E5,(E6(I),I=1,3)
60 TO 430
420 WRITE (6,470) E1,P,E2(1),E2(2),E3,Y(1),E4,ES, (E4(D),1=1,3)
430 7=0.0
GO TO 1000
440 URITE (4,470) E1,T,E2(1),E2(2),E3,X(1),E4,ES,(E&6(I),1=1,3)
60 T0 460 |
450 WRITE (4,470) E1,T,E2(1),E2(2),E3,Y(1),E4,E5,(E6(D),I=1,3)
460 P=0.0 ‘
G0 TO 1000 ,
470 FORMAT (/1X,HAT #,A1,H4=4,F10.5,% H,244,8 AND #,A1,H(1)=H,F8.5,8, #,
2 A3, R POINT #,A4,H HAS NOT BEENH/1H ,HCALCULATED BECAUSE 8,

2 244,A2,% EXCEEDS ITS ALLOVED RANGE IN SUBR. BDPTH.#/)
c
C ITYPE HAS NOT BEEN INPUT PROPERLY.
t
510 WRITE (4,520)
$20 FORMAT (/1§ ,BSUBR. BDPTM ABORTED BECAUSE ITYFE WAS SET WRONG.#/)
GO T0 1000
c
C STORE RESULTS IN PASSED ARGUMENTS
c
900 XETH=X(1)
YETH=Y (1)
c : -
C PRINT COMPUTATIONAL DETAILS
c
IF (MODE(24) .NE.1) GOTO 1000
WRITE(6,600) P,T,XETH,YETH
600 FORNAT(® P=#,F7.2,*HNHG. T=#,F4.2,%K XETH=+,F4.4,
/% YETH=%,F6.4) ~
WRITE(6,620)B(1),B(2),8(3),BN
620 FORMAT(s VIRIAL COEFS. Bi=#,F7?.2,# B2=#,F7.2,+ B3=s,
/F7.2,% BN=#,F7.2)
WRITE(6,640) PHI(1),PHI(2)
640 FORMAT(# FUGACITY COEFS. PHI1=#,F7.4,* PHI2=%,F7.4)
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. HRITE(6,460) F(1),F(2) , ' -
"~ 660 FORMAT(s REFERENCE FUGACITY. F1=¢,F7.2,% F2=3,F7.2)
URITE(6,680) GANMA(1) ,GANNA(2) . . ,
© . 480 FORMAT(s ACTIVITY COEFS. ' GANNAl1=s ,F7?.4,% GANNA2=# ,F7.4)
C EXIT.

[ o]

1000 RETURN
END
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SUBROUTINE PDEP (P,T,Y,K)

‘THIS SUBOUTINE CALCULATES K,S AS FUNCTIONS OF P,T,Y AND TDEP YARIELES.
THIS SUBROUTINE SHOULD BE CALLED ANYTIME P,T,X,0R Y ARE CHANGED, SINCE
THE K VALUES ARE DEPENDENT ON GANMA(T,X), P, AND T.

T 1S EXPRESSED IN DEGREES KELVIN, AND P IS EXPRESSED IN MMHG.

PDEP IS BASED ON SUBROUTINES PHIS2 AND VPLOK,

FOUND IN -COMPUTER CALCULATIONS FOR MULTICOMPONENT VAPOR-LIQUID AND
LIQUID-LIQUID EGUILIBRIA- BY PRAUSNITZ,ANDERSON,GRENS,ECKERT,HSIEH,AND
0,CONNELL, PRENTICE-HALL, 1980.

CICICIICTIIID IO

DIMENSION PHI(2),Y(2)
COMMON/DATA3/ LOOK,MODE (40)
COMMON/SUBP/ PHI(2),BMN
COMMON /SUBT/ VLIQ(2),F(2),B(3)
COMMON /SUBTX/ GAMNA(2)
REAL K(2)
C CONVERT ‘P FROM NMHG TO BARS, WHICH IS THE UNIT USED BY TDEP 10 FInD

{ ZERO PRESSURE REFERENCE FUGACITY.
P=P21.01325/760.0
PRT=P/(T+83.1473)
BM=Y(1):#Y(1)#B(1)4Y(2)4Y(2)#B(3)+2.0:+Y (1):xY(2)*B(2)
PHI(1)=EXP((2.0%(Y(1)%B(1)+Y(2)*B(2))-BM)*PRT)
’ PHI(2)=EXP((2.0#(Y(2)*B(3)+Y(1)*B(2))-BN)*PRT)
Bo. 29 I=1,2 -
K(1)=GAMMACI)sF(I)+EXP(PRT#VLIQ(I))/(PHI(I)P)
20 CONTINUE
C CONVERT P BACK TO MMHG FROM BARS.
P=P2760.0/1.01325
RETURN
END
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SUBRQUTINE TDEP (T)

THIS SUBROUTINE CALCULATES ALL THE TEMPERATURE DEPENDENT VARIABLES.

'THESE ARE- LIQUID MOLAR YOLUMES,ZERO PRESSURE REFERENCE FUGACITIES,

AND VIRIAL COEFFICIENTS. TEMPERATURE IS EXPRESSED IN DEGREES KELVIN.
THIS SUBROUTINE MUST BE CALLED EACH TIME A NEW T IS USED.

IN ADDITION, SUBROUTINE TXDEP SHOULD ALSO BE CALLED BECAUSE ACTIVITY
COEFFICIENTS ARE FUNCTIONS OF T AS WELL AS X.

IF THIS SUBROUTINE IS USED, IFLAG! MUST BE COMMONED TO THE HAIN
PROGRAM. IFLAG! =0 UHEN THE SUBROUTINE IS USED FOR THE FIRST

TIME TO INITIALIZE FIXED VALUES.

TDEP IS BASED ON SUBROUTINES MVOLN, REFUG AND BIJS2

FOUND IN -COMPUTER CALCULATIONS FOR HULTICOHPONENT UAPOR -LIQUID AND
LIQUID-LIGUID EQUILIBRIA- BY PRAUSNITZ,ANDERSON,GRENS,ECKERT,HSIEH,AND
0,CONNELL,  PRENTICE-HALL, 1980.

DINENSION C1(2),£2(2),C3(2),C4(2),C5(2),FC(2),TC(2),2RA(2),
2 RD(2),DN(2),ETA(3),U(3),56H(3),EOK(3),RDP(3),A(3),DH(3),
3 E(3),B0(3),BD(3)
COMMON /NAINT/ IFLAG1
COMNON/DATA3/ LOOK,NODE(40)
COMMON /SUBT/ VLIQ(2),F(2),B(3)
IF (IFLAG! .GT. 0) GO 70 100
INITIALIZE CONSTANTS FOR ETHANOL (1) AND UATER (2),
CRITICAL TEMPERATURES (DEG K) AND FRESSURES (BARS).
TC(1)=2516.26
TC(2)=4647.37
PC(1)=63.80
PC(2)=221.20
ZERO PRESS. REF. FUGACITY (BARS) EQUATION CONSTANTS FOR ETHANOL.
C1(1)=-90.909918893545
£2(1)=-3445.87344683496
C3(1)=-0.062301391740748
C4(1)=20.486492956207
£5¢(1)=0.000020464221042773
ZERO. PRESS. REF. FUGACITY (BARS) EQUATION CONSTANTS FOR WATER.
C1(2)=57.041587918252 '
£2(2)=-7004.8416152594
£3(2)=0.0035888444369749
C4(2)=-6.6689387843423
£5(2)=-0,00000085054287344029
DIPOLE MOMENT (DEBYES).
DH(1)=1.49
DM(2)=1.83
MEAN RADIUS OF GYRATION (ANGSTROMS).
RD(1)=2.2
RD(2)=0.41%
RACKETT PARAMETERS FOR SATURATED-LIQUID MOLAR VOLUME CORRELATION.
IRA(1)=0.2520
IRA(2)=0.2380
ASSOCIATION PARANETER FOR ETHANOL.
ETA(1)=1.40
SOLVATION PARAMETER FOR ETHANOL-WATER RINARY.
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ETA(2)=1.55
L ASSOCIATION PARAMETER FOR WATER.
CETA(3)=1.7
EX=0.28571429
C CALCULATE TEMP. DEPENDENT PURE-COMPONENT PARAMETERS (SUB. BIJS2).
Do 10 I=t,2 '
J=(1+1)%1/2
U(J)=RB(I)*(RB(I)*#(-0,001366+RB(I1)+0.02094)+0. 0060"6)
EOK(J)=TC(1)*(0.748+0.91sU(J))
EOK(J)=EOK(J)-TC(I)#0,4+ETA(J)/(2.0420,0:+U()))
SGM(J)=(2.4507-U(J))s«3sTC(I)/PC(])
L ANGLE AVERAGING IS USED TO ACCOUNT FOR THE EFFECT OF POLARITY DUE TO
C A LARGE DIPOLE ON THE ENERGY AND SIZE PARAMETERS.
PN=16.0+400.0%U(J)
P1=PN/{PN-6.0)
P2=3.0/(FPN-6.0)
CONT=2.882-1.882:+U(J)/(0.03+4(J))
XI=1. 7?4150’*05(I)#*4/(CONT#EOK(J)tSGH(J)**?*TC(I))
EOK(J)=EOK(J)$(1.0-XT#P1+P1:x(1,0+P1)2XIsX1/2.0)"
SGM(J)=SGM(J)#(1,0+XI%P2)
ROP(J)=7243.8+DN(1)*x2/(EOK(J)*SGN(J))
10 CONTINUE »
{ CALCULATE TEMFERATURE INDEPENDENT CROSS PARAMETERS.
1J=2 '
I=1
J=3
W(ID)=0.5x(B(1)+U(J))
EOK(1J)=0.7+SART(EOK (I)+EQK(J))+0.6/(1.0/EOK(T1)+1.0/E0K(J))
SGM(IJ)=SQRT(SGM(I)*SGN(J))
RDP(1J)=7243.8+DM(1)+DN(2)/(EOK(IJ)+SGNH(IJ))
C CALCULATE RENMAINDER OF TEMPERATURE INDEPENDENT PARAMETERS.
Do 40 I=1,3
BO(I)=1.2418%SGM(1)
A(I)=-0.3-0.05¢RDP(I)
DH(I)=1,99+0.24RDP( 1) s:42
C CALCULATE THE NODIFIED REDUCED DIPOLE TO BE USED IN CALCULATING THE
{ FREE-POLAR CONTRIBUTION TO THE VIRIAL COEFFICIENT.
IF (RDP(I) .LT. 0.25) GO TO 20
RDP(I)=RDP(1)-0.25
GO TO 30
20 IF (RDP(I) .LT. 0.04) GO 70 30
ROP(1)=0.0
C CALCULATE E(IJ) VALUES FOR EACH ETA(ID).
30 E(I)=ETA(I)*(4650.0/(EOK(1)+300.0)-4,27
40 CONTINUE
IFLAG1=1
100 CONTINUE
L CALCULATE LIQUID MOLAR VOLUMES (FROM SUB. MWOLM).
D0 130 I=1,2
TR= r/rccx)
IF (TR .GT. 0.75) GO T0 119
TAU=1.0+(1,0-TR)*+EX
60 T0 120
110 TAU=1.6+6.93026E-3/(TR-0.455)
120 VLIO(1)=83.1473+TC(I)+ZRA(I)*+=TAU/PC(I)
130 CONTINUE '
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C CALCULATE ZERD PRESSURE REFERENCE FUGACITIES (FROM SUE. REFUG),
DO 140 1=1,2 '
F(I)= EXP(CI(I)+C°(I)/T+C3(I)tT+C4(I)*ALOG(T)+C4(I)¢T*'2)
140 CONTINUE
[ CALCULATE THE SECOND VIRIAL COEFFICIENT: (FROH SUB. BIJS2).
D0 160 I=1,3
1§= T/EOK(I)
TSP=1.0/TS5-1.6+4(])
C.CALCULATE THE FREE CONTRIBUTION TO THE SECUND VIRIAL COCFFICIENT.
B(1)=0.94-1.47+TSF-0.858TSP*22+1, 0!4*TSP¢'3 :
IF (ROP(I) .LT. 1.,0E=19) GO TO 130" '
B(I)=B(I)- RDP(I)*(O 3-3. O'TSP+2 1*TSP*#2+2.I*TSP**3)
150 B(1)=RO(I)*B(I).
C CALCULATE THE NETA STABLE, BOUND, AND CHEHICAL CONTRIBUTIDNS
’ BD(I)= A(I)*EXP(DH(I)/TS) ' _
BD(I)=BD(I)+EXP(E(I))- EXP(1500. O4ETACL)/T+E(I))
BO(D)=B0(I)*BD(I)
B(I)=B(I)+BD(I)
160 CONTINUE '
RETURN -
END
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SUKROUTINE TXDEP (T,X)

THIS SUBROUTINE CALCULATES THE ACTIVITY COEFFICIENTS, WHICH ARE
FUNCTIONS OF T AND X. IT SHOULD BE CALLED ANYTIME T OR X ARE CHANGED.

T IS EXFRESSED IN DEGREES KELVIN, TXDEF IS FARTIALLY BASED ON ACTIVZ,

FOUND IN HCOMPUTER CALCULATIONS FOR MULTICOMPONENT YAPOR-LIQUID AND

LIGUID-LIQAUID EQUILIBRIA# BY PRAUSNITZ,ANDERSON,GRENS,ECKERT,HSIEH,AND

0,CONNELL, PRENTICE-HALL, 1780.

IF THIS SUBROUTINE IS USED, IFLAG2 AND NOP HUST BE COMMONED TO THE
MAIN PROGRAM. IFLAG2=0 WHEN THE SURROUTINE IS CALLED FOR THE FIRST
TIME. NOP=1 FOR THE 2-FARANETER UNIQUAC

=2 FOR THE 3-PARAMETER UNIQUAC
FIT OF ACTIVITY COEFFICIENTS.

DIMENSION R(2),0Q(2),QP(2),X(2)
CONMON /MAINTX/ IFLAG2,NOP
COMMON/DATA3/ LOOK,MODE{40)
COMMON /SUBTX/ GAMMA(2)

COMMON /PARMS/ PAR(J)

REAL LG!,LG2

IF {(IFLAG2 .GT. 0) GO TO 10
INITIALIZE CONSTANTS FOR ETHANOL (1) AND UATER (2).
STRUCTURAL VOLUME PARAMETERS FOR UNIQUAC EQUATION.
R(1)=2.1
R(2)=0.92
STRUCTURAL AREA PARAMETERS FOR UNIQUAC CQUATICN.
Ge11=1,97
@(2)=1.40
MODIFIED STRUCTURAL AREA PARAMETERS FOR UNIQUAC EQUATION.
ap(11=0.92
ar(2)=1.00
IFLAG2=1
10 CONTINIJE
CALCULATE PARAMETERS AND ACTIVITY COEFFICIENTS (FROM SUB. ACTIV2).
IF (NOP .GT. 1) GO TO 20
EQUATIONS FOR FARAMETERS OF 2-PARAMETER UNIQUAC FIT.
INSERT FUNCTION FOR PARAMETER ! HERE
PAR(1)=-10845.0108153+4144.45443835847-0.592538910446+T++2+
2 0.00143459425212+T+¢3-1.096233611E-4:T 444
INSERT FUNCTION FOR PARAMETER 2 HERE
PAR(2)=38765.541772-475.052110708+T+2.14108540723:T++2-
2 0.004203185936748T+33+3.054583512E-6+Tx:#4
PAR(3)=1.0
GO TO 30
20 IF (NOP .GT. 2) GO TO 40
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COEFFICXENTS FOR 3-PARAMETER UNIQUAC FIT

DATA CTHO,CTH1 /-16.03058823E0, 0.04705882353€0/
DATA CP10,CP11,CP12,CP13,CP14,CP1S ~

1 /-89. 32344 sso 74..,541863E0 $3.498815592€E0,
2 14.5937134E0, -10 42198857E0, -4.522048302E0/
DATA CP20,CP21 CP-‘,CP°3 CP24,CP25,CP26
1 /327 381635750, 198.4002199E0, 152.99374678E0, -8.512191087E0,
2 -58.2073705E0, 0.7547851941€0, 7. 061975131E0/
“DATA CP30,CP31,CP32,CP33,CP34,CP35,CP36 - ,
1 /1.33 530!10650, -0.7627 501550 -0. 3”100’1756E0
2- 0. 2672?5941E0 0. 1384721°76£o, -o 0313644795E0,
3. -0, 0!70849291E0/

EQUATIONS FOR PARANETERS. oF 3 ~PARAMETER UNIQUAC FIT.
: THETA=CTHO+CTH1sT ' : o
INSERT FUNCTION FOR PARAMETER 1t HERE
- PAR(1)= CP!0+THETA$(CP11+THETA'(CP12+THETA¢(CP13+THETA*(CP14
1 +THETA3CP13))))
INSERT FUNCTION FOR PARAMETER 2 HERE =
~ PAR(2)= CP20+THETR‘(CP°1+THETAt(CP22+THETA*(CP”3+THETA¢(CP24

1 +THETA*(CP25+THETA*CP26)))))

- INSERT FUNCTION FOR PARAMETER 3 HERE- : '
PAR(3)= CP30+THETA*(CP31+THETA3(CP3"+THETAF(CP3J+THETAF(CP34 .

1 +THETA®(CPIS+THETACP36)))))

NOW CALCULATE ACTIVITY COEFFIENTS FOR UNIGUAC FIT.

30 T12=EXP(-PAR(1}/T)
T21=EXP(-PAR(2)/T)
EL1=5.08(R(1)=(1))-(R(1)- 1.0)
EL2=5.0#(R(2)~-0(2))-(R(2)-1.0)
PHS=X({1)3R(1)+X(2)3R(2)
PH1=X{1)*R(1)/PHS
PH2=1.0-PH1
THS= X(1)'G(1)+¥(7)*0(’)
THP1=X(1)*QP(1)/(X(1)#AP(1)+X(2)*QP(2))
THP2=1,0-THP!
S1=THP2+THP1sT12
S2=THP1+THP23T21
LG1=ALOG(R(1)/PHS)+5.0¢Q{1):*ALOG(A(1)*+FHS/R(1)/THS)+ -

2 PH2=(ELI1-EL2#R(1)/R(2)) ‘
LG1=LGI1+PAR(3)¢QP(1)*#(-ALOG(S2)+THP2#(T21/52-T12/51))
LG2=ALOG(R(2)/FPHS)+5.0¢0(2)*AL0OG(A(2)#PHS/R(2)/THS)+

2. PHIs(EL2-EL1sR(2)/R(1))
LG2=L62+PAR(3)*QP(2)#(-ALOG(S1)+THP1#(T12/81-T21/52))

GO TO 100

40 CONTINUE

100 GAHMAC1)=EXP(LG1)
GAMMA(2)=EXP(LG2)
RETURN
END

a3
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Program ETOH--Sample Output

IF YOU VWISE DATA AT A COHSTANT TEMPERATURE,
TYPEL 00. IF YOU WISH DATA AT COLSTALT
PRESSURE, TYPE A 0l.

00

WVHAT TEMPERATURE DO YOU VANT DATA AT? DEG(ID)

305.15

PRESSURE TEIP. ¥ETH YETH
46 .66 302.15 .0100 L1047
50.65 308.15 .0200 L1328
54,22 308.15 .0300 .2432
57.42 308.15 .0400 L2912
6G.29 308.15 .050C .3302
62,86 305.15 L06C0 L3526
£5.1¢ 308.15 .070C .359¢
£7.25 30G.15 .0cee L4130
6S.20 . 30C.15 .0SGCC 4331
7G6.93 308.15 .1000 4508
72.51 306.15 .1100 666
73.95 305.15 .120¢ L7956
75.27 30£.15 .1300 L4018
76.49 308.15 .1400 .5028
77.61 305.15 .1500 .5127
73.65 " 308.15 .1600 L5218
79.61 30C.15 .1700 .5302
£0.50 305.15 ‘ .1200 .537¢
cl.33 30¢.15 .1960 .545C
02.11 308.15 .2000 L5516
£2.8¢ 308.15 .2100 .5578
82.53 30C.15 .2200 .563
S4.18 308.15 B .2300 .5693
64.20 = 305.15 L2400 L3745
85.39 308.15 _ .2500 .5795
85.94 208.15 +26C0 5643
86.48 308.15 .2700 .53%0
36.99 3086.15 .2800 .5934
67.48 30C.15 .29G0 .5678
87.95 . 308.15 .3C00 .6020
88.40 308.15 3100 L6061
£6.54 30C.15 3200 - .6l01
39.27 302.15 .3300 6140
89.68 306.15 .3400 .G179
%0.09 305.15 .3500 . L6217
00.48 308.15 .36G0 .6255
90.26 308.15 .3700 .6292
91.24 306.15 .3600 .6329
91.60 306.15 .3200 6366
91.96 30C0.15 L4C00 L6483
02.32 30S.15 L4100 L6440
92.67 308.15 .£200 L6477
93.01 308.15 4300 6514

93.34 305.15 <4400 .6551
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9[}'.0-0
94.32

94,64

94.95
95.26
95.56
95.86

9€.45

96,74
97.03

97.31

97.5¢.

97.85%

9€.12:

95.39
98,64
93.9¢
95,15
99.39

96.63 .

80.37

10C.10°
100.32;
10C.54

10C.75

10G.96

101.16
101.35

101,54
101.72
101.569

162.0°S
102.2

102.36

102.50

102.63
102.76

102.67

-102.97
102.07
103.15

- 103423

102.29

102.34

102.38
103.41
103.43
103.44

103.43 .

103.41
103.37

102.32°
103.26

103.1¢

308.15
308.15

305.15"

308.15

308.15

308.15

.308.15

308.15
305.15
308.15
305.15

308.15°
308.15

308.15

308.15

3C8.15

308.15

308.15

305.15
- 305.15
308.15

30G.15
306.15
305.15

308.15 -
308.15
306..15

30€.15
30S.15

305.15-
208.15
30C.15
305.15

305.15
305.15
308.15

308.15

306.15

306.15°

308.15

30S.15 ..
30&.15

305.15
308.15
308.15
308.15
308.15
308.15
306.15
306.15
306.15
308.15
30C.15

30C.15

303.15

305.15

190

4600

4700

4800

L4900
.5000

.5100
«5200
3300
« 5400

5500
.5600 .
1 .5700
. .5800
.5900°

.6C00C

5100

.6200
.6300C
6400
.05CC
5600

- 6700

.6800

26200

.7600
.7100

. .7200

+7360
7400
.7500
.7600
.77C0
.72CC
.7500
.8000

: 08100

.8200
.3300
8400

L8500
" .8600,

.5700
.38C0

.3900"

.2000
.©100
0200
.9300
.9400
.9500
.9600
.2700

e
.930

.9500

1.00C00
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IF YOU VANT TO RE-RUL THE PROGRALN,TYPE,A 00
IF YOU WANT TO STOP, TYPE 4 Ol

ocC

IF YOU VISH DATA AT 4 CONSTANT TEMPERATURE,
TYPE CC. IF YOU WISH DATA AT CONSTANT
PRCSSURE, TYPE 4 Cl.

ol

WHAT PRESSURE DO YOU WANT DATA AT? (113HG)

76C. :

PRESSURE TELIP. YETH YETH
760.0C 270.21 .0100 .1076
76C.00 367.91 - .0200 .1863
76G.00 366.06 .0300 .2461
76C.00 364.55 0400 .2528
763.00 362.29. .C5C0 .3302
76C.CC 362.25 0600 3607
76C.CC 361.36 L0706 .38¢1
760.0C 36C.6C .0800 L&075
76C.0C 259,94 .CSCe JLZ5E
76C.0C ©35%.37 .10C0 J44l5
76C.00 3556.87 .1100 .45533
76C.C0 350.43 .120C L4673
768.0C 250.04 .1300 47861
76C.0C 357.69 ".14C0 4877
76C.0C 357.38 .15C0 4964
76C.00 . 357.1C .1600 .5043
76C.00 356.84 .17GC 5115
75C.0C 356.61 .1380¢C .5181
76C.0C 350.3¢9 .15600 .5243
76C.0C 356.16 .20C0 .520C
76C .00 356.01 .2100 .5354
76C.CC 255.54 .2200 . 5406
76C.0C 255,68 .2300 L5454
76C.0C 355.53 .240C .550C
76G.00 255.3% .2500 <5545
76C .00 3255.25 .26CC .5588
76C .00 255.12 .2700 .5629
76C.00 255.00 .2C00 .5670
760.00 354,88 .29C0 .5706
76C.00 254.77 .2000 5748
76C.00 © 354,66 .3100 .5786
76C.0C 354.55 .3200 .5324
7€C.0C 354.45 .2300 .5361
76C.00 254.35 .3400 .5598 -
76C.0C 354.25 .3500 .5935
76C.00 256,16 3600 50872
76C.00 354.06 3700 .G0CS
76C.00 353.97 +33C0 6046
76C.0C 353.88 .32960 L6083
76C.00 353.8C .4000 6121
76C.00 253.71 <4100 6159
76C.00 255.63 .4200 6197
76C.00 253.54 .4300 .6235
760.0C 352.46 4400 6274
766.00 253.38 L4500 6313



768.0C
76C.00
76C.0C
76C.CC
76C0.00
76C.00
76C.00
76C.CC
76C.Q0
76C.0C
76C .00
760.00
76C.0C
76C.00
760.00
76C.06
76C.0C
76C.CC
76L.0C8
76C.CC
76C.0C
76C .00

'76C.0C

76C.0C

76C.CO

76C.0C
76C.00
76C.CO
76C.00
766.0C
765.00C

76G.CC.

76C.0C
750.0C
762.0C
76C.0C
76C.0C
76C.00C
76C.CC
76C.00
76C.CC
76C.00
76C.CC
765.00
760.00C
76C.CC
76G.0C
76C.00
76C.0C
76C.00
75C.00
760.00
760.00
76C.00
76C.CO

YCU VANT TO RI-RUIT TiiC

Ao Sl B Mol o on ™ ™
r YOU UANT TC CTOP, TYPC

353.30
353.23
353.15

52.07
353.00
352.93
352.86
352.79
352.72
352.65
352.58

'352.52

352.46
352.39
252.33

352.27

352.22

- @ wo =

289 14
- - ® ~

352.1C

252.05

- 352.0¢C

351.65
351.9C
351.85
351.¢61
351.76
351.72

©251.68

351.64
221.61
251.57
251.54
351.51
251.48

351.46

351.43

351.41
351.39
251.3¢8
351.36

3251.325

- 351.34

351.33
3251.3

351.32
351.32
351.33
351.23
251.3

351.35
351.37
251.3¢9
3251.41
351.43
351.46
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L4600
4700
.4800
4200
.500C
. «5100
.5200
.530C
« 5400
.5500
.56C0
.5700
.58C0
.5¢00
.6000
.6100
.5620C

53C0

6400
.55CC
.66C0
.670C
.68C0C
.6603C
.7C0C
.71C0
.72G0
.73C0
. 7400
.750C
.76C0
7700

on
[IRVAVA S

.790C
.CCO0C
.31C0
.C200
.E20C
.5400
.6500
.8600
.3700

.8800

.8500
.900C
.9100C
.9200
.9300
.9400
.2500
.9600
.2700
.9800
.990C
1.c0C0

PRCGrAM, TYD

L 0L

6353
0393
H434
6475
.6517
.6560
6603
6647
6652
6738
.0784
L6831
.6879
.6928
.6S78
.7028.
.7080
7122
L7156
7240
.728%6
7252
L7410
7468
.7528
.7539
.7G51
7714
7779
JT04S
.7912
. 7980
8050
5121
L0193
L2867 .

~a
QOJ‘+2

8419
L0408
.8578
.8€59
L.E743

™ r
Lign
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APPENDIX 2

PROGRAM CONTEST

Vapor/Liquid Equih’brium Data,

Thermodynamic Consi stency Test



194

Program Contest: Vapor/Liquid Equilibrium Data, Thermodynamic Consistency Test

1PW=00S .
ROUTE s YSERB
AID.

'

PROGRAM CONTEST (INPUT,QUTPUT)

THIS PROGRAM DOES AN AREA THERMODYNAMIC CONSISTENCY TEST FOR THE
ETHANOL-WATER SYSTEM, DATa IS TO BE INPUT AS- DUMMY CARD»s SOURCE
CARD (SPACES 1-70) WITH NUMBER OF DATA SETS IN SPACES 78,79+800
ALL DATA SETS, DuUMMY CARD, NEXT BATCH, AND 2 BLANKS TO END RUN.
DATA MUST BE ISOTHERMAL, AND IN F10.5 FCRMAT, THE ORDER MUST 8E
PsTeXsYs WITH P IN MMHGs ANC T IN DEGRZES Ko

ALL DATA MUST BE IN CRDER CF INCREASING Xe.

VARJABLES-

A- AREA FOR INTEGRAL OF LNtaCT1/ACT2) VERSUS X

ACT1- ACTIVITY COSFFICIENT FOR ETHANOL

ACT?2- ACTIVITY COSFFICIENT FOR WATER

F0)- ZERD PRESSURS REFERENCE FUGAZTITY FOP ETHANOL

FO2- 2ERO PRESSURE REFIRENCE FUGACITY FCR WATER

G- LN(ACT1/74C0T2)

N- NJMAER OF DATA SETS

P- SYSTEM PRESSURE [N MMHG

SQURCE- DATA SCURCE

T- SYSTEM TEMPERIATURE IN DEGREES XELVIN

X- MOLE FRACTION OF ETHANOL IN LIQUID

Y- MOLE FRACTION 2F ETHANOL IN V&PCR

(s NaKaNaAXANANATA NS} -’\(\,l‘\l\f\f\f\’\ﬂt‘\f\

CIMENSION ACTI(ISO)\ACTZ(IEC)oG(150);P(ISC)-SOUQCE(7)oT(lSO)e

2 X{15C1aY(150)
5 PEAD 105 DUMMY ¢ SOJURCE N’ ’
10 EORMAT (A10/7410+7Xs13)

1F (N «fGe O) GO TO 31CC0
DC. 30 1=1sN
READ 20 P(INsTIIIextINaYI D

2C FARMAT (4F1C.5!

30 cONTINUE
2EAD 4l DUMMY

40 EORMAT (A1)
FO1=EXP(-90.909918893556~3455,8736623496/T(1)
2 -.052301391740748%T(11+20,4864929546207#ALOGITIL))

+.0000206642210427735T(1)%#2)

£C1=FC1#760.0/1.012258
FO2=EXP(57,041587518252-7004.B8416152596/T1(1)
2. +.00358BR64LL260TLI%TI1)1-6e6689307843423%ALCG(TITY ).
3 ~oCGCCCUBS0562B7364L525%T(1)#92)
FO2=F02%76C.0/1.C1225
DN 5T I=1.N

IF (X(1) «£Qe Cel) G2 TC 45

IF (X{]) «aEQe 1.0 530 TQ ué

ACTI(Iy=Y({1)apl])/(X(])8FD1)

ACT2(11=2(140=Y(I1118P(I)/((1,0-X01))14FC2)

G(l)r= BALOGIACTI(II/ZAZT2(1))

Go TeC 5¢C

45 ACT2(11=1.0
GO TC 50

46 ACTI(11=1.0

59 CONTINUE

ek
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GC=0.0
Gl1=Cle0
IF (X(1) oNEe Co0) GO TO 55
ACTI(1)=ACTI(21=X(2)*((ACT1(4)=ACT2(2))/7(X{4)=-X(2))1+(AZTI(3)~ACT1I
22117 (X(3)1=X(2)))/2.0
G(1)=ALOGIACTI(1Y/7ACT2(1))
G60=GI(1)
IF (X(N) oNEs 1e2) GO To €0
ACT2(N)ISACT2IN=1)+{1e0~XIN=1))*(LACT2{N=1)=ACT2(N=2))/(XIN-1)=X{N=-
22114 0ACT2UN-11-ACT2IN=3))/(XIN=-1)-X(N=3)))/2,0
G(N)tALOG(ACT1(N)/ACT2(N))
G1=2G(N)
A=C.0
DC 70 I=2.N
AsA+(X(I)=X{I=-1))%(G(]1+5(I=1)1}1/2.0
COMT INUE '
1T (GO «NFe Col) G2 T2 75
AY1=ACTI( 1 =Xt 1) #({AZTI(3)=ACTI(III/(X(3)=X (1) )+(ACTI(2V=-ACTI(1Y)/(
2X(21=X{11)1/2.3 : '
GC=AL0G(AY/1.0)
A=A+ (GO+GI1))I*X(1)/2,0
IF (Gl oNEe Ce?) GO TC 78 )
A2=ACT2(N)I+{140=-X(NY 1 ®#((ACT2(NY=ACT2IN=2)1 )1/ (XINY=XIN=2))+(ACT2(N)~
2 ACT2(N=1) )/ {XIN)=XIN=11))/2.C
G1=ALCSG(1.,C/702)
A=A+ (CGl+CIN))*(1e2=XIN))1/2.D
PRINT 80+ SOQURCEWNSTI(1)+4FCYFC2 i
FCRMAT (1M197AI0+#NUMBER OF SETS=#,134+%, TEMPERATURZ=#3F8.3+% DEC
2K*®/ 1HOs#ZERD PRESSURE REFTRENCET FUGACITY FCI CTHANOL=*4F7e2,
3 * MMHEG#*/1H ,#ZERD PRISSURE REFERENCE FUGACITY FOR WATER =#,FTe29
4 % MMHGCH//1HO o SX s #ACTIH ,B8X s ®ACT2# 33X o *LNIATZTI/ACT2) % o6 X s # X"y ]1]Xe*Y
S8 XeB8D (VUK YE 4N oaT (K )5/
DC 1CC T=1eN
PRINT 9G'ACT](1)9ACTZ(1)VG(I)QX(I)9Y(I)Oo(I)vT(I)
FORMAT (1H +F10454812XsF10451))
CONTINUE
PRINT 110, G5CsGlra
FOQMAT (1HOs®LN(ACT1/ACT2) AT X=0 #,F10e5/1H +*LNI{ACT1/ACT2) AT X
2=14C*4F10Us5/1HI+®*2REA= #,F10,8)
GC T0 5
sSToP
END



Program Contest--Sample Qutput

MASH CoJo/PrMUERTON R.Co~ JoCHEMNTHERPODYNANICS 10,874 (1976) NUMPER OF SE'SI 2‘. TEMPERATURE = 323.15) DFG X

ZERN PRESSURE REFEAENCE FUGACITY FOR ETHANOLS 207,70 MMHG
ZERD PRT SSURE HEFERENCE FUGACITY FCR WATFE = 92,02 MMKG

aCvT ACT2 LNTACTIZ7ACT2) L3 v PLuNHG) TIKH
4. 9313 130723 1e%82130 «00438 «04780 96.91%47 323.13000
4, 675%s 1.00839 001222 «18500 106.87629 323.15000
4.440606 1.0089% 002722 «223590 116.67209 323,13%0))
4.118)7 1201259 «0ac28 021820 130435322 32).1%000
e77703 1.01924 0067726 +309%0 183474772 323.1%5%00
3. 123¢96 «30%8) «47320 161.420828 323.15000
2. Le02729 +i17010) «33%5%0 876.902098 323.,15000
2 1.14724 e 2488) «57930 107.22290 J323.150)0
] 123666 «32300 «20440 164,.513¥50 223.15000
1 te32102 0308448 262700 199,3006139 323.15000 .
1 1.36215% 4175 «€3700 201.2865% 323.1%000
] 1e506014 «50409% + 66010 206, 74700 323,45000
1 1.€470) «%80861 «69890 210.99985 323,13%09)
[] 175316 o€3426 «22360 213. 66507 323.15000
1 LeS4386 7245} « 77350 217.562%9 223,15000
1 2.032%6 «16377 + 79810 216.83800 323,190
) 2.13984 ~e?22%27 «808134 «+82860 220. 11310 323.,15%000
1 de252¢€4 -e 78556 «85785 «86640 221.04110 323.19%3)0
) 2.3206 -~ «82440 « 86064 « 26420 22135070 323.45000
] 2434256 —+B32AR ¢899 34 «$0190 221.47071 223.15000
t 24349410 ~sg23¢8 062445 052530 221 4485710 323.1%0))
] 2e03811) ~e8749 «5%370 «$2310 221040571 323.13000
1 2404218 L LY L)} «62319 «97240 218.67298 323.15000
1 24523046 ~+82099 «S21%) «S8020 22134320 323.15000
LNLACTI/ZACT2) AT xsg 1 .6073a
LNGACT I/7ACT2) AT 223,0 ~+949062

AREas  ,00264792

961
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APPENDIX 3

PROGRAM HMIXING

Ethanol/Water Heat of Mixing Model
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Program HMIXING: Ethanol/Water Heat of Mixing Model

ROUT
*Pus=
PUNe

LA NANANA R NAY AN AN A YA

(8}

20

30
150

IANANA]

[ANA]

E+USER3B
RUT

PROGRAM HMIXINS(INPUTOUTPUT)
WRITTEN BY BRIAN MAIORELLAs SUMMEP 198}
PROGRAM HMIXING IS A DRIVER PROGRAM FOR THZ SUBROUTINE HMIX.
HMIXING READS IN UPTO 20 TZIMPSZRATURES AT WHICH HEAT OF MIXING
OF ETHANOL/WATER MIXTURES ARE TO 3£ FOUNDe HEAT OF MIXING
RESULTS ARZ COMPUTED AT .05 MOLAR INTERVALS FOR THE SZLEZCTED
TEMPERATURES. VALUFS OF THE UNICQUAC MIXING PARAMETERS (THETAL1 aND
THETA2) AND INTERACTION ENERCGIZS (TAU12s TAU21s DELUI2, DELU21)
ARE ALSO PRINTEC. WUNITS FOR HEAT CF MIXING AND CILU CORREEOOND
TO THEZ UNITS CF R (SET AS JU/MOL#CES K3} AND CAN BE ZHANZSH pvY
SPECIFYING R IN ANSTHER UNIT 3YSTEM,

DIMENSION A12(5)9421(5)TEMD(2C)
REAL MTLP
UNICUAC D2ARAMITERS 2L Nnlx

COMMON /UNTPAR/ Al2+3A21+4TAUL124TAU21+81+02,

JTHETAY+THETA2.08L U12,0EL Y21
IDEAL CAS CONSTANT (J/MOL®CES ¥)

R = Be3144

TFLAG = 1

READ 3N

EoRMAT (12)

N0 7 I=1eN

DEAD 5. TIM2(1)

FOMAT (£33,

G 200 1=1.N

T = TEMPL(])

SRINT 1C»7T

FOMAT (141 oSX s TEMD =8 ,7TR,3+# (D5 K)®e///)

PRINT 2C

FOQMAT (IHCoIAXv'Xl'-ex.OxziozIXo'YHETAl*oSX-OTHETAZGE!o

/EHRMIXING (J/MZLY*e /)

O 152 J=1,21

X1 = (0,05%FLDAT(J)Y=C,08

CALL HMIXIToX]1e2sNTLRPWIFLAS)

1FLAG = 1 + IFLAG

X2 = 1a3 - X1

PRINT 304 X1eX2¢THETAYLZTHETA2WNTLP

FCIMAT (1T 10X o F e s GX0fE a3 010X 0Fbabr1S5X0FtabslUXsF12.5)

CANT InuE

PRINT 506 TAUI2sTAUR1DFLUI24DELU2]Y

FORWMAT (1“‘.0'12X|F7¢305X0:7.3vlcx'FB.3'5X'F803)

CONT INUE

END

SUBPCUTINE HMIX(TeX1 R 4NTLPIFLAG)
WRITTEN PY Be MAJORELLA, SUMMER 1981,
SURRSUTINE HKIX CALTULATES THE HEAT OF MIXING OF AN STHANOL/
WATER SCLUTION (MOLE FRACTION ETHANDL = X]1) AT TEMPERALTURE
T (DEG k) » BASED Of A TEMPERATURE DEPENDERT UMINUAC SQUATION.

DIMENSION A12(5)s A21(S)
REAL NTLP

W
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JUNIPAR/ Al12s A219TAULI2:TAL21+201+Q2

/THETA1sTHETA2sDELUL2,DELU21
IF (IFLAG.NELY1)Y GO T2 70

fﬁ;_ < CUNIGQUAC ETHANOL AND WATER MODIFIED STRUCTURAL AREA PARAMETERS.
' Q1 = Q.92 i
Q2 = 1.00
J T C ' TEMPERATURE DEPENDENT UNIQUAL PARAMETERS.
¥ A12(1) = -10845.310853
41202y = 144.454638358
A12(2) = =D.£632588910486
A12(4) = C.0C143459625212
A12(5) = =1.096233611E=6
A2L01) = 387654541772
A2102) = «4754032110708
421031 = 2,14108540222
A21t4) = =0400420316593474
A21(8) = 3.054583612F=4
TLAST = “1e9
XLAST = 'l-c
T8 IF (TLEQeTLAST) G2 TO 100
DELUJI2 = A12(1)14(A12(21#T)+(A12(3)1%(T##2,01)
/7 +{A12(L)» (Te#3,0))a(L12(5 18 (Toes8,01))
CELUZ] = A2I(01)14(A21(21#T)+{A21(21%(T*#2,0})
/7 +lA21t4)1s(T#e3,0) )« (A21(5)1%(T#n4,0))
TAU12 = EXP(=CZLyl2/T)
TAU2Y = EXPI=PELU21/T)
DELU12 = R#DELUY2
DFLU2] = R#*DELY2!
DOELUTIZ = =A12(114(A12(3)8( T8, 01 )14(2,0%A12(4)2(Tae3,01)
/ o(].OOl‘-‘!Z(VS)'(-’_lh'..C))
DLELUZ2Y = =A21(11+{A21(3)12(T#27,C)1)1+(Z.C"A2L(0L)*(Tee2 .0,

s/ +( 34"
100 1F (X1
X2 = le
TWHET A
THETA
150 51 = (T
52 = (7
NTLP =
TLAST
XLAST
RETURN
END

A21(51#(Tea4,0))

ZCeXLAST)Y CC TO 158

¢~ X1

= (Q1#X1)/7((Q18XI )+ (Q2%X2))

= ‘_.C - THETAl
HETA2#TAL2I*DOELUZ] )/ (THETAI+(THETAZ*TAU2]))
HETAL®TAUL2*DDILULI2)V /7L ITHETALI#TAUL2)«THETAZ)
~R*({QleX]1*Gl)+(G2%X2*G2)) ‘

T

X1



Program HMIXING--Sample Output

TEMP 2 343.150(DEG K)

Xq X, THETAL THETA2 ~ HMIXING (J/MOL)
Qe 1.000 Ce 1.000 -0,
«050 +950 <046  +554 . -84.5588%
100 *900 093 907 ~125.56248
«150 <850 a140 <860 ~136.14307
.200 ~ .800 ‘ el1€7 «813 -125.83797
0250 «750 .235 ¢ 765 -101.72181
«300 «700 283 - - .mv ~69.13€61
.33 650 .231 <665 -32.17705
«400 +600 <380 «€20 © 8.57822
¢85 .550 .429 «S71 . 42,83535
«500 «500 479 «521 76.42038
¢550 <450 .%29 a7l ' 105.15947
60 400 .5€0 2420 : 127.79085
cU30 «350 . .€31 «369 ) 143.29848
790 «300 .682 s318 150.86158
750 <250 .734 c266 145.81816€
.« 800 . 200 .78€ «214 © 139.63108
850 <150 <839 ‘161 115.86861
900 <100 .82 «108 ' 90.18384¢
«930 <050 .56 | 0S4 | 50430030
1.000 ~ .000 1.000 '.ooo +00000

14197 0325 ~513.865 3210.862 °

00¢
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