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Abstract

The molar excess enthalpies H® of various kinds of binary systems at high pressures are
represented by the prsv equation of state coupled with the NrTL mixing rule. 47 sets of data
for binary H" in the liquid, two-phase, and gaseous regions are studied. Good agreement is
obtained between calculated and experimental values for all the systems.
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T binary parameter

® acentric factor

K function of reduced temperature and acentric factor
Ko function of acentric factor

K pure component parameter
Subscripts

c critical property

iJ components

M actual composition of mixture
R reduced temperature

LII phases I and II

oo at infinite pressure
Superscript

E excess property
INTRODUCTION

Recently, the flow calorimeter has become well established for the
determination of excess enthalpy (HF) data at elevated temperatures and
pressures. As a result of its development, the HF data in the critical region
are available for the testing of thermodynamic models. There have been
several reports discussing the representation of binary H® data in the high
pressure region by the use of equations of state [1-6].

The prsv equation of state [7,8] is useful in the representation of
thermodynamic properties. The calculations of vapor-liquid equilibria
(VLE) have been successfully made for binary and multicomponent
systems at low pressures using the equation of state with the Huron—Vidal
mixing rules [9]. Furthermore, this equation of state has been extended to
predict ternary excess enthalpy data from binary H* data alone for highly
non-ideal systems at ambient pressure [10].

It is the purpose of this work to show that the prsv equation of state with
the NrTL mixing rule is capable of representing the excess enthalpies in the
liquid, two-phase, and gaseous regions for various kinds of binary mixtures
containing non-polar, polar, and associating substances.

CALCULATION OF EXCESS ENTHALPY

Lewis et al. [1] have presented the derivation of excess enthalpies from
an equation of state. The excess enthalpy H* is calculated in terms of the
enthalpy departures as

HE=AH' - x,AH! 1)
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where x, is the mole fraction of component i, and AH/ and AH' are the
enthalpy departure functions for pure components and mixtures. These
functions can be obtained from an equation of state using the thermo-
dynamic relation

AH' = f "[T(3P/3T), — P]dv + RT(z — 1) @)

where z = Pv/RT.

The enthalpy calculations for the mixture in the two-phase region were
made on the following basis. A mixture consists of amounts A of phase |
and B of phase II. The compositions of phases I and II in equilibrium are x,
and x, respectively. When the actual composition of the mixture is given by
x\ the equations

xlA +an =Xm (3)

must be satisfied where x,, x; and x;; are mole fractions of the same
component. When we solve for A and B, the enthalpy departure of the
mixture is given by

AH' = A(AH\ ) + B(AH ) &)

where (AHY,), and (AH},),, are the enthalpy departure functions of phase 1
of composition x, and phase II of composition xy,.

THE prsv EQUATION OF STATE WITH THE nrre MIXING RULE

In this work the prsv equation of state is selected to evaluate the AH'. It
has the cubic in volume form of the Peng—Robinson equation of state [11]

RT a

P:v—b_v(v+b)+b(v—b) ©
with

a = (0.457235R*T?/P.)«a (7)
b =0.077796RT,./P. (8)
where

a=[1+x1-TR) 9

The expression for the term « is given by Stryjek and Vera [7, 8].

k =ko+ k(1 +T%)(0.7 - Ty) (10)
where

ko= 0.378893 + 1.4897153w — 0.17131848w> + 0.0196554w° (11)
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and «, is a pure component adjustable parameter, which is available in the
literature [8, 12], together with critical constants and the acentric factor.

For mixtures, the NrTL mixing rule developed by Huron and Vidal [13]
was utilized, i.e.

a= b(E X, Z— - cG£> (12)

b= xb, (13)

where c is the numerical constant which depends on the equation of state.

The NrTL equation [14] was employed to represent the excess Gibbs free

energy at infinite pressure GE, i.e.

21,G,x
GE/RT =Y, x,~——— (14)
’ 2 Guxy
k
with
G, =exp(~a,T,) (15)
7,=a,/T (16)

where a, (= «;,) is a non-randomness constant. The values of «;, for binary
systems were taken from previous papers [9,10]. The binary energy
parameters a, were assumed to change linearly with temperature, i.e.

a,=C, + D,(T —273.15) 17)

The adjustable parameters C, and D, were determined by the simplex
method [15], which minimizes the sum of the squares of deviations in
experimental and calculated H* values.

RESULTS

It is convenient to classify the calculated results into three groups: the
results in the liquid region, in the vicinity of the critical region, and in the
gaseous region.

The liquid region

Fifteen sets of binary data for strongly non-ideal liquid systems were
studied, and the calculated results are listed in Table 1.

Of the n-butane-alcohol mixtures at 298.15K and 2.985 MPa, three
representative examples are shown in Fig. 1.



T. Ohta/Thermochim. Acta 230 (1993) 1-13

0C 90 9'¢ TE0 LOOTT— 09809  9L6€°0 6L'¢ST1 6C 0¢t SI'8pe 9[LITuo1AE
0T L'l 76 TE0 Svelr'e— ITI8Yy  T8IR'I 96'6V91 €T oSt ST eTe —3uexayoPA)
61 80 8¢ 020 96980 €89 0798°0— v6'EST 61 0¢ ST'ELY
61 £l Ty 00 S6T6'T— 6860C 66CL'E 16'9ET 61 0'¢ SIeTy
ST 06 9C 020 CI869 €9°L68  LETI0'E 60t %4 0 SIeee Isjem—joueyly
13412
LT 6'CC €1 0¢€0 LOOOT LY'9tE  0B8LEO 86'05— 91 6’1 Creee 1A1ng-7 fAyrow
LT 0¢C L0 0€0 L6SE0 L8PIT TCLLO 9L’ Sh1 €1 908’1 cre6t —auang-|
91 ¢S '8 T¥0 LSEY'T— 0861v— 9l6L'€ 96'S6L1 be $86'C S1°'86C [ouedap-u—aueing-u
91 01 7T W0 9TT6'T— vP99S— OSITY £6°CI8I £C $86'C S1'86¢C [oue1do-u—sueing-u
91 Ty 8C I¥0 9¢SSe—  TLPE9— €60V 289661 0g $86°C S1°'86C [ouexoy-u—sueing-u
91 o€ €9 I¥0 97e8¢— T8/L9L— 1PI980°C SP1€1C 6¢ $86°C S1'867  louruad-u—sueing-u
91 ¢ ¢ TP0  P8T8E—  TE0¢L— T660'Y $9°/91¢ €€ $86°C S1°86¢C joueing-u-aueing-u
91 L'l T€ I¥0 089€¢€— £6'€€9— 666LV 8T SHol 0g ¢86'C s1'86¢  louedord-u-aueing-u
91 (44 LL T¥0 T191LT— TH80T— €780 8€°6991 8¢ ¢86'C S1°86¢C Joueylo—aueing-u
91 £l Ty 10 €£08°0 1699¢  €1STCl  +8°SCLC £C $86°C S1°86¢C [oueyjow—-sueng-u
% Ul _jows [
JHIzHe Ul HQ bl M swiod
[4% 7] _NQ ﬁ: SHVU N~Q ﬁ: N—O N.—Nﬁv
*A9p uBOW Jj0 BN UT I ut
RN ‘Yle ‘sqQy I910weied "ON amssald aimeradwa], (Z-1) walsAg

uot3a1 pinbi[ syl ur swalsAs Areulq 10} s)[nsal pajenae)

1 31dvVL



600

T. Ohta/Thermochim. Acta 230 (1993) 1-13

500

HE (0 mo1™h)
" -
o fe=)
o (=3
v

o
=1
S
T

00

Flo 1

0.2

Fgmpansnn of exp!

alcohol(2) systems at 298
n-butane(1)-methanol(2);
Calculated: ——.

1 1tamall)
Cuun’:’:lpie for n-butane(l)-

15 d 2.985MPa. Experimental (McFall et al. [16]): @,
utane(l) —-n-pentanol(2); W, n-butane(1)-n-octanol(2).

3‘
1
!
T

1200

1000

800 &

=)
=1
=1

Y
=]
S

HE (3 mo1 ™)y

200 ¢

-200 b

-400

0.2

06 08 1.0

Fig. 2. Comparison of experimental and calculated excess enthalpies for the ethanol(1)-
water(2) system. Experimental: @, at 333.15K and 0.4 MPa (Ott et al. [18]); A, at 423.15K
and 5.0 MPa (Ott et al. [19]); B, at 473.15K and 5.0 MPa (Ott et al. [19]). Calculated: ——.
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Fig. 3. Comparison of experimental and calculated excess enthalpies for the
cyclohexane(1)-acetonitrile(2) system at 15.0 MPa. Experimental (Ott et al. [20]): @, at
323.15K; A, at 348.15K. Calculated: —.

For the ethanol-water system at 333.15 K and 0.4 MPa, which gives rise
to a double minimum in HE, the present equation of state can reproduce the
unusual data with good accuracy, as shown in Fig. 2.

Figure 3 shows the results for the partially miscible cyclohexane-
acetonitrile system where the H® vs. x curves have a linear portion due to
liquid-liquid phase separation. The calculated results are in excellent
agreement with the experimental data.

The vicinity of the critical region

The HF values in the critical region vary markedly with temperature,
pressure, and composition. Twenty-four sets of binary data for three
mixtures in the vicinity of the critical region were investigated here. Table 2
shows the results for these mixtures.

Plots of H® vs. x for the carbon dioxide—cyclohexane system at three
temperatures are shown in Fig. 4. The dramatic changes in H* are caused
by phase changes within the critical locus. The linear sections of
the isotherm-isobars in Fig. 4 correspond to two-phase regions in which gas-
eous and liquid phases of fixed composition are in equilibrium. The shapes
of the calculated H® curves are very close to those of the experimental
data.

Figure 5 shows the results for the ethane—chlorodifluoromethane
(Freon-22) system over the entire composition range at nine temperatures
and 5.15 MPa. The curves of HE vs. x in the two-phase region can be well



T. Ohta/Thermochim. Acta 230 (1993) 1-13

€T 89 Sor 70 8L6OY— 9T1°66E— 8ESO'T— LO'E9ST £e 0°¢t
€T 61 0'¢ Iv°'0  9918'¢— 8L80T— 1S99'L— TRTEST 6T SL SI'8tE
£€C L 6 W0 TC68'C— 6£90y— TLO8T 9¢vor1 6¢ 0°stT
€C 9'8 €L 0  9981°0— 8T0 PriL8 89°0¢C1 ¥C SL S1eee
£€C el 6'Cl W0 +v0S6'T— LY'vbe— 6LLO'9 CL'89Y1 £€C o<t joueyiow
£€C 0z 0L 170 8LEL'T— 9L'T6T— L8R]9'T 98811 1€ SL S1°'86C —duelyg
(44 vy P91 0’0 0vSe'S—  TSTISL  20LS°0 0T~ 6C SI'¢ ST°€8¢
[44 $'s 88 0£0 T89L'T— S6'00TT TVE6G'S— SPCIT— ¥C SI¢ ST'ELE
(44 8'¢C SLIT 020 T891'6— 0S89y  TTev'ST P 009— 6¢ 98 SI'€9¢
(44 $9¢ L'8  0£0 6708¢C 8C°LSE— €I0T'€E  9S°TTy €€ S STeve
(44 v'9¢ 819 0£0 880 T1T— 97T°S6T— 0C9€€T  T6L9L 0¢ TS Sreee
(44 8L POp  0£0  €LL9T— 0€9SE— LETSLT $ETLI £e 489 Srece
[44 L'bl 6'¢9 080 CIL8T~ TTLIP— +I6TST 617998 £e SIS STele
[44 8¢ L9 0£'0  66TL0— L69 0062°0— $L'16C 8T (9 ST'e0e ¢C-uoalg
(44 e 6’9 0€0 LL69T— 6€V6— HC8S0 SLOVE 97 NS ST°€6T —dueyig
1C % '8 0’0 TLOTZ— 9P L8Y'T T¥'819 137 0s'tt
1T LY T'61 0’0 S10TT—  61°1C £89¢°8 PTLST 99 0s'01
1¢ 1Y 6'SC  0OY0 VvO08TY— SO69¢c— 9PLE'R 0€'€L8 8¢ 0S°L STEly
1T 1°0¢ 8'6 o0  SSL9T— 8871 98€L'E 29'6€L € 0S¢l
1¢ 9T $'9 o0 T1996°T— €66 ety 9¢'108 87 0501
1T (44 9CC 0r'0 8008’17 €99PIE  E€P68'ST  90°61C 197 0s’L S1'8¢¢
1T 9'¢ vy o0 T189¢¢€— 0CC LET9'0— 9€°S06 1€ 0s'T1
1C (3 69 0’0 8YI9¢— 00°€— LS90'T— 9T9.L6 149 0S°01 SUEXIYOAD
1¢ 9°0¢ €191 0’0 98€E0v— 09°LIE— TIY8LO £1'8¢L 6C 0S'L §1°80¢ —9PIXOIp uoqle)
% Ul ,_jour f
aH/gHe Ul K¢ bl 3 swrod
N—ﬁ _NQ ﬂm —NU N_Q ﬂ« N—U Nuﬁﬁ
"A9p ueOW ) edN UI M ur
REN | ‘Y ‘SqQy I9)owered "ON anssalg aInjeiadwa], (Z-1) waisdg

UOI8a1 [BONLID 9Y) JO AJIUDIA YY) UT SUIA)SAS AIBUIQ IO SINSal PaIR[no[e))

¢ H1dvVL



T. Ohta/Thermochim. Acta 230 (1993) 1-13 9

2000 T T 1000

1000

7 (3 mo1 7"

-1000 |

~~-1000 } -2000 }
0

HF'/(J mol

-2000 2000

-3000 } 1000 p

W (9 mo1 ™"

-4000 |

0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 L 0f 08 10
X 1

Fig. 4. Comparison of experimental and calculated excess enthalpies for the carbon
dioxide(1)-cyclohexane(2) system at 308.15, 358.15, and 413.15 K. Experimental (Christen-
sen et al. [21]): @, at 7.50 MPa; A, at 10.50 MPa; W, at 12.50 MPa; (a) at 308.15K; (b) at
358.15K; (c) at 413.15 K. Calculated: —.

reproduced from the present equation of state, and in the other liquid and
gaseous regions. The deviations of the calculated results from the
experimental values for this system are much smaller than those of
Christensen et al. [4], who used seven equations of state.

A wide diversity of shapes is obtained for H® vs. x plots of the
ethane—-methanol system at 298.15, 323.15, and 348.15 K and at pressures of
7.5 and 15 MPa, as shown in Fig. 6. Figure 6(a) indicates that the equation
of state works well for the system where liquid-liquid and vapor-liquid
equilibria are present at 298.15 K and at 323.15 and 348.15 K respectively.
As shown in Fig. 6(b), however, the results for the system at 15 MPa which
forms a supercritical single-phase fluid mixture at each temperature slightly
deviate from the experimental data.

The gaseous region

The excess enthalpies of eight sets of binary data for three gaseous
mixtures were also calculated using the above equation of state. The results
for these mixtures are given in Table 3. Figure 7 illustrates three examples
of these. Good representation of the experimental data is obtained.
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Fig. 5. Comparison of experimental and calculated excess enthalpies for the ethane(1)—

Freon-22(2) system at 5.15 MPa. Experimental (Christensen et al. [22]): (a) @, at 293.15K;
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Fig. 6. Comparison of experimental and calculated excess enthalpies for the ethane(1)-
methanol(2) system at 7.5 and 15.0 MPa. Experimental (Sipowska et al. [23]): @, at

298.15K; A, at 323.15 K; W, at 348.15 K. (a) at 7.5 MPa; (b) at 15.0 MPa. Calculated: .
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Fig. 7. Comparison of experimental and calculated excess enthaipies for gaseous systems.
Experimental: @, nitrogen(1)-methane(2) at 201 K and 5.56 MPa (Wormald et al. [24]); A,
methane(1)—ethylene(2) at 293.15K and 1.114 MPa (Gagne et al. [3]); B, methane(1)-
carbon dioxide(2) at 313.15K and 3.546 MPa (Barry et al. [25]). Calculated: ——.

CONCLUSIONS

The prsv equation of state coupled with the nrTL mixing rule were
utilized for the calculation of excess enthalpies of strongly non-ideal
systems at high pressures including the vicinity of the critical region. The
present approach for the binary systems gives good results with sufficient
accuracy.
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