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ABSTRACT 

Excess enthalpy data at 298 15 K were measured urlth a contmuous drluuon calonmctcr for blnary 
mixtures of methanol-p-xylene, ethanol-p-xylene. I-propanol-p-xylcnc. 2-propanol-p-xylcnc. and p- 
xylcne-cyclohexane. and for ternary mlrtures of ethanol-p-xylenc-cyclohcxanc. I-propanol-p-\ylcnc- 

cyclohexane. and 2-propanol-p-xylene-cyclohexane. The data for the present ternary systems and three 
others obtamed from the hterature were well predlcted usmg the UNIQUAC assoclatcd colutlon theory. 
which mcorporates two eqmhbnum constants of the self-association of alcohols. with only bmary 
parameters 
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Concentratron of alcohol imer defmtd as number of moles dlvldcd by scgmcnt number of one true 
mole of solution. tlA,/ V 

Concentrauon of chemical complex A,B defined as number of moles divldcd by segment number 
of one true mole of SOhJtiOn. IJA,B/v 

Concentration of chemical complex A,C dtfmcd as number of molcr dlvldcd by scgmcnt number 
of One true mole Of SOhItlOn, JJA,=/V 

Constants in eqn (15) 
Total enthaipy of chemtcal complex formauon 
Enthalpy of formation of alcohol-dlmer 
Enthalpy of formation of a hydrogen bond in alcohol-lmer 
Enthalpy of formation of an alcohol-unsaturated hydrocarbon bond 
Excess enthalpy 

Chemical eqmhbnum constant of alcohol-dtmer. 
Chemical eqmlibrium constant of alcohol-lmer. 
Chemical equllibnum constant of complex formation between an alcohol-rmer and an unsaturated 

hydrocarbon (= component B) 
Bulk factor of component I 
Number of moles of a parucular species 

Surface parameter of component I 
Segment parameter of component I. 
Gas constant 

Absolute temperature 
Bmary interaction parameter 
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V Segment number of one true mole of solution m wihrch alcohol complexes and alcohol-unsaturated 
hydrocarbon component complexes are considered as chemxal spews. 

-‘r Liquid phase mole fraction of component I 

Z Lattxce coordmauon number. a constant here set equal to 10 

Greeh ICWWS 

e, Surface fraction of component z. 

PA, ‘B/FA‘A. 

Psc rC/rA- 

7 I’ eW-(u,, -u,,)/RTl 

*, Volume fraction of component 1 

Sr4pcrsmpt 

C Puru alcohoi 

Slthscr;prs 

A Alcohol or component A 
A,. A,Alcohol monomer and imer 

AB Complex formanon between alcohol and component B 
A, B Alcohol-lmer- unsaturated hydrocarbon B complex 
AC Complex formation betueen alcohol and component C 
A, C Alcohol-lmer- unsaturated hydrocarbon C complex 
B Component B In a soluuon 
C Component C n-4 a solution 
chcm Chcmlcal 
f Formation of complex 
1.1. h Components 
phy PhysIcal 
OB Free romponcnt B unxtazhed to alcohol 
OC Free component C unattached to alcohol. 
I .?.3 Components (alcohol and unsaturated hydrocarbons, respectlveIy) 

INTRODUCTION 

Several methods for predicting ternary excess enthalpies from binary data have 
been proposed and were tested for different types of solutions. The UNIQUAC 
associated solution theory has been applied to correlate the excess thermodynamic 
properttes of alcohol-unassociated component solutions over the whole concentra- 
tion range [l-3]. These approaches assumed that the association of alcohols in 
saturated hydrocarbons is described by successive chemical equilibria A, + A, = 
A ,+, (i > 1) and that all equllibnum constants of these equilibria are the same. The 
purpose of this work is to examine whether improved representation of excess 
enthalpy data for alcohol-unsaturated hydrocarbon solutions may be possible where 
only the dimerization constant is different from the other remaining equihbrium 
constants. 
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EXPERIMENTAL 

Reagent grade chemicals were purchased for experimental work. Alcohols were 
fractionally distilled after storage over drying materials: methanol (anhydrous 
calcium sulfate), ethanol (calcium oxide), propanols (anhydrous copper sulfate). 
Cyclohexane was used directly. p-Xylene was purified by fractlonal crystallizatron. 
Densities and refractive indices of the compounds used for this work are compared 
with the acceptable literature values in Table 1. 

TABLE 1 

Densltlcs and refractwc mdlccs of compounds at 298 15 K 

Compound 

Methanol 
Ethanol 

1 -Propanol 
Z-Propanol 
p-Xylene 
Cyclohexane 

Dcnslty 

(g cmm3) 

Exptl 

0 7866 
0 7857 

0 7998 
07813 
0 8567 
0 7738 

Ref 4 

0 7866 
0 7850 

0 7998 
07813 
0 8567 
0 7739 

Refractive mde\ 

Exptl Rcf 4 

1 3265 I 3265 
1 3594 I 35Y4 

I 3837 I 3837 
13751 I 3752 
1 4932 I 4933 

14’37 1 4235 

I I I I 

0.2 04 

Xl 
06 aa 10 

Fig I Excess enthalples for the I-propanol (I)-p-xylene (2) system at 298.15 IC. Experimental A. 
Chnstensen et al. [6]; 0, thts work Calculated, 
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TABLE 2 

Eupenmatal excess enthalplcs for binary systems 31 29X 15 K 

‘I il” ‘I ilE ‘I II E 

(3 molt -‘) (J mole - ’ ) (J molt - ’ ) 

Mcthano!( I)-p-xylcnc(Z) 

0 0462 433 I 
00991 5X7 3 

0 1601 671 9 

0 777X 7106 

0 2797 713 5 

0 3671 714 2 

EthanoI( 1 )-p-yIcnc(2) 

00112 1566 

0 O-l34 333 I 

0 0603 5113 

0 1566 724 9 

0 __ ‘3’5 - PO3 4 

0 3491 X14 I 
I -Pmpanol( I )-p-xjlcnc( 2) 

OOllS 177.5 

0 0307 274 6 

00714 602 6 

0 13x7 7X9 X 

0 2273 913 I 
0 3490 947 6 

2-Propanol( I )-l;-x>lcne(7) 

00195 270 X 

0 046’ 507.1 

0 0923 73X 1 

0 1533 036 ? 

02418 1090 5 

0 3249 116X8 

p-Kylcne( 1 i-cyclohcxanc( 2) 

0 023s 66 6 

0 0954 235 I 
0 1507 335 6 

0212X 422 7 

0 2934 501 4 

0 3664 5414 

0 4X26 665 8 

0 606Y 574 7 

0.6756 50X 0 

0 71X6 465 X 

0.7434 430 6 

0 7605 414 3 

0 x030 356 7 

0 x49x 286 5 

0 X93X 213 7 

0 9413 126 I 
0 9796 46 4 

04651 753 6 07641 401 8 

0 5440 6X45 0X1X4 314Y 

0 63X0 577 4 0 X724 224 4 

0 6509 563 3 09216 139 I 
0 70x9 4X4 5 09712 51 1 

0 4562 

0 52xX 

0 5913 

0 6375 

0 6949 

X95 4 

X26 2 

74X 5 

6X9 2 

594 2 

0 7535 4x9 4 

0 8141 372 5 

0 XX19 ‘3X 5 

0 9340 1329 

0 9776 43 7 

0 3903 11X74 

0 4773 11630 

0 5454 11075 

05715 1081 7 

0 6245 1008X 

0 6936 X87.7 

0 74X7 770 5 

0 PI02 616 7 

0 X797 415 I 
0 9330 242 0 

0 9700 1136 

0 3935 551 1 
0 4547 557 3 

0 5099 54X 5 

0 56X7 526 0 

0 6291 488 2 

0 6907 436 9 

0 7486 376 7 

0 7956 3196 

0 x412 25X 6 

0 XX58 193 2 

0 9252 1303 

0 9644 64.5 

The continuous dilution calorimeter used for the measurements and the experi- 
mental procedure were the same as described previously (51. The errors of the results 
obtained with this calorimeter were of the order of kOS%. Table 2 lists the results 
at 298.15 K for five binary systems: methanol-p-xylene, ethanol-p-xylene, I- 
propanol-p-xylene, 2-propanol-p-xylene, and p-xylene-cyclohexane. Our results for 
the alcohol-p-xylene systems are umformly lower than those of Christensen et al. [6] 
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by about 20 J mole-’ as shown in Fig. 1. The data of Hsu and Clever (71 for the 
p-xylene-cyclohexane system is about 14 J mole-’ higher than the results given 
here. Ternary mixtures were prepared by adding pure alcohol to the bmary mixtures 
of p-xylene-cyclohexane of known composition. Table 3 presents the results at 
295.15 K for three ternary systems: ethanol-p-xylene-cyclohexane, 1 -propanol-p- 
xylene-cyclohexane. and 2-propanol-p-xylene-cyclohexane. 

THEORY 

We assume that the dimenzation constant is different from polymerization 
constants and that there is no size change of mixing. The chemical equilibrium 
constants of alcohol association are defmed as suggested by Kretschmer and Wiebe 
PI. 

C 
A, +A, =A, K, = A2 Q A2 

CA,CA,~+ = 2*~,+~, 

A +A,=A I ,_,(f=-2) 

(1) 

The equlhbnum constants of complex formation between alcohol and unsaturated 
hydrocarbons B and C are given as 

c 
A, +B=A,B(ia 1) K,+,== i’“, 

+ 
A, OB A =+k 

‘PAB 

~+PAB 

C + 
A, +C=A,C(G= 1) A,C A,C &c=C C =- ‘PAC 

A, OBrA +A,+OC ’ + PAC 

(3) 

where C:, B and +A,B are the molar concentration and the segment fraction of 
chemical s’peaes A,B, respectively, and &B IS the ratio of rB of component B to rA of 
the alcohol. CA,c and +A,c are similarly defined. +A,, f$oB and $oc are the segment 
fractions of monomers of the alcohol and components B and C. 

We assume that the total excess enthalpy of a ternary alcohol-hydrocarbon 
‘mixture is expressed as the sum of chenucal and physical contributions and the latter 
contribution is obtainable from the residual term of the UNIQUAC equation [9]. 

The enthalpy of complex formation !? the mixture is 

H, = hZq,, + It, 
^ 2 tz - l)nA, + $ (I - ljnA,B + fi! (I - l)nA,C 

r=3 I=2 /=2 

-+bB ‘A,B -+ hAC ‘A,C 
I=1 ,=I 

The chemical term of the excess enthalpy of the mixture is defined by 

(5) 

(6) 

(7) 
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where HF is the value of Hr at pure alcohol state and x, is the nominal mole fraction 
of the alcohol (= component 1). Performing the sums in eqn. (6) and substituting the 
final expressions for ff, and Hrc into eqn. (7) give 

+ 
xl hAB KAB+A,@OB 

+ 
x,hACKAC(P/r,%C 

pAB+ 1 PA&I I( 

m?4, 

‘+ l-KA+A, 
(8) 

where h, Is the enthalpy of hydrogen bond formation for dimerization, h, is that for 
linear polymerization (; a 3), and hAB and hAc are the enthalpy of complex 
formation of an alcohol-component B bond and that of an alcohol-component C 
bond, respectively. 

The nominal size fractions of three components are related to the size fractions of 
the chemical species. 

@I = +A, + i +A, + 2 +A,.% + $ +A,C% 
I=2 I=1 I t=l I 

= @A, 
K2 -j@, l- l 

A 
[ (I -KA+A,)2 1 

+ 
[ 

KAB+OB+A 

KA PAB 

, + KAC+OC+A, 1 

KAk?4C 1 
I 

K K2 

A -K2 + (1 -KAc$A )’ I I 

$2 =,ioE$ =$+A+K,s(K,--K,)+A, +F2K;B;‘} 
I A A AI 

(9) 

(10) 

TABLE 4 

Values of the pure component structural parameters 

Component r 4 Ia 

Methanol 1 15 1.12 0 
Ethanol 1.69 1 5s 0 
1 -Propanol 2 23 1 9s 0 
2-Propanol 2.23 1 98 0 
Benzene 2 56 205 1 
Toiuene 3 10 2.48 1 
p-Xykne 3.65 2 92 I 
Cyclohexane 3 18 255 1 
Methylcyclohexane 3.72 298 1 

u r=(z/2)(r-9)-(r- 1) and Z=lO. 



164 

33 @AC 
93 = 14 

p--L 

,z_o ‘A,C 
‘3 

4oc 
=- 

&. 
(11) 

The monomer size fractions, 4&’ OOB. and Q~=, are obtained by solving eqns. 
(9)-( 11) if the equilibrium constants are known. The pure alcohol monomer size 
fractton &, is calculated from the equation 

The two-constant model equations ( K2 # KA) described here reduce to the one- 
constant model equations, which were given previously [5], if K, = KA’ 

The physical term of the excess enthalpy is expressed by differentiating the 
residual term of the LJNIQUAC equatton with respect to temperature. 

“1 2, 

where 
J=I 

3, = exp[ - ( zf,, - II,, )/RT] 

(13) 

(14) 

TABLE 5 

Values of chcmlcal eqmhbnum constants and enthalples of hydrogen bond formatlon of alcohols at 
298 I5 I( 

Alcohol hz (kJ mole-‘) 

Methanol -367 
Ethanol -36 7 
1 -Propanol -367 
2-Propwol -367 

h, (W mole-‘) 

-23 2 
-23 2 
-23.2 
-23 2 

K, G 

50 280 
60 180 
40 120 
40 90 

= 323 I5 K 

TABLE 6 

Values of hAB and KA, at 298 15 K 

Systcm( I- 2) h AB 

(k.J mole-‘) 

K AB 

Methanol-p-xylene -110 6 
Ethanol-benzene -92 5 
Ethanol-toluene -I00 5 
Ethanol-pxylenc -110 5 
I -Propanol-p-xylene -110 5 
2-Propanol-benzene -92 4 

2-Propanol-tolucne - 100 4 
2-Propanol-p-xylene -110 4 
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TABLE 8 

Values of chemical eqtibnum constants and enibalples of hydrogen bond formation of alcohols based 
on one constant model 

Alcohol 

Methano! 
Ethanol 
I-Propnnol 
2-Propanol 

h, 
(kJ mole -I) 

-23 2 
-232 
-232 
-23 2 

G 

280 
170 
90 
60 

= 323 15 K 

We assume that the energy parameters could change linearly with temperature. 

‘ill - II,, = C, + D,(F 273.15) (15) 

CALCULATED RESULTS 

The pure component structural parameters, r and q, for the coordination number 
of 10 were estimated by the method of Vera et al. [lo]. Table 4 lists the values of r 
and q of the pure components. Table 5 shows chemical equilibrium constants and 
enthalpres of hydrogen bond formation for alcohols. The values of h, and h,, 

enthaf?res of dimer and higher polymer formation, are the same as determined by 
Hasketl et al. [l 11. The temperature dependence of the equilibrium constants must 
satrsfy the van’t Hoff relation. 

a In K -- 
a(l/T)= : (16) 

Table6 shows the values of h,, and KAB for several alcohol-unsaturated 
hydrocarbon mixtures. The two-constant model generally reduces the deviations 
between calculated and experimental values derived from the one-constan; model as 
shown in Table 7. The simplex method of Nelder and Mead [ 151 was used to 

TABLE 0 

Values 0:6 h,, and KAB based on one-constant model 

System( I-2) hAr3 Ka AB 

(kJ mole-‘) 

Methanol-pxylene -110 9 

Ethanol-p-xylene -I1 0 8 

1 -Propanol-p-xylene -_I1 0 7 

2-Propanol-p-xylene -110 7 

J 29s 15K 
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TABLE 11 

PredIcted results for tern- systems at 298 15 K 

S>stem(l-2-3) 

Ethanol-p-xylene-qclohexane 
I-Propanol-p-qlene-cqciohexane 

2-Propanol-p-qlcne-cqclohexane 
2-Propanol- benzene- mcth~lq clohexanc 
Ethanol- toluene-qclohexane 

2-Propanol- tolucne-cyclohexane 

No of 
data 
points 

59 
42 

55 
61 

S 

56 

Abs anth. mean dev. Ref. 
(J mole-‘) 

I” II b 

35 3 25.8 ns work 
22 3 129 This work 

313 13.6 This work 
174 144 13 
23 8 18 I 16 

22 5 9s 17 

’ One-constant model 

h Two-constant model 

determme the constants, C, and D,, for each system by minlmizing 

i [ ItF(calculated) - h,E(experimental)]2 
!=I 

(17) 

The values of h,, KA, hAB, KAB, and the constants of the energy parameters used by 
the one-constant model are listed m Tables 8-10. h, and h,, were assumed 

independent of temperature. 
Ternary prediction of excess enthalpxes from binary data was made for six 

systems. Table 11 mdicates that the two-constant model gves better predlcted results 
than the one-constant model. 
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