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Abstract
_Thié test can be used ovér.a restficted'fahge of composition,
is esseﬁtially independeﬁt of the values uséd‘fqr.the vapor
pressures of the pure componenfs, and avoids any differentiation

of experimental data.



Scope
Thermodynamics is valuable because it teiis us when a new

quantity can be calculated from available e%pé:imental daﬁa.
Alternatively, it provides a check on the'accufacy of interdependent
results. The individual components of vapor-liéuid equilibrium
déta have beenvsubjected to such tests for about thirty years.
For example;vfrom the total pressure over aqueoué ammonia solutions
of known cbmpositions, it is‘possible to calcﬁia;e thg vapor-phase
vcompositionQ If‘the latter is measured indepeﬁdently, the results
are subject to rigorous thermodynamic test; |

- How can these tests be carried out most effectively, so as to
give the best interpretation to expensive data? Thé'basic thermodynamic
relations igvolve differentials, bﬁt differentiationvofvnumerical
data magnifies errors and should be avoided if pqssible. It should
also be possible to test data over a restricted composition range --
since many syétems yield data over only such é range. A limited;range’
test can also give insight into the source of .any discrepancy.
Finally, a test shouid be independent of the vapor ﬁressures of thé
pure components, since these values don't enter into determination

of the binary data.

Conclusions and Significance
The calculation of the chemical potential of a second component
from data on a first component, Py means of the Gibbs~Duhem equation,

typically can be restructured to avoid differentiation of data. This
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concept. provides thé basis for developing‘a cbﬁsistenéy test with

desirabié properties. vThe realization that‘it:is unnécessafy to.

extrapolate to.the secondary'referenée_sfatgs'leads‘one to a test

over the ¢omposition range of ;he experimentgi:data,‘or a part df

that range, with no dependence on the vaporvpréssureS'of the pure

cémpoﬁents._ The test of Chueh et al.'(1965) has most of £hese properties.
_In:aﬁpliéation,.éﬂé frequently fiﬁds that there are uncertain;ies

in some Of_the quantities invoived in a thermodynaﬁic consistency |

test and that the redundant data could equally.well be used to

provide improved estimates of these qﬁantities. We have in mind

here vapor-phase fugacity coefficients and, in'pafticular,'the cross

secondIViriél coefficient BiZ .



The Gibbs-Duhem equation E o .,
xldul + xzdu2 = Vdp : (L

at constant temperature for a binary iiquid miﬁture is the basis
of many tests of thermodynamic consistency of,yapof—liquid equilibrium
data (Redlich and Kister; 1948; Redlich et al.;1968; Prausnitz, 1969).
This equation is also'the basis for calculating the activity coefficient
of one component from deta>fer the othef component. For good data,
equation 1 can be integrated numerieally; with no need fq fit the
exberimental data by aﬁ analytie expression'over any exeensive
composition range. Alternatively, the aata for one component are
C fit by an equation, such as that of van Laar, andbchemical potentials
or activity coefficients are predicted for the othef component by
means of'an ahalytic integration‘ef equation 1. |

~ When data are available for the chemical poteﬁtials of both
. components of a iiqdid solution, these data are necessarily redundant,
and the Gibbs-Duhem equation can be ﬁsed to test the data for accuracy.
This can be accomplished to advantage by caleuiating the logarithm
‘of the aetivity coefficient of component 2 from data on component 1
.and subtracting the result from the experimental value for component 2;'
This difference should be a constant, and consequently a graph of
this difference versus composition will immediately provide quantitative
~insight into the consistency of the underlying data. .In prectice,
the difference in ehe logarithms of the calculated and exéerimeqtal

. activity coefficients (or a closely related quantity) is used because
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this reduces or gliminates the éffect of ahy'uﬁcertaipty in the

v normalizatipn ofnthe aétiVity coefficients.*

Let us assume that the data are given in the form of the
.‘partiai pressures P; = PYy "ofvfhe componenté ih thé Vapqr phase

in equilibrium with the liquid of mole fraction x5 - .Thus, the

‘where ¢i ‘is the vapor-phase fugacity coefficient of component i .
Equation 1 becomes

-~

> A A
x,d In (pl¢1) .+ x,d 1n (pyb,) = 37 dp . (3)

This can be written in:the‘equivalent form

. 2T A -
171 272 V.- :
xld in (fox ) : 2d In (fox ) = RT dp > (4)
2 2 : :
where fi' and f; are independent of pressure aﬁd“composition._
The introduction of fi and f; is solelj for convenience;

by suitable selection of their values,' the quantities in pareﬁtheées

in equation 4 have a.magnitﬂde near unity and are, in essence, activity

*The term, secondary reference state, refers to this normalization

and is synonymous with standard state. These ‘terms are to be
distinguished from the primary reference state, which relates to the
condition defining the level from which the chemical potential is
measured at other conditions of temperature, pressure, composition,

and chemical form (1f the primary reference state refers to the elements).




'Coefficients. One common coﬁventiqn'is to set 'f; and fg equalf
to the vaﬁof preesures of the pure‘componenﬁs,* but in diiu;e solutions'
it is coﬁmen to set fg equal to'Henry's‘conetant for componeﬁt‘Z |
vin a seivent of component 1. It should be cleer frem the subsequenx'
development ‘that the choice of the values of fl ‘and fg has no.
- bearing on the outcome of the test of thermodynamic con31stency This
is as it should be, since it should be possible to test data for
consisteﬁc& over a composition range which does not include any natural
secondefy reference state. (For example, for adueous sulfuric acid
solufions below 0°C, the vapor pressure.or the:freezing point provides
a measure ef the chemical botential of the sqlvenﬁ, and.the electric
potential of e lead-acid cell depends also on the chemical potential
of the'eolute. However, pure H2804 seems fa:.remOVed from the
.conditipns‘ef the system, and an infinitely'diluee solution doesn't
exist since-the solvent freezes.) Furthermore, Van Ness et al. (1973)
have erieieized some integral consistency tests because of their
sensitiVi;y to values used for the vapor pressures of the pure components.
Next'inﬁegrate equation 4, integrating the two terms on the

left by'barts, to obtain

. ’ p .
P14y Py, v
x1 ln(fo )+x2 ( ) fr

1M1
x
2 [Pi®f 2 X, e v
+f ln |————=)dx, = constant = C(x,) . - (5)

Pyb,f 1 *1

* o :
Strictly speaking, the vapor pressure of the pure component should be
multiplied by the fugacity coefficient of the pure equilibrium vapor.



This euéhtityvshould.be a constant; we designatebby C(xz) the
eValuefion of the left éide of the equation frem:experimental data.
(The 1ower_limit3‘of'the integfals should be fixed but can be'selec;ed
etbitfarily or for cbnvenience.?‘ A graph of c versus bxz will be
a horizentel line for eoneiseent.data. The data are aISO'thermodynamiceliy
consisﬁeht over any composition raege where C ie eonstant. A step
. 1n the gpaph'can be due to e'change in the calibration base from phe'
' composition‘range eo another.(possibly due to dafa from two different
sources ﬁof one component). A single bad data-éoint will show up as
a bad ﬁoinf on the graph, and it will'aleo produee a step whose
magnitﬁde.depends oe tﬁe valee of dx2 assoeiated Qith the bad point
in the integratien; A gradual but significant drift in C indicates
a systemaﬁic error; and random deeiafions aboutfe constant value
suggest the magnitude of ghe experimenfal rep:educibility. “An error
in the'eétimation of the fugaeity coefficienfs'(or of tﬁe iiquid
molar voluﬁe) would make excellent vapor—liqﬁid eduiiibrium data appear
to be inébhsistent. | | |

The eonsistency test of Redlieh and Kister'(1948) fdllows directly

from equation 5. First, let the lower limits of integration correspond

to x, =0 } The second term is thus zero, as well as the integrals,
at  x, ='6 , and the first tefm will'alsovbe-zefe if one assumes that
f; ie‘the vaporvpreseure of pure component 1 and ;he'fugecity component’
of pureecomponent 1 is unity, or alternetively if ene assumes that |
g is the product of the vapor pressufe apd the:fugacity coefficient

f

of the pure equilibrium vapor. The constant »C(xz) is now equal to.



zero. Evaluation of C(1) , with similar assumptions for f; , yields

, X=l 1/ . .o |
ST , v o . ; p1¢lf2x2 : :
C() - ¢c(0) =0=- xp 0 + | 1n [———F)ax, . (6)

PR x,=0 0 \P2®rfix

This is“equivalent to the requirement of Redlich and Kister,

1
0 .

and the integral over #regsure in equation 6 can be regarded as the

result 6f_£he Poynting cofrections so that the activity'coefficients

- in equétiohv7 are at constant pressure as well as constant temperature.
Eqﬁétidn,S has two sigqifi;ant advantages over equation 6 or 7.

It can‘bé:aﬁplied and permit eQaluation of consistency over any

comboéitibn fange for which data are available for both cbmponents,

and the éecoﬁdary-referencé—statelquantities fz énd f; cancel

and willlnot‘influence the constancy of the quantiﬁy C(xz) in

equation 5. For example, a set of inconsistent dafa could appear

consistent’By equations 6 and 7 if the inconsisténcy integrates to

zero over the composition range from zero to one. Alsb, a set of

consistent data could appear inconsistent by equations é and 7 through

an inadvgftent choice of fi and f; . As Vaﬁ:Néss et al. stéte,

this testvplaces too much burden on valﬁes of bi at the end points --

values whiéh sometimes are obtained by interpolaﬁidnvof pure vapor

pressures from the literature and which therefore are not part of the

data set pfopera



Chuehugs_g£. (1965) present a test vérybsimilar'ﬁb the one
discusse&'here, andvfheir method should be advoéaged mofe widely:
for low bressureS'as well as high pressures. However, the composition
range.is ﬁnnecessarily rest;ictgd py the use 6fv xz = 0 for the
lower iimit onvtﬁe iﬂtegfalévin equatioh 5, and an uﬁnecessary
dependgncg on a secondary reférenéevstate is intfddﬁcéd. in the
interpre;atiqn, a percent deviation of the integralband nonintegral
parts of equation 5 is leés meéniﬁéful than.the ébsolute variation
of C with X, .

AmmoniafWétef System'“

Le;-ﬁs:nqw examinebthe‘daté‘ovailsdn (1925) for the émmonia—wate:
system ag 80°F (26.67°C);' Figure 1 shows C ﬁlotted against Xy » |
the mole'fféctiOn of ammonia. In evaluating C';'the partial molar
volumesvof ammonia and water in the liquid phase were taken to be
constantgl Tﬁe correspénding term, the first iﬁtegral in équation 5,
amounts to 6n1y 0.0084 over thé concentration range from x, = 0.05
to x, = 0.95 , within which the pressure riseé from 0.1 to 10 bar.
The effect of this tefm is to.lower the ordihéte ﬁore for higher-molé
fractioﬁé of ammonia. |

For the dashed curve‘in_figure‘l,'the fugéqity coefficients were
set equal tp unityvin equation S,v For the solid curve, the>fugaci£y.
coefficients ﬁere calculated by means of the second virial coefficients.

according to the formula

CRT In ¢, = py(2 - y)Byy + 91y (2815 = Byy) - (@)
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Thermodynamic consistency function for water-ammonia

~data at 80°F (26.67°C). Liquid-phase partial molar

volumes are taken to be 23.8 cm3/mol»for ammonia and
18.2 for water. '
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Secoﬁd”virial coefficien;s of water and ammonia, taken:from thé
cdmﬁilation of Dymond and'Smith (1969),HWere divided by the molaf
volﬁmeé ét the critical points and plotted against the ratio of_thef
»tempe;ature to the criticél temperatﬁre., At'the system temperétﬁré,
the seéond virial coefficients were estiﬁated.to be- Bll = =1277
fof;watervand B22'= -261 cm3/mol for ammonia; The same graph was
uséd'ta.estimate the cross virial coefficign# By, to be -496 CmB/ﬁqle‘
by ﬁsing fo:fthe critical teﬁperatute the geometric ﬁean of the values
for ammonia and water and basing the criticallmolar volume on an
arithmetic average of the cube rddts of the values for ammonia and
watér (Prausnitz, 1969, p- 129). While this is a generally accepted
procedufe, the method is hardly considered-reliéble for polér
substahgés like émmonia and water. 'Tﬁé valué:of the second virial
coefficient for ﬁater.is also uncertain because the reduced‘temper—
'gtﬁre is low. Hoﬁever,'chénging the value to -1000 cm3/mol has a
negligiﬁle effect on the shape of the curve in figﬁre 1 because the
partiai pressure of water is small over the entire compositibn range.
The.éufveé i# figure 1 show first,the.importance of fugacity-
. coefficient corrections in this system —- due'ﬁo fhe moderately high
pressures.attained; Secondly,'the curves suggest that the.data
are inconsistént. A pdssiblé source oflerrdr is the partialbpressure
of water'iﬁ the vapor phase. The eéerror apéears to be gradual, but let
us note ;héi if the value of Py were too high by a factor of 2 for
values of vxz greater than 0.4, while being correct for values of
Xy leés tﬁan 0.4, then tﬁe C curve would-have_a’vertié#l step of

0.416 unité at x, = 0.4 .
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If one truly believed in thé accuracy Qf the data, he would
use thérredundant-data to calculate fugacity coefficients instead '
of testing for thermodynamic consistency. For example, the Gibbs-

:Duhem'eQUétion for the vapor phase, at constant temperature, reads
y,4 1n ¢1 + yzd 1n ¢2 =(Z-1)dlnp, )

~where Z 1is the compressibility factor (pV/RT) for the vapor phase.
This could be'substituted iﬁto equation 4 to.elimihate the.fugacity‘
coeffiéigﬁt- ¢2 . However, this procedure introdﬁces the volumetric
devia;ion' Z -1 from ideal-gas behavior; and voiumetric data would
be requifed in usiﬁg the reéulting eqﬁation~to évaluate the variation
of ¢l.'ffom vapor—liquid equilibrium data. 'Furﬁhefmore, zZ-1,
In ¢1 , and 1n ¢2 are of the same magnitude and are_intimatelf
interrela:gd through the nonideal-gas behaVior} |

Consequently, avsimpler alternativé is toAassume that virial‘
coefficigﬁ;éfbefond the second can be ignored and tb regafd Bll.’
BlZ’ and ﬁéé as adjﬁstablé quantities whose valués can be selected:
sovas t6 fit best ﬁhe data at hand. Since B11 and BZZ' are'freéuently
known from volumetric measurements on ghé pure édmponents, adjustments
may be restriCted to B12 . Literature valueé for B12 occasionally
come by this route (rather than by means of volumetric data onm vapor
mixtures of components 1 and 2), particulafiy when one component is
sparingly solﬁble.in the liquid (Prausnitz, 1969, p. 171).

As sho&nnby the solid curve in figure 2, a ﬁalue of B12 = ~2006

cm3/mol considerably reduces the apparent departures from thermodynamic
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: Figuréfz; Efféct of adjustment of cross virial coefficient
IR 12 (solid curve) and of both B12 and the ammonia

virial coefficient 322 (dashed line and da;a points).
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consiStency, although a systematic variation of C 1is still observed.
This_quite negative value of B12 points to a chemical reaction in

the vapot phase such as

H)0 + NH3 2 W 0n ' v(10)

so that'the apparent number of moles is‘reduced.heibw the stoichiometric
Vnumber.

The dashed line and.the data points on,figure 2 come ftom
adjusting both B12 and Bzzv. (Bll jwas'notvchanged from its
value éf,"1277 em3/mol since it has‘a'negligible effect on the
results.)' Systematic deviations arevfurther teduced, anditandcm_
Heviations are beginning to show up. However, the value used for

B is now +1995 cm /mol » and this must be regarded as unreasonable

22
in view of the direct experimental data on B22 »and similar data

on any pure component. We therefore conc;ude that'the data show
significant departures from thermodynamic consistency, at least those
shown by the solid curve in figure 2, and that the value of B12

may be much more negative than we ﬁould'predict.

Scatchatd et al. (1947) present many therquynamic properties
for the amnonia—water system However, they chdse to calculate the
amount of water in the vapor phase from the total pressure by means
of the Gibbs—Duhem equation, saying that this method would be more
accurate than the available experlmental data. Consequently, their

values for total pressure and vapor composition. show excellent

thermodynamic consistency (except for the first.point) when we follow
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.‘Scatchétdfgi;gl.[épd.téké By, to be ﬁhe ar%ﬁhméticﬂavefége of .Bli' \"
aﬁd 322,‘_ | | | | | |
:sgpsequently, Macriss et al. (1964) repo;ted_thaf ammonié;watet 
‘ réffigeréﬁors haQe beén over or gﬁderideéignea dépehdingion wﬁethérib
exéeriﬁentai vapof*liquid déta.or thé.éalculatéd.valuéswof Scatchard
et al. weré used. Based on new dewpoint measu#emgnts of their own,
Macrissvg£ §l;.have'révised the tables.df thermbd&naﬁic properties;

A value qf: B12 = -1700 cm3/mol reduées thevsystématic variation

| when their v_aﬁor-liquid equiiibriun_l tables_ are submitted to a

thermodyﬂamic consistency test, but there is still a variation of 0.16

in C.

- Conclusions

Anlinteéral test can be used to evaluate the'the:modynamic
consisteﬂéy of.redundaht Vapor;liquid daté over a iimited composition
range. 'Détéfat asAfew as two compositions can be tested. A
definitiﬁé'tést-requireS-ap accgraté ﬁeth§d of‘éétimating the fugacity
coefficienﬁé.

Application of the test to,émmonia—water data”suggests that
the‘data.contain serious errors and also that the second cross virial
éoefficignt-bBlz takes on a quite negatiVe value‘characteristi; of

association of ammonia and water in the vapor phase..
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Notation
second virial coefficient'felated to interactions between
components i and j , cm”/mol

thermodynamic consistency function

fugacity of component 1 in the secondary reference state for

 the liquid phase —- or more generally;.a'quanfity depending
IOniy on'temperature, bar

totai:pfeSSure, bar |

partialjpressure of component 1 ih.tﬁe yapér-phaség bar

universal gas constant, 8.3143 J/mol—deg K

absolute temperature, deg K

molar volume (generally of liquid phase), _cm3/mol
méle fraction of component i in the liqdid phase
mole fraction of component 1 in the vapor phase

compressibility factor

. Greek Letters

Yi_

My
*
W,

1 -

llidﬁid—phase activity coefficient of‘compénéﬁt i

chemical‘poteﬁtial of'componentv i, J/mol |

Chemical poténtial'of component i in thé.ideal—gas secondary
reference state, J/mol | |

fugacity coefficient of component i in the vapor phase
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