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Abstract-The effect of molecular interaction ener~l among different molecules in the mixed solutions significantly 
depends upon the size of individual molecule size and molecular arrangement. In order to compensate these effects 
on the existing method, a new method of representing the relationship of temperature and compositions of each 
phase (vapor and liquid phases in equilibrium) and azeotropic mixture is proposed. The optimized models of the 
RSM (response surface methodology) and MRSM (modified response surface methodology) are briefly described. 
The applications of these models to the solution thermodynamics are also explained. 

Key words: Modified Response Surface Methodology, Statistical Molecualr Thermodynamics, Advanced Computer 
Simulation Engineering, Cacoon-type Quaternary Azeotropic Mixture, Multiple Parameters Multiple 
Terms (MPMT) Equations 

INTRODUCTION 

Studies on the nonidealities of solution thermodynamics and 
vapor-liquid equilibria of mainly binary and ternary 'systems have 
been conducted by many scholars and results are reported in 
various published journals EKing, 1969; Gmehling et ak, 1981; 
Prausnitz et al., 1986; Reid et al., 1987]. 

However, such studies have been undertaken mainly for binary 
and ternary systems. Furthermore, theoretical investigation and 
representation methods of equilibria of vapor-liquid phases be- 
yond ternary are few and can be regarded as an unexplored case. 

Various equations to estimate the thermodynamic properties 
of chemical solution have been proposed, such as TPTT (two pa- 
rameters two terms) equations: Margules EKing, 1969], van Laar 
[Prausnitz, 1986], Wilson [Wilson, 1964], NRTL [Renon and 
Prausnitz, 1968], ASOG [Kojima and Tochigi, 1979], UNIQUAC 
[Abram and Prausnitz, 1975] and UNIFAC [Fredenslund et aL 
1979] etc., MPMT (multiple parameters multiple terms) equa- 
tions: Redlich-Kister [Redlich-Kister, 1948], Wohl [King, 1969], 
Lu-Li Ting [Lu-Li Ting, 1959], Chao-Hougen [Chao-Hougen, 
1958] and Nagata [-Nagata, 1962], TCR (temperature-composition 
relationship) equations of Malesinski I-Malesinski, 1965], [tilm 
[Hilm et al., 1970], Wisniak-Tamir [Wisniak-Tamir, 1977] and 
Hu [Hu, 1994]. 

Previously" reported results of comparative studies of these 
methods by various investigators [Park, 1977, 1979, 1982, 1!)85, 
1986; Lee and Starling, 1985] indicated that a further study of 
compensating non-ideality is required, based on chemical solution 
theory of polymerization and association due to hydrogen bond, 
and statistical molecular thermodynamics due to different mole- 
cular size and various configuration among molecules, molecular 
interaction energy between similar and different molecules [Lee 
and Starling, 1985; Lee, 1988; Park, 1979, 1982, 1986, 1988]. 

tAuthor to whom correspondence should be addressed. 

Current theoretical study of the solution theory has made signi- 
ficant advances. The progress is chiefly due to the studies of 

(1) molecular theories based on statistical molecular thermody- 
namics 

(2) numerical simulation of molecular movements by advanced 
computer simulation engineering 

(3) scattering experiments with X-ray, neutrons, etc. 
Previous studies conducted by numerous scholars also indica- 

ted that the Wilson's parameters (or TPTT's parameters) are not 
constants but varies depending on a composition of the mixed 
solutions and data sources of the parameter estimations [Lee, 
1985; Park, 1977, 1979, 1982, 1986]. Statistical analysis of many 
binary mixed solutions clearly demonstrated that the range of 
variation of these parameters gt~-gu & g2rga~ and molecular inter- 
action energy parameters gl2 & gel are more than significant be- 
yond the range of the expected experimental errors [Park, 1977, 
1979, 1982, 1986]. 

Recent development of statistical molecular thermodynamics 
are briefly described. The theoretical backgrounds of the newly 
proposed Modified Response Surface Methodology (MRSM) are 
also explained. This new method of finding a type, composition 
and temperature of the multicomponent azeotropic mixtures (par- 
ticularly ternary and quaternaD-) is also found to be extremely 
useful [Park, 1983, 1985, 1987, 1988, 1990, 1991, 1992]. 

STATISTICAL MOLECULAR THERMODYNAMICS 
AND PARAMETER ESTIMATION 

1. Parameter Correlation 
The published vapor-liquid equilibrium data of several binary 

systems were carefully screened by the statistical and thermody- 
namic methods known to us [Gmehling et al., 1981; Reid et al., 
1987]. Then, a few were selected for the purpose of this study. 
Individual experimental points of a data set were regressed by 
means of the Wilson formular and two parameters were estimated 
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Fig. I. Wilson constant parameters g,z-g,, & gzt-gzz vs. liquid composi- 
tion x~ for the system of benzene(I)-cyclohexane(2). 
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Fig. 2. Wilson constant parameters g~:-g. & gzrgzz vs. liquid composi- 
tion xt for the system of methyl acetate(l)-benzenel2). 

at different temperatures and composition of each data set. Series 
of the regressed pair g~2-gH & g2~-gz_~ vs. liquid composition x] 
of the system of benzen(1)-cyclohexane(2) are plotted on Fig. 1 
and of the system of methyl acetate(1)-benzene(2) on Fig. 2. 

From these results, the molecular interaction parameters (or 
pair correlateion function) g~ & g~ are estimated and the esti- 
mated values of gl:~ & g~ vs. liquid composition x~ for the system 
of methyl acetate(1)-benzene(2) are plotted on Fig. 3. 

From the results of this study, it has been demonstrated that 
the TPTT parameters g~-gu & g~-g2~ and the parameters g~ & 
g~] are not constant, but change with composition of the mixed 
solutions as shown on Fig. 1, 2 and 3 rPark, 1977, 1979, 1982, 
1986, 1988, 1992~, 

The variation of these parameters throughout a whole composi- 
tion range makes an estimation of the parameters applicable for 

7, 2o~0- u 

1600 - 

LIB 

iC i 1 2 0 0 -  

C 
0 

B00 - 

~00' 

T -4o0-  
O( 

/ 

o o~o o.Jo o.do o~o i~o 
Liquid Comp.. xl 

Fig. 3. Molecular interaction energy parameters, gl2 & g22 vs. liquid 
composition xl for the system of methyl acetate(I)-benzene(2). 
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Fig. 4. Correlation of the Wilson constant parameters gl2-gll vs. gzl- 
gz,. for five different binary systems. 

an entire composition range rather difficult on the contrary to 
the previously accepted assumption that the values of only two 
constant parameters (Wilson's or TPTT's) are required for the 
individual mixed solutions. Various methods of finding a correla- 
tion between two Wilson's parameters g12-gH & g~]-g22 had been 
attempted by Park [-Park, 1979, 1988, 19921. Among these studies, 
a plotting of two parameters on X-Y coordinate (g~2-gu vs g~t-g22) 
had shown to be the most reasonable correlation between two 
parameters. The plotting of each points which represent the re- 
gressed pairs of individual experimental points on the X-Y coordi- 
nates are connected to be shown as locus of parabolas for five 
different binary mixtures: methyl acetate-cyclohexane, benzene- 
cyclobexane, ethanol-benzene, benzene-n-heptane and n-heptane- 
ethanol on Fig. 4, similarly, g12 vs. g2~ for three different binary 
mixtures; methyl acetate-benzene, methyl acetate-cyclohexane, 
benzene-cyclohexane on Fig. 5 [Park, 1977, 1979, 1986, 1988, 
19921. Similar correlations of the Wilson, NRTL and UNIQUAC 
parameters are also made for six different binary mixtures, and 
the results are reported [Shin and Park, 1988~]. 
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Fig. 5. Correlation of the molecular interaction energy parameters, gn 
vs. g~ for three different binary systems. 

2. S ta t i s t i ca l  Molecu lar  T h e m o d y n a m i c s  
Analysis of variation of the TPTT parameters versus composi- 

tion, molecular size and molecular interaction energy of the solu- 
tion based on statistical molecular thermodynamics has been re- 
ported EKing, 1969; Lee and Starling, 1985; Park, 1979, 1982, 
1986, 1991a, 1991b]. Based on these studies, the TPTT parame- 
ters are function of the molecular interaction parameters (the pair 
correlation functions) g,j(r) which is dependent on the tempera- 
ture, density and composition of the mixed solutions [Lee, 1988; 
Park, 1979, 1986, 1988]. 

When the equation of state developed for a pure substance 
is extended to mixtures, one of the important questions is the 
composition dependence of the new equation. This dependence, 
in practice, is incorporated into the equation through mixing rules 
applied to the reduced state variables and the parameters of the 
equation [Lee, 1988: Park, 1988]. 

The equation of state for binary mixture, mixture of NA mole- 
cules of type A and NB molecules of type B is expressed in terms 
of the pair potentials U,, and molecular pair correlation function 
(pcfl g~j as 

pKT P =1- ~6PN~x'x'f drrO0U --'~ g~/(r, p, T, X) (1) 

Attempts have', been made to approximate the above equation 
by the van der Waals n-fluid theories (i.e., one-fluid, two-fluid, 
and three-fluid theories), where the composition dependence is 
simplified and the g,j(r) are evaluated at reduced states character- 
ized by the energy a, and size parameters ~ .  The assumptions 
made in the n-fluid theories are on the relations between the 
mixture g,~(r) and pure ~(r). The mixture pair correlation function, 
g,~(X) are function of mixture composition X=  (x~, x~), but pure 
go(r) are not. 

g0 o~ ;  P, T. X =go ; P ~ ,  ~,, 

~xa = ~ X , X ~ v  a 

~o2= ~x~x, ~,,o,) (2) 

By these approximation, the composition dependence in g~ is 
substituted by equating g~ to the pure fluid go [Lee, 1988]. 

The liquid theory of local compositions explains that the near- 

est-neighbor number. Na,(L) of B molecules surrounding a cen- 
tral A molecule within a sphere of radius L is 

N~(L)= 9A o dr 4rTr 2"g~(r) (3) 

N~a(LeA) 
NBA ~ - -  

N~(L~) + Nt~A (L6'A) 
LBA LAA 2 

xBf0 dr 4rrr2.gBa(r)/f0 dr 4nr' "gaA(r) 
= (4) 

f>r XA+X, 0 dr4nr2"g~a(r)/ 4nr2"g~4(r) 

Comparing with the equations of Wilson for the local composi- 
tions [Lee, 1988; Park 1988]. 

X B A B A  
X~A - (5) 

XA + xt~Az4A 

LBA ) 

f0 dr 4nr 2. gBA(r) 
ABA = ~ (6) 

J ,  dr 4nr ~.gu(r) 

Furthermore, we could rewrite the pair correlation function 
~i(r) in terms of the potentials of mean force. 

fleAdr 4nr2" g~(r) = fi~Adr 4 . r  2 exp[ -- [3~'RA(r)] 

= V~A" exp[ -- !3WBA(r)] (7) 

VBA = 3 n LBA 3 , 

UW,)(r) :potential of mean force force evaluated at some mean 
location in the region of integration 

A - V~A exp[- - I3(WBA -- W~A)] (8) B.4- V.4A 

The pair correlation functions gadr), gAte(r), g~(r) and the poten- 
tial of mean force Wea(r), W~(r) are all composition dependent. 
The parameters A 0 are also composition-dependent [Lee, 1988: 

Park, 1988]. 
TPTT (or Wilson) parameters g~2-gll and ge~-ge2 as shown on 

Fig. 1, 2 [Chao and Hougen, 1958; Nagata, 1962], and the molecu- 
lar interaction parameters g~2, g2~ of Fig. 3 show the variation 
of these parameters with liquid composition, x~ of the mixed solu- 
tions [Park, 1988]. 
3. P a r a m e t e r  E s t i m a t i o n  and Model  Se l ec t ion  

In general, any systems of chemical processes can be expressed 
by the following mathematical equation relating the expected val- 
ues of a response q to the experimental variables xt, xz, "". x 0, 

q=f(131, [32,'",13p; xl, x2,'",xp) (9) 

Where 131, 132,.--d3p are the parameters of the :system ~Box. 1954; 
l lill and Hunter, 1966]. 

Under the standard statistical assumption the dependent varia- 
ble rl can be given by the following linear-one-parameter model 
with a matrix notation 

q = X[~ (10) 

Where, for the same dependent variable measured n times the 
dimension of q are [ n •  1] and those of variable vector X are 
~n• The parameter vector [8 is [ p •  

Thus, we have 

Korean J. Ch. E.(Vol. 13, No. 2) 
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rh 

q2 
q=- (11) 

r]n 

Xll X12 " "  Xl/, 

X21 X22 "'" X2p 
X = (12) 

Xnl Xn2 " "  Xn p 

[3 = : (13) 

As the expected values of unbiased estimations Y and b are 

Y = q(X, 1~) + r = [3X + ~ (14) 

E(Y) = -q (15) 

E(b) = l~ (16) 

b= [XtX] -' [Xry] (17) 

where  X r is t ranspose  of the matrix X, and [ x r x ]  - '  for the 

inverse of the matrix [XrX].  

When information regarding the measurement  e r ror  is p resent  
and o, 2 is far from constant  (or non constant variance), the maxi- 

mum likelihood method can be used. 

b ~  = [X~O - 'X ]  - lX~, I , - 'V (18) 

SMt. = [Y-X[B] ',-'[Y-XI~] (119) 

Then, the covariance of b,~4i, iS 

Cov(b~,O = [X~,~ - ' x ]  ' (20) 

Covariance matrix of the observation er rors  r is 

~ = o ~  (211) 

where  f~ is known part of @ where  o~ is unknown and o ~ is vari- 

ance of observation er rors  

then,  

b3dL-- [xt~r 'X'] I [XT~-~-I~(] (22) 

SM~= o ~ [ y . q ] r ~  ~ [Y-vii (23} 

RVL = (y.~7)r~ ~(y.g), g = X b~t (241 

where  bM~. is a parameter  matrix of the multiple regression,  
SM~ is the maximum likelihood sum of squares,  and 

RM~. is the maximum likelihood residual sum of squares  

P R O P O S E D  N E W  M E T H O D O L O G Y  

1. R e s p o n s e  Surface  M e t h o d o l o g y  (RSM) Model  
RSM (response surface methodology) which has been used as 

an optimization method of statistics has been adapted [Park, 1979, 

1983, 1985, 1987] and modified for our purpose as a new method 
to express  the relationship of tempera ture  T and composition x~, 

xa, x:~ (or x:~= 1 - x ~ - x e )  of the mixed solution of liquid phase 
and y~, ye, y:~ (or y:~-1 y~ y~) of the vapor phase. This method 

is also used to predict  a type, t empera ture  and composition of 

Table 1. RSM models 

Model No. of 
Model formular 

no. parameters 
1 T = a +  bxl + cx2+ d x ~ +  ex2 2 5 

2 T =  a+  bx~ + cx2+ dx~a + ex22+ fx~x2 6 

i ! i i 
7 T =  a + bXl + cx~ + dx12 + e x J +  fxlx2 11 

+ gXl2X2 + hx~x2 2 + kXl2X2 2 + Ix13 + mx2 3 

! i i i 
12 T = a+  bx~+ cx2 + dx~-~+ ex2e + fxax2 15 

+ RXl2X2 + hXlX2 2 + kx12x2 2 + Ix2 a + mxl2x2 2 

+ nxl3xe + pxlx2 a + qxt 4 + rx2 4 

the azeotropic mixtures  of ternary and quaternary systems.  The 

graphic contours can be obtained by computer  garaphics in the 
triangular coordinate for ternary and te t rahedron for quaternary 
FPark et al., 1990, 1992; Kim et al., 1995]. 

Table 1 shows four (4) models  of twelve to correlate the temper-  

ature with solution composition. Individual models  are fitted with 

previously published experimental  data in various journals [Chao 

and Hougen, 1958; Nagata, 1962] by multiple regress ion method 
[Park, 1977, 1983, 1985, 1987]. 

The statistical method adapted is briefly described above by 

matrix notation, and the est imated parameters  are shown by [3 
matrix EBox, 1945; Hill and Hunter,  1966]. The model selection 

of the best  fitting was performed by the maximum likelihood 
method and statistical analysis of variance (ANOVA). The finally 

selected model  for this purpose is called RSM model  and is shown 

as the Eq. (27) for te rnary  systems. 
The final equations of the est imated parameters  for ternary" 

sys tem of ethyl acetate(1)-benzene(2)-cyclobexane(3) EChao and 

Hougen, 1958] for vapor and liquid phases  are shown as the Eq. 
(25) of vapor phase and the Eq. (26) of liquid phase. 

Vapor phase: 

T -  82.7854- 42.7389yl - 19.5076y2 + 45.0135yl ~ + 20.3635yj 
+ 63.8495yly2-- 22. l10y12y2 - 17.7043yly22 + 6.34787y12y., 2 

- 7.18502yl :~ - 3.2630y23 (25) 

Liquid phase: 

T = 78.9092 - 30.2648xl - 4.10856x2 + 34.0256x~ 2 + 0.0809658x=, ~ 
+ 18.3108xlx~ + 3.75410x12x2 + 14.2123xl x:~ ~ + 11.1745x12x~ 2 

-- 6.36677xl :~ + 5.27023Xz :~ (26) 

It was found that some sys tems which behave closely like an 
ideal system, can be fitted with a simple model such as model  

1 or  2 of Table 1 [-Park, 1983] or model shown as the Eq. (27) 

for quaternary sys tem [Park, 1985, 1988]. 

T = a + bx~ + cx2 + d x f  + ex~ 2 + fxlx2 + gxlZxz + hx~x2 ~ + kx~x~ ~ 
+ lx1:% mx2 :l (27) 

By computer  graphics technique,  the response  surfaces of liquid 

and vapor phases  for ternary sys tem of ethyl acetate-benzene-cy- 
clohexane are shown as Fig. 6 and 7 EPark, 1979, 1983, 1985, 

1987]. 
2. Modi f ied  R e s p o n s e  Surface  M e t h o d o l o g y  (MRSM)  Mod-  
el  

The  RSM model  has been  fur ther  modified for general  applica- 

tion of ternary and quaternary-this is the MRSM model. This 

methodology es t imates  the equilibria tempera ture  of the sys tem 
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Fig. 6. Response surface of ternary system, ethyl acetate(l)-benzene 
(2)-cyclohexaue(3), data source: K. C. Chao & O,A. Hougen 

(liquid phase). 
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Fig. 7. Response surface of ternary system, ethyl acetate(D-benzene 
(2)-eyclohexane(3), data source: K.C. Chao & O.A. Hougen 
(vapor phase). 

from the known phase  composit ions of the N components  sys tem 
directly without  exper imenta l  data. This  methodology should pro- 
vide an information of the possible azeotropic formation on liquid 
and vapor phases  (type, composit ion & tempera tu re l  in t e rnary  
and qua te rnary  systems. Actual application of this method for ter- 

nary and quaternary  sys tems is well descr ibed in the previous 
publications of this ser ies  "Modified Response  Surface Methodo-  
logy (MRSM) for Phase  Equil ibrium-Application" [Pa rk  et  all., 

1990: Park, 1992; Kim et al., 1995]. 
The  individual independen t  variables x~, x~, x:~, '-" x, x:, "" 

x~ for liquid phase, y~, y~, y:~, "- Yi, y:, "" yp for vapor phase  and 
:'~e interactions be tween  independen t  variables such as x~x~, x~x:~, 
x~x:~, "-, x,'x," & y~y~, y~y:~, y~y:~, "", y,~y~" are related to the  phase 

t empera tu re  T as MRSM-1 and MRSM-2 models  CPark et al.. 
1990; Ha and Park, 1991]. 

MRSM-I  model:  
T =  ZT,x, + ZY&,~x, x j+ ~ B , j x ,  x~(x+- x~) (liquid phase)  

T = Y:Tiy, + ~ZA',jyiy~ + Y-ZB',jy,y:(y, - y~) (vapor phase)  (28) 

MRSM-2 model:  

T = Y.%x, + ~A,~x,x~ + ~YB,:x,x~(x, - x:) + Y~C,jxix~(x, - xj) ~ 
(liquid phase)  

T = ZT, y, + ZZA'w,yj  + Z Z B ' w & ( y , -  y~) + Z Z C ' w , y J y , -  .~SY 
(vapor phase)  (29) 

where.  A,. B, & C, are binary interaction pa ramete r s  for liquid 
phase. 

A',, B',~ & C' ,  are binary, interact ion pa ramete r s  for vapor 
phase. 

These  two models, MRSM-1. and MRSM-2 model, have been  
compared and fitted with 26 group-group combinat ions of the pos- 
sible 64 group-group combinat ions of whole organic compounds.  
The  MRSM-2 model  is found to be a slightly super ior  model to 
use for a general  application. Never theless ,  MRSM-1 model can 

be used for various compounds  of the  less nonideali ty with slight- 
ly large variance of an est imation error.  

Therefore .  the  general ized MRSM for N components  is pro- 
posed as EPark et  al., 1990; Park. 1992; Kim et aL 1995j. 

.X' .x. LV N l?v , \  I A  

T =  Z T ,  x ,+  ZZA,ix~xj+ ZZB,jx,  x j (x , -x~)+ ZZC,~x,x~(x, x~) ~ 

(liquid phase)  

�9 V % l lk  r X% IN  N L% 
t r 

T = Z T,y, + Z Z  A'W,y: + Z Z  B ,jy,~)(y, - }5) + Z Z  C .,Y,)5(Y, - Y,)~ 
i - ' l  i ~ ]  i x ~  I x  i 

(vapor phase)  (30) 

When the MRSM is expanded  to binary system; 

T=T1xl+Tzxz+A12XlXz+Bv_,xlx2(xl-x.2)+Cv_,xlxz(xi x2) z (31) 

Similarly the  MRSM can be expanded  to te rnary  or quaternary.  
For ternary, system: 

T = T~x~ + T2x~ + T:~x:~ + Avx~x=, + A~:~x~x:~ + A~:;x~x:~ + B~x~xz(x~ 
- x3 + B ~:~x~x:~(x~ - x:0 + Bz~x~x:~(x_, - x:0+ C,~x~x,(x~ - x~) ~ 
+ C~:~xlxa(xl - x J  + Cz~xzx:~(x2- x:IY (32) 

For quaternary  system: 

T = T~x~ + T~x~ + T:~x:+ + T4x~ -[- Al:!x~x2 + Al:~xixa + A14xlx4 + A_,:tx~x:~ 
+ Az~x~x4 + A~x:~x4 + BI2xIx2(xI -- X2) + Bl:~xlxa(xl -- X:~) 
+ B]4xIx4(x~ x,~) + B2:~x~x:~(x~ - x:J + Bz,x2x,(xz- x4) + B:~,~x:~x~ 
(x:~- x~) + Cr,x~x~(x~ - x J  + C Hx~x:~(x~ - .x:~) 2 + C~x~x~(x~ - x~Y 

+ Cz~x~x:~(x~- x:02 + C~4x~x~(x2 - x~): + C ~4x:~x~(x:~ - x,Y (33) 

Then,  the MRSM is t ransformed into the RSM model by replac- 
ing x:~= 1 - x ~ - x 2 ,  x:~2=(1 x t -  x-,)-', and x : ~ = ( 1 - x ~ - x 2 )  * or x 4 -  1 

- x ~ - x ~ - x : c - '  and so on with the  regular  r equ i rement  of Xx,=  1 
for liquid phase, Xy,=  1 for vapor  phase. 

The  RSM model requi res  est imation of the numerous  unknown 
paramete r s  for Eq. (27). To the contrary the MRSM-1 and MRSM- 
2 models  contain only two and th ree  unknown pa ramete r s  I-refer 
to Eq. (28) for MRSM-1 model  and Eq. (29) for MRSM-2 model 
respectively~ which can be es t imated without exper imenta l  data. 

RSM used as a statistical method of optimization wilt give maxi- 
mum or min imum point on response  surface, This  concept is di- 
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rectly applied to engineer ing  purpose to predict  or es t imate  azeo- 
tropic point, maximum, minimum, saddle or cacoon on t r iangular  
plane for t e rna ry  system, t e t r ahedron  corn for qua te rnary  system. 

THERMODYNAMIC EXPLANATION OF MRSM 

From the fundamenta l  re lat ionship of thermodynamics ,  the gen- 
eral equat ion of Gibbs free energy  is 

d(nG) = (nV)dP - (nS)dT + Zp,dni (34) 

Eq. (34) may be wri t ten  for each of liquid and vapor phases  
of the mul t icomponent  sys tem 

d(nGF = ( n V ) ~  (nS)"dT + s (35) 

d (nGP = (nV)~dP - (nS)~dT + Zlu,~dn, (36) 

At equi l ibr ium 

~ i " d n ,  + Zbti~dn, = 0 

therefore  the total Gibbs free energy' of the equi l ibr ium sys tem 

(closed) is expressed  as; 

dG = - SdT + VdP (37) 

For  mixture,  the Gibb 's  free energy change of the  solution AG 

is 

AG = Zx,-AG,, Z~x ,{-  S , ( ~ , -  T")}] (38) 

AG E= A G " " -  AG'" 

: Z[x.{ - S . " ( T " -  T')}] - Z[x,{ - S / ( T  ' ~ -  T")} J 
= Z[x.{ - (S, e + S, - Rlnx,) (T" T")}J - Z [ x / -  (S, - Rlnxi) 

i v" -  T')}] 
- ( - Zx,S, + RZx,lnx,)(T "'~ - T ~'~) - ZxiS~:(T "" - T") (39) 

The  MRSM model is 

T = ZT, x, + ZYA,,x, xj + YZB,jx, xj(x, - xj) + ZZC,%,xj(x, - x y  

Replacing the  following with a reasonable  assumption.  

T = T"". T'J = ZT,x, 

T""-'P'~ = ZZA0xix ~ + ZZB0x, xj(x, - xj) + s x S 

(29) 

(40) 

Subst i tu t ing Eq. (40) into Eq. (39), the following is obtained 

AGE = E ( -  Zx, S, + RZx,lnx,){ZZA,,x,xj + ZZB,jx, xJx, - x)  
-- ZZC,,x,xj(x~ -- x y i ]  - El- x, Sff (T ~ ' ' -  "P')] (41) 

By definition of activity coefficient of the  component  i. u can be 

given. 

In y.=[ O(n'AG~:/RT) ]~..~, 

1 {- ~' 
[ n- E ( - s + RZxilnx,)" {ZZA.~x.x, 

RT [ On, 
+ ~2Y.B,,xixj(x, - xl) + ]Es x~) 2 -  52xiSiE('r/.t 
- -  T / ' ) } ~  ]] (42) 

For mul t icomponent  system, the  activity coefficient of individual 
component  i of the mixed solution can be expressed  as a function 
of the MRSM model, such as shown by Eq. (42). 

CONCLUSIONS 

Recent  advances  and new deve lopments  in the field of molecu- 
lar the rmodynamics  have made significant change on lhe  concept 

of vapor liquid equilibrium. These  advances  necessi ta ted introduc- 
tion of the new concepts and methodologies.  

MRSM is one of these  new methodologies  based on the  theory 
of statistical and molecular  thermodynamics .  This  was also found 

to be useful to eng ineers  for predict ing or seeking complex azeo- 
tropic mixture  of t e rnary  and qua te rnary  systems.  Fu r the r  de- 
velopment  of compute r  graphic  simulation of this methodology- is 
needed.  Previous  s tudies  of the  azeotropes for binary, t e rnary  
and quaternary  sys tems had shown that  a good agreement  of the 
resul ts  be tween  the exper imenta l  values of the  publ ished journals  
and the es t imated values obtained by this  methodology.  

It is also possible to apply this  technique  for es t imat ion of phy- 
sical proper t ies  of liquid and gas phase  mixtures.  
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NOMENCLATURE 

A12, Al:r A,4, A2:~, A~, As*, BL2, B,a, Bt4, B2a, B24, B~, Cle, Ct:~, C~4, 
C~:~. C~4, C:~4: binary interact ion pa ramete r s  

A,i, B,. C,/, A',. B',. C',~ : binary interaction pa ramete r s  of compo- 
nen t  i & j defined by Eqs. (28), (29) & (30) 

a, b, c, d, e, f, g, h, k,l,  m, n, p, q, r : regress ion pa ramete r s  of re- 
sponse  :surface model 

b : pa ramete r  matr ix  
E(b) : e x p e c t e d  value of unbiased estimation,  b 
E(Y) : expec t ed  value of unbiased estimation,  Y 
G : G i b b s  free energy  
G E : e x c e s s  Gibbs free energy  
g,(r) : p u r e  pcf (pair correlat ion function) 

g~l, gee, g~, gel, g,j : molecular  interact ion pa ramete r s  or pair corre- 
lation function (Ix:f) due to the  interact ion force be tween  
two ne ighbour  m o l e c ~ e s  

~j(r) : pcf of the mixed solution of i molecule and j molecule 
N : n u m b e r  of data 
n, : n u m b e r  of moles of component  i 
N(L) : nea res t -ne ighbour  n u m b e r  
r : r a d i u s  of sphere,  position within molecule 
r,j : in termolecular  distance 

P : sys tem pressure  
R : gas constant  
S : en t ropy 
T : s y s t e m  tempera tu re  of mixture  
"1I',, T .  TI, T~. "1":. T4 : sys tem t empera tu re  of pure  component  i, 

j, 1, 2, 3, 4 
T : T = ~-:xiTi + Tcorr  = Zx.'l', 
U, : p a i r  potent ials  of molecule i and j 
Wo(r) : potential  of mean  force of molecule i and j 
V : sys tem volume 
xa. x~: mixture  composit ion 
x~. x2. '" .x,  x / ' . .  xp : mole fraction of component  1. 2. -".  i. j. "", 

p in liquid phase  
X :va r iab le  vector, composit ion vector  
Y : d e p e n d e n t  variable vector  
Y. Y. Y~, Y~, Ya, Y4 : mole fraction of component  i, j, 1, 2, 3, 4 in 

vapor phase 
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X r :transpose of the matrix X 
[-XrX] ~: inverse of matrix [XrX] 

Greek Letters 
131, [B2,'",[~p : expected value of parameter bb b~,.--, bp 
13 :vector notation of parameter I') 
[3 :defined as 1/KT of Eq. (1) 
y, : activity coefficient of component i 
e~ :energy parameter of Eq. (2) 
e : error vector 
rh, q2'", q, :expected value of dependent variable Y1, Yz,",Y, 
~1 :vector notation of responses rl 
r : proportionality constant 
),, ku, ~.22, k~x, kz~ : molecular interaction parameters due to the 

interaction forces between two similar or different mole- 
cules in pure and mixed solution 

A : Wilson's local composition parameter 
p : density 
a : standard deviation of observation errors 
o~ : size parameter 

: covariance matrix of the observation errors 
11 : matrix of the known part of r 

Superscripts 
E : excess property 
act. : actual 
id : ideal 
0 : standard state 

Subscripts 
1,2,3,4..- : component 1, 2, 3, 4 
A, B :molecules A & B 
exp : exponential 
i : component i 
j : component j 
i-j :i-j pair 
pre. : predicted 
o : pure 
x : liquid composition 
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