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Abstract

Based on the author’'s molecular thermodynamic model for solution structure, a new equation with three parameters for correlating the
excess enthalpy of binary solutions is proposed. We make use of the group statistical theory, Lagrange undetermined multiplier method
and a pseudo-chemical reaction mechanism. Tested by 6059 experimental data in 282 kinds of binary systems, the new model shows the
characteristics of convenience and wide applicability. The accuracy of the new equation has an advantage over the Redlich—Kister equation
[J. Chem. Ind. Eng. (China) 49 (1998) 103] and the Shen-Liu equation proposed recently [J. Chem. Ind. Eng. (China) 51 (2000) 181], both
of which have three parameters too. As for the SSF equation with four parameters, the accuracy of it and the new equation is equivallent,
some times the latter is more accurate. The new equation is still tenable in the limiting condities 6fand 1. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction to be determined by means of empirical trials. The Shen—Liu
(SL) equation with three parameters [11,12] has a fixed form

Exgess ent_halpy is an important_ basic datum used in e VoprpaAiz
chemical engineering designs, solution theory and molecu-H~ = ————
lar thermodynamics. The measurement, correlation and the- 1+ ¢2012
oretical research on excess enthalpy are the subject of very  x1V1 + x2V2212

+a(Vyh —vgh 3)

active research. For simple solutions with minute molecules, " — Vi (4)
it can be predicted by means of computer simulation, Pertur-
bation theory and state equations [1,2]. However, for many Vo =x1V1+x2V2 )

non-ideal solutions that are valuable in practical application, Besides three undetermined parameters, the SL equation
there are few reliable theoretical predicting models. Some demands molar volumes of the solution a'nd the pure com-

rgog'f'id UhNIFA%.mO(;jEIS r|1ave been W|_del_y reéeargheoll ponents to be known. The errors of correlation can be
[3-9, .Utt epre lcte resu ts are not satlsfymg. mpirica significant. Therefore, it is necessary to develop new corre-
or semi-empirical correlation models are better in accuracy. lation models

At present the Redlich—Kister (RK) equation In this paper, on the basis of the molecular thermody-

k ' namic model for solution structure suggested by the authors
HE =x1- x)ZAi(Zx -1 (1) [13-18], a new equation for correlating the excess enthalpy
i=1 of binary solution is obtained. The new equation is tested

by numerous experimental data and compared with the tra-
ditional RK equation, SSF equation and the recent SL equa-

k tion.
E_ Aix(1—x)
" _;{[(x/B,-HBI-(l—x)]Z} @)

are most widely used, but both of them are multinomial with 2 Derivation of the new equation

undetermined parameters. The number of parameters needs . )
According to the molecular thermodynamic model for so-

* Corresponding author. lution structure raised by authors [13-17], the properties
E-mail address: fuanwang@371.net (F.A. Wang). of a solution are determined by the mutual connection and

and the SSF equation [10]
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Nomenclature are obtained as follows:

_ -1
a, b model parameters iv=) niPi=) niP'" (1- Py (6)
A, B model parameters . _—

A2  model parameter fig=Y _njPi=Y niPy "(1— Py (7)

g model parameter
h Hildebrand parameter
HE excess enthalpy 1
Kjj interaction energy between molecules nL= 1- P
n number of the fitting parameters 1
n; number of subcluster centersiih subcluster iy = (9)
n;  number of aggregative molecules 1-p
in jth subcluster
n1  most probable group degree of subcluster
centers in subcluster

Rearranging Egs. (6) and (7) gives

(8)

According to a pseudo-chemical reaction procégsand
P> can be expressed as

Ki1

n2  most probable group degree of aggregative Pp=—"" (10)
molecules in subcluster K11+ Ki2x

N number of the experimental data points Koox

P;  probability of subcluster occurring with Py = Koot + Kot (11)
n; subcluster centers

P;  probability of subcluster occurring with Therefore, from Egs. (8)—(11), we have
n; aggregative molecules B Kiox + k11

v volume with which aggregative molecules M= (12)
occupy in subcluster

vm  volume with which aggregative molecules fip — K1 + kogx (13)

occupy in subcluster when molecular K21
membrane aggregates
V  mole volume
X friction of mole

If the effective volume of aggregative moleculesvis the
general volume of aggregative molecules in a subcluster

should be

Greek symbols v=> navo (14)
o model parameter )
P friction of volume When the monomolecular membrane aggregates, it should
£1, model parameter correspondingly hold that

_ 4 15
Subscripts om anl "0 (19)
m real liquid mixture When the system reaches equilibrium, bath and n;
1,2 component 1 and 2 have the most probable distribution valg@:, 72). Then
0 supposed liquid mixture Egs. (12)—(15) gives

_ vmK12x (K21 + K22x)

restriction among all the molecules in the solution. This Ka1(K12x + K11)

mutualism is a complex synergetic conduct, rather than the From above-mentioned derivation, the symbas the vol-
simple addition of the interaction of each molecule in the ume that the aggregative molecules (i.e. solute molecules)
solution. Compared with pure liquid, the particularity of the occupy in the subcluster of the unit volume solution. Then
composition and properties of solution lies in the molecu- should be a function of solution composition and is defined
lar aggregates and the special interaction. Binary solutionsby

may be regarded as an aggregate of many “subclusters”.
Each subcluster in turn is made up of several subcluster cen’ = S (17)

ters and the aggregative molecules. Subclusters are the basigycess enthalpy is the difference between the enthalpy
Structural unitS Of Solution W|th their CompOSition and aggre' Change When pure Components form rea| mixtures and the
gating degree reflecting the macro-properties of the solution. enthalpy change when ideal mixtures are formed in the same

According to the group statistical theory, within unit vol- - conditions of temperature, pressure and composition. When

ume of solution, using the Lagrange undetermined multi- jgeal mixtures are formed, the enthalpy change is zero. Thus
plier method, the most probable degree of grouping of the

subcluster centers and aggregative molecules in subclusted! = = H — in H; (18)

(16)
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For binary systems at constant temperature and pressure, the In order to examine the wide applicability of the new

differential of Eq. (18) is equation proposed in this paper, it was tested by the ex-
dHE dH perimental excess enthalpy data for 178 binary organic sys-
X—— =x— + (Ho — Hi)x (19) tems, 55 kinds of alcohol-hydrocarbon systems, 14 kinds
dx dx of alcohol-water systems, 23 kinds of ketone—hydrocarbon
or generally systems and 12 kinds of alcohol-ketone systems. Partial re-
dHE sults can be seen in Tables 2 and 3.
xi = f'(x) (20) The standard deviation (S.D.) and the average relative de-
dx viation (ARD) between the calculated values by the new

Egs. (17) and (20) show that bothand x(dHE/dx) are the equation and the experimental data for the binary systems
functions ofx, thenx(dHE/dx) is correspondingly related to  NO- 1-31, which are numbered in Table 1, are shown in

v. Let Table 2. In Table 2, there are also the corresponding devia-

£ tions calculated by the RK equation with three parameters
xdi —jv (21) (k = 3), the SSF equation with four parameters<{ 2) and

dx the SL equation with three parameters. The S.D. and ARD

Substituting Eq. (16) into Eq. (21) and integrating at constant aré respectively computed as follows:
temperature and pressure yields

N (gE _ gEy21Y?
HE— jumK22x SD. = |:Z—( exj’\)] — ncal)l :| (27)
K21 i=1
jum K11K22 Kiox N | wE E
+K21 <K21 K12 ) " <1+ K11 ) 22) ARD = 100 —lHeXZE Heal (28)
For given systems, at constant temperature and pressure, the i=1 P
parameters of the new equation are defined as For the systems No. 32-112 in Table 1, the ARD and S.D.
jumK22 of the experimental data and the results calculated by the
= Kot (23) new equation, the RK equation and the SSF equation are
also listed in Table 2. From Table 2, it is clear that the
b = jom <1 _ K11K22) (24) new equation is better than the three-parameter RK equation
K21K12 and the SL equation. As to the comparison between the
four-parameter SSF equation and the new equation, their
- K12 (25) accuracy is equivalent, and sometimes the latter is slightly
K11 more accurate. Of course, the RK equation and SSF equation
Finally the new equation for calculating the excess enthalpy Can improve their correlating precision by adding to the
of binary systems is obtained number of parameters.
£ For alcohol-hydrocarbon, alcohol-ketone, alcohol-water,
H= =ax+bIn(1+ gx) (26) ketone—hydrocarbon and other binary organic systems, the

experimental data and the values calculated by the new
model were compared and the results are shown in Table 3.
3. Testing The overall ARD for 6059 data points of 282 kinds of sys-
tems is 2.01%. And the overall S.D. is 8.41 J molRefer-
Using a progressive approach, the optimal values of thesering to the method of Tong et al. [19-21], the ternary systems
parameters, b andg in Eq. (26) were determined with the  can be treated with as pseudobinary system. The results of
aid of experimental data. preliminary study are listed from No. 111 to 112 in Tables 1
As seen from Egs. (23)—(25), and singg is the func-  and 2. Further extensive research will be carried out later.
tion of temperature, the parameterandb are significantly
affected by temperature, wheregs insensitive to temper-
ature. Thus, we can conveniently fit the parameters of this
solution at another temperature with the optimal value at a
22/:: itre]:rr%gglr:tLleel.:;'rh?hzzgagwiﬁ;er;s g;sﬁzmzl Cs())/rs;ggwssegagfb: . Accordi.n.g to the definition of excess enthalpy, in the lim-
certain constituent, the other one being a homologue, such'tIng condition ofx — 0 or 1, we have
as the systems numbered 18-22 in Table 1, it can be seenj,, gE = o (29)
that the parametees b, g change follow the structure of the  x—0
homologous chains regularly. This phenomenon provides a E
clue for predicting the parameters from an in-depth study. lim H= =0 (30)

x—1

4. Testing in the limiting condition
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Table 1
Parameters of the new model and the tested results in the limiting conditien-efl for partial binary systenis
No. Systems Temperature (K) a b g AP (%)
1 2-Ethoxyethanok- 1,4-dioxane 298.15 —12169 26432 0.58443 —0.03
2 2-Ethoxyethanol 1,2-dimethoxyethane 298.15 —3351.7 4022.0 1.3007 —0.02
3 Ethyl acetatet n-nonane 298.15 94089 671175 —0.13078 0.02
4 Ethyl acetatet n-undecane 298.15 55569 214789 —0.22785 0.05
5 Ethyl acetatet n-pentadecane 298.15 26038 40345 —0.47528 0.07
6 Ethyl pentanoate- n-pentane 298.15 —2971.5 2179.9 2.9767 1.26
7 Ethyl pentanoate- n-tridecane 298.15 47697 255729 —0.17010 0.03
8 Ethyl hexanoatet n-pentane 298.15 —2529.7 1802.1 3.0588 -0.21
9 Ethyl hexanoatet n-pentadecane 298.15 41394 198206 —0.18845 0.02
10 Ethyl heptanoate- n-undecane 298.15 —23009 87598 0.29999 -0.12
11 Methyl butyrate+ n-dodecane 298.15 33426 94002 —0.29914 0.04
12 Methyl hexanoate- n-dodecane 298.15 173725 3541188 —4.7870E-2 0.01
13 Methyl heptanoate- n-dodecane 298.15 —45100 264992 0.18563 0.05
14 Quinoline+ benzene 303.15 —1865.3 5638.9 0.38944 —-0.57
15 Dimethylsulphoxidet 1-heptyne 298.15 1350.9 855.61 —0.77249 6.20
16 Methyl hexanoate- n-hexane 298.15 —10830 18435 0.79981 0.04
17 Methyl heptanoate- n-hexane 298.15 —8271.8 12286 0.96118 0.04
18 Methyl acetate+ n-hexadecane 298.15 30203 47434 —0.47029 0.21
19 Methyl propionatet n- hexadecane 298.15 25631 41071 —0.46304 0.36
20 Methyl butyrate+ n- hexadecane 298.15 21356 34336 —0.46250 0.18
21 Methyl hexanoate- n- hexadecane 298.15 25555 65684 —0.32227 0.01
22 Methyl heptanoate- n- hexadecane 298.15 71334 578932 —0.11589 0.03
23 Methyl propionatet n-octane 298.15 170212 2367394 —6.9369E-2 0.01
24 1-Butanol+ isobutyl vinyl ether 298.15 —3781.6 1572.2 10.397 1.16
25 IsobutanoH- isobutyl vinyl ether 298.15 —5795.4 3194.6 5.1963 0.54
26 1-Heptyne+ sulfolane 303.15 10233 36029 —0.24809 0.40
27 1-Octyne+ sulfolane 303.15 —2363.5 2404.3 1.7566 3.15
28 Methyl propionatet n-decane 298.15 49415 183168 —0.23628 0.09
29 Methyl butyrate+ n-decane 298.15 70244 452280 —0.14383 0.02
30 Methyl hexanoate- n-decane 298.15 —35935 165245 0.24302 0.04
31 n-Methyl-2-pyrrolidinone+ benzene 298.15 —75783 —1219195 —6.0339E-2 0.13
32 1-Octene-cyclohexane 298.15 —-1717.1 1429.4 2.3441 0.49
33 cis-2-Hexene+ cyclohexane 298.15 —2239.5 2954.3 1.1142 -1.20
34 trans-3-Hexene+ cyclohexane 298.15 —1587.4 1723.9 1.4845 —1.18
35 1,5-Dichloropentang- 2-butanone 298.15 438.02 —319.57 2.8763 1.15
36 1,6-Dichloropentane- 2-pentanone 298.15 1074.7 —1372.6 1.1733 0.87
37 1,6-Dichlorohexane- acetone 298.15 —2682.9 3405.0 1.1963 —0.15
38 1,6-Dichlorohexane- 2-heptanone 298.15 400.54 —259.56 3.5703 0.01
39 Methyl valerate+ n-decane 298.15 —390184 1.6848&7 2.3429E-2 0.00
40 Methyl pentanoate- n-octane 298.15 —38305 180397 0.23660 0.01
41 Cyclohexanet n-decane 298.15 2340.1 2041.1 —0.68231 —0.02
42 Isopropylbenzene- toluene 298.15 —-1118.1 1463.4 1.1521 0.31
43 Isopropylbenzene- toluene 308.15 —1016.9 1334.1 1.1521 0.55
44 Isopropylbenzene- toluene 318.15 —946.78 1239.2 1.1521 0.32
45 Isopropylbenzeng- benzene 298.15 —1058.7 1326.4 1.2300 0.48
46 Isopropylbenzeng- benzene 308.15 —968.61 1215.4 1.2300 0.63
47 Isopropylbenzene- benzene 318.15 —883.29 1109.2 1.2300 0.71
48 Tetrahydropyrant n-hexane 298.15 35432 280803 —0.11852 0.02
49 Tetrahydropyran+- n-heptane 298.15 16248 54512 —0.25770 0.02
50 Tetrahydropyran+ n-octane 298.15 13125 33189 —0.32656 0.03
51 Tetrahydropyrant n-nonane 298.15 8935.8 14313 —0.46470 —0.01
52 Cyclohexanone- benzene 298.15 —9886.5 —42677 —0.20670 —0.04
53 Cyclohexanone- isopropylbenzene 298.15 —2924.3 —20216 —0.13470 0.02
54 Cyclohexanone- m-dimethylbenzene 298.15 —427.36 371.48 2.2563 2.62
55 Cyclohexanone- bromobenzene 298.15 11153 —31594 0.42230 0.21
56 Cyclohexanone- chlorobenzene 298.15 13304 —42913 0.36330 0.03
57 2-Pyrrolidinone+ ethanol 303.15 —2528.5 1518.6 4.3990 1.27
58 2-Pyrrolidinone+ 1-propanol 303.15 —-5707.7 4326.3 2.6881 -1.07
59 2-Pyrrolidinone+ 1-butanol 303.15 —6682.5 5683.6 2.2545 0.36
60 Methanol+ isopropanol 298.15 —1333.5 —977.40 —0.77265 8.57
61 Ethanol+ isopropanol 298.15 —4291.9 —18847 —0.20373 0.39
62 1-Propanok- isopropanol 298.15 —205738 —7.6448E-7 —2.6876E-3 0.00

63 1-Butanol + isopropanol 308.15 —940.44 —5391.3 —0.16010 0.02
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Table 1 Continued)

No. Systems Temperature (K) a g AP (%)
64 1-Pentanok- isopropanol 313.15 762.98 1846.3 —0.33855 —-0.02
65 1-Hexanol- isopropanol 298.15 1192.0 1945.7 —0.45832 —0.08
66 1-Propanoh- 1-heptanol 298.15 1932.5 4466.2 —0.35140 —0.06
67 1-Chloronaphthalené dichloromethane 298.15 —2299.7 2145.7 1.9243 0.12
68 1-Chloronaphthaleng 1,10-dichlorodecane 298.15 —13392 —26389 —0.39825 0.08
69 N,n-Dimethylformamide+ toluene 303.15 2205.1 3195.5 —0.49066 2.23
70 Methyl tert-butyl ether+ 2,3-dimethylbutane 298.15 —23418 222001 0.11125 —-0.01
71 Methyl tert-butylether+ 2,2,4-trimethylpentane 298.15 10824 47002 —0.20571 —0.01
72 Nitromethanet 1-hexanol 298.15 119983 686976 —0.15970 0.38
73 Bromochloromethane- tetrachloromethane 298.15 —61201 782900 0.081358 0.06
74 Bromochlorobutane- tetrachloromethane 298.15 —947.65 485.89 5.9523 —-0.58
75 1-Chlorooctanet 1-pentanol 298.15 6681.6 5908.6 —0.65176 6.72
76 1-Chlorooctanet 1-hexanol 298.15 5961.8 4590.5 —0.70293 6.54
77 1-Chlorooctanet 1-heptanol 298.15 5499.3 3983.5 —0.72200 7.27
78 1-Chlorooctanet 1-octanol 298.15 5469.2 3942.8 —0.72598 6.67
79 2-Butanol+ trichloromethane 298.15 —4924.7 2800.5 4.5500 —2.54
80 tert-Butanol 4 trichloromethane 298.15 —5779.3 3944.1 3.3000 0.45
81 Isobutanet 2-methylpropene 298.15 —19708 488030 412112 0.00
82 Isobutanet 2-methylpropene 3235 67068 6176170 —1.0800E-2 0.00
83 Tetrahydropyrant tetrachloroethane 300.05 —14730 —16279 —0.60500 2.65
84 n-Propyl acetatet n-undecane 298.15 56669 273836 —0.18697 —0.02
85 n-Propyl acetatet n-heptadecane 298.15 30303 61214 —0.39000 0.15
86 n-Propyl propionatet+ n-undecane 298.15 88987 887948 —9.5351E-2 0.01
87 n-Propyl propionatet n-heptadecane 298.15 27053 62511 —0.35086 0.15
88 n-Propyl butyrate+ n-heptadecane 298.15 25342 61624 —0.33704 0.05
89 EthanedioH- water 323.15 3502.9 —1950.2 4.8950 1.23
90 1,2-Propanediol water 338.15 2004.2 —726.00 14.598 0.48
91 Benzenet isopropanol 283.15 6813.0 6266.2 —0.65371 2.46
92 Cyclohexanet isopropanol 288.15 9621.9 19257 —0.39000 1.07
93 Cyclohexanet 1-butanol 298.15 33125 2226.7 —0.76250 3.37
94 Methyl hexanoate- n-pentadecane 298.15 30274 94249 —0.27459 0.06
95 Methyl heptanoate- n-pentadecane 298.15 43206 212491 —0.18396 0.01
96 Methyl decanoate- n-pentadecane 298.15 —39106 231201 0.18434 0.02
97 Methyl dodecanoate- n-pentadecane 298.15 —20849 76719 0.31222 -0.01
98 Methyl pentadecanoate pentadecane 298.15 —8793.3 17093 0.67288 0.02
99 Ethyldiethanolamine+ water 298.15 8336.6 —3751.2 8.2000 0.14

100 1-Heptenet methyl tert-butyl ether 308.15 —5760.9 25455 0.25326 —0.25

101 1-Hexenet methyl tert-amyl ether 308.15 1358.4 3494.2 —0.32285 —0.28

102 2,2,4-Trimethylpentang methyl tert-butyl ether 308.15 —5409.4 12919 0.51982 -0.03

103 Water+ acetonitrile 293.15 —4856.4 3037.0 3.8201 —-1.64

104 Water+ n-butylamine 303.15 —4709.4 6140.8 1.1502 —0.18

105 Water+ methanol 315.15 —2373.0 —934.18 —0.92951 441

106 Water+ phenol 333.15 9095.2 12759 —0.50879 0.27

107 Water+ 1,3-propanediol 298.15 —2784.2 —11315 —0.91510 0.23

108 Water+ triethylamine 283.15 —-12114 —7497.2 —0.79010 —-3.38

109 Water+ hexamethyltriamidephosphoric acid 298.15 —10873 —3824.0 —0.94020 —-0.94

110 Methyltert-butyl ether+ diisopropyl ether 298.15 1210.7 7658.4 —0.14632 —0.07

111 Decane(1} methyl tert-butyl ether(2) 298.15 —89582 24573 0.44000 0.02

+ diisopropyl ether(3) (ak2/x3 = 1.0179)
112 Decane(1) + methyl tert-butyl ether(2) 298.15 —90455 22721 0.48904 0.00
+ diisopropyl ether(3) (ak,/x3 = 3.0209)
aThe pressure is 5MPa in the system 81, 10 MPa in the system 82, and 0.1 MPa in other systems.
bA = ([a+bIn(L+ g)]/a) x 100%.

As seen from Eq. (26), in the limiting condition af — yielding

0, Eqg. (29) is tenable. In the limiting condition af — bg(1 — x;)

1, according to chemical engineering thermodynamics, the H =a+bIn(l+9gx) + T o (32)

+ g%
differential of Eq. (26) is
For pure component
—e [d(nHE) e
Hi= 1= |, (31) lim Fy = lim HE = 0=a+bIn(L+g) (33)
LRl x— x—
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Table 2
Calculated results of excess enthalpy for partial systems by new equation and the comparison with other equations
No. ARD (%) S.D. (dmot?) Experimental data
New equation RK equation SSF equation SL equation New equation RK equation SSF equation SL equation Data sets
1 234 2.78 2.53 2.79 6.60 6.28 5.98 6.88 21 [22]
2 116 1.27 1.25 1.25 1.63 154 1.60 1.62 21 [22]
3 061 0.85 0.56 0.80 7.58 8.68 7.63 8.37 19 [23]
4 0.96 141 0.88 1.46 12.2 145 12.1 14.6 19 [23]
5 1.53 2.02 1.40 2.01 23.6 24.3 235 24.6 19 [23]
6 1.07 1.84 1.64 3.99 4.34 6.11 541 12.4 17 [23]
7 0.80 1.26 0.79 1.46 7.90 8.61 8.11 9.54 16 [23]
8 1.36 3.34 1.64 1.64 4.42 7.27 4.42 4.47 18 [23]
9 0.90 1.19 1.19 1.14 8.32 8.43 8.75 8.48 17 [23]
10 0.70 1.92 0.64 2.19 3.98 6.64 3.98 8.15 17 [23]
11 0.96 1.22 0.91 1.21 9.33 10.2 9.31 10.1 19 [24]
12 1.93 1.93 1.95 2.47 234 234 237 23.9 20 [24]
13 1.22 0.95 1.03 1.64 6.01 5.90 6.44 8.83 20 [24]
14 5.90 5.92 5.39 9.96 3.64 3.86 3.79 4.71 9 [25]
15 1.92 4.94 1.38 3.06 6.13 16.0 5.14 10.7 10 [26]
16 1.51 1.56 1.01 1.56 8.38 7.93 6.07 8.79 20 [27]
17 1.23 1.34 0.81 1.36 5.72 6.05 4.12 6.06 20 [27]
18 1.84 3.16 3.04 3.27 32.6 36.0 35.7 37.2 20 [28]
19 1.34 2.80 1.03 2.63 18.1 32.4 15.7 31.4 20 [28]
20 0.92 1.92 0.82 1.82 11.5 16.7 9.38 15.8 20 [28]
21 0.49 0.53 0.52 0.54 6.69 6.73 6.98 6.74 16 [28]
22 1.10 1.70 0.94 1.71 7.69 10.3 7.48 104 18 [28]
23 0.92 1.13 0.85 1.29 9.96 10.1 8.11 10.4 20 [29]
24 252 6.60 0.42 4.33 23.8 57.5 3.17 39.1 12 [30]
25 227 3.73 1.53 5.15 27.8 41.7 8.18 39.6 11 [30]
26 2.51 2.78 241 3.95 8.58 9.23 8.78 10.7 21 [31]
27 2.58 2.58 241 3.59 9.10 11.6 9.08 10.9 15 [31]
28 1.44 1.88 0.93 211 13.9 17.9 12.3 19.6 20 [32]
29 0.65 1.08 0.63 1.07 7.39 8.15 7.46 8.14 18 [32]
30 0.59 0.79 0.46 1.08 3.78 4.34 3.65 5.56 20 [32]
31 0.51 0.99 0.45 1.50 2.83 5.48 2.84 8.25 12 [33]
32 0.42 0.55 0.36 1.26 1.44 1.36 9 [34]
33 0.27 0.44 0.26 0.69 1.04 0.72 6 [34]
34 0.59 1.36 0.49 1.10 2.33 1.18 6 [34]
35 3.54 3.55 3.57 1.53 1.56 1.56 15 [35]
36 3.90 5.76 5.75 2.58 2.63 2.76 14 [35]
37 295 3.68 3.49 4381 5.03 5.02 18 [35]
38 4.86 7.54 7.64 2.01 2.05 2.05 14 [35]
39 043 0.81 0.41 3.93 4.93 4.01 18 [32]
40 0.64 0.74 0.75 4.79 4.86 4.96 17 [29]
41 1.18 1.72 1.18 2.15 2.78 2.08 22 [36]
42 0.62 0.57 0.54 0.67 0.66 0.67 9 [37]
43 0.74 0.69 0.70 0.76 0.68 0.64 10 [37]
44 0.45 0.48 0.42 0.42 0.42 0.42 10 [37]
45 0.52 0.98 1.03 0.29 0.30 0.33 11 [37]
46 0.75 1.04 0.97 0.27 0.28 0.28 10 [37]
47 0.94 1.14 1.13 0.26 0.29 0.30 11 [37]
48 0.86 0.91 0.83 4.56 4.61 4.71 16 [38]
49 1.14 1.18 1.19 6.39 6.46 6.77 13 [38]
50 1.01 1.04 0.98 4.61 4.75 4.75 15 [38]
51 0.89 0.92 1.01 5.62 5.80 5.91 15 [38]
52 2.12 2.22 2.22 5.32 5.51 5.87 12 [39]
53 5.01 5.41 5.76 2.01 2.08 2.15 14 [39]
54 4.65 5.51 4.63 2.84 3.14 2.96 14 [39]
55 2.46 3.01 2.96 9.98 11.6 121 16 [39]
56 1.20 1.34 1.32 5.59 5.70 5.90 16 [39]
57 3.41 4.27 3.57 14.9 17.3 4.56 11 [40]
58 0.60 0.96 0.39 4.86 6.76 3.15 10 [40]
59 0.88 1.26 0.91 9.53 11.7 8.27 11 [40]
60 1.77 3.27 0.63 2.34 4.86 1.48 9 [41]
61 0.72 0.67 0.63 0.53 0.46 0.47 11 [41]

Reference
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Table 2 Continued)
No. ARD (%) S.D. (Jmot?) Experimental data

New equation RK equation SSF equation SL equation New equation RK equation SSF equation SL equation Data sets Reference

62 0.51 0.34 0.42 0.32 0.30 0.33 15 [41]
63 0.18 0.29 0.27 0.04 0.05 0.05 13 [41]
64 0.94 0.80 0.75 0.35 0.31 0.33 10 [41]
65 1.21 1.16 1.02 1.13 1.10 1.13 11 [41]
66 0.32 0.28 0.26 0.29 0.28 0.28 18 [42]
67 1.50 5.87 3.99 1.98 5.31 4.36 15 [43]
68 0.82 1.54 0.87 5.09 6.06 5.57 16 [43]
69 1.69 3.36 1.78 3.21 6.95 3.20 15 [44]
70 0.73 0.85 0.85 1.70 1.71 1.76 21 [45]
71 0.85 0.91 0.91 1.83 1.85 1.90 20 [45]
72 174 4.95 2.09 28.6 51.0 23.7 14 [46]
73 156 2.31 1.51 6.85 9.36 6.94 16 [47]
74 1.60 5.64 3.23 2.68 6.36 3.76 13 [47]
75 1.73 7.79 1.56 9.95 53.8 8.30 20 [48]
76 227 9.37 1.94 12.5 62.4 9.11 20 [48]
77 131 8.77 0.91 12.3 70.4 7.24 20 [48]
78 1.29 7.62 0.72 12.0 65.2 6.14 20 [48]
79 8.88 11.2 7.12 29.8 41.4 31.2 24 [49]
80 3.94 7.23 4.86 27.8 37.5 22.9 24 [49]
81 0.67 0.77 0.60 0.34 0.37 0.39 25 [50]
82 0.32 0.37 0.32 0.19 0.20 0.20 26 [50]
83 0.45 1.33 0.48 7.52 15.8 6.10 11 [51]
84 0.67 0.92 0.86 8.91 9.07 9.22 16 [52]
85 0.48 1.00 0.52 7.62 10.7 8.17 16 [52]
86 0.76 0.85 0.85 7.29 7.41 7.74 17 [52]
87 0.77 1.33 0.67 9.40 12.9 9.48 17 [52]
88 1.11 171 1.70 11.9 11.9 12.3 17 [52]
89 1.11 3.37 2.12 5.92 14.1 9.11 18 [53]
90 1.89 7.21 1.81 8.98 23.2 5.22 18 [53]
91 1.19 3.17 1.39 7.84 24.0 9.42 16 [54]
92 0.99 1.69 1.00 5.43 11.0 5.83 14 [54]
93 0.73 4.12 0.88 3.51 18.2 4.42 14 [54]
94 0.66 1.09 0.52 5.27 6.82 5.27 18 [55]
95 0.47 0.56 0.56 4.01 4.23 4.25 17 [55]
96 0.42 0.79 0.39 3.23 3.89 3.34 18 [55]
97 1.01 0.96 0.96 432 4.34 4.46 16 [55]
98 0.60 0.64 0.63 2.02 2.07 2.05 17 [55]
99 2.08 6.67 2.16 30.7 82.3 30.5 15 [56]
100 0.86 1.32 0.82 1.25 1.66 1.28 21 [57]
101 2.39 3.47 2.39 1.09 1.39 1.12 20 [57]
102 1.83 1.95 1.95 3.70 3.71 3.81 23 [57]
103 34.9 97.8 30.1 35.0 58.3 40.6 14 [58]
104 1.15 1.08 1.09 3.15 3.54 3.35 19 [58]
105 3.06 6.35 3.59 9.50 18.7 10.7 19 58]
106 4.52 7.74 7.50 21.3 22.0 22.8 13 [58]
107 3.01 7.37 1.85 15.4 28.9 9.75 32 58]
108 1.47 2.98 1.13 49.1 90.8 40.0 8 [58]
109 2.29 6.32 1.17 59.5 177 45.0 15 [58]
110 0.16 0.22 0.23 1.03 1.79 1.71 21 [19]
111 0.43 0.48 0.49 1.36 1.27 1.27 20 [19]
112 0.48 0.48 0.48 1.69 1.66 1.71 20 [19]

It is obvious that if this new model is tenable under the As seen from Table 1, whepr> 0, a andb are of opposite

limiting condition ofx — 1, a necessary condition is needed sign and Eq. (34) is possibly tenable. When< 0, a and

as follows: b have identical sign. Eq. (34) is still possibly tenable since
In(1+g) < 0. This is only a qualitative discussion. In order

a=-bin(l+yg) (34) to prove the rationality of Eq. (34) quantitatively, the values
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Table 3

Overall results for a wide variety of systems with the new model

Class of systems Number of systems ~ ARD (%) S.D. (JtHol Data sets Reference

Alcohol + hydrocarbon 55 3.01 9.86 1654 [41,42,46,48,49,54,60-62]

Alcohol + ketone 12 2.02 8.14 233 [40,63,64]

Alcohol + ester 19 1.88 8.05 308 [22,30,65]

Alcohol + water 14 4.63 20.3 463 [53,56,58,66]

Ketone+ hydrocarbon 23 2.83 4.05 371 [33,35,39,44,46,67,68]

Other oxyorganict+ hydrocarbon 118 1.01 8.28 2149 [23,24,27-29,32,38,45,51,52,55,57,59,69-78]
Other binary organics 41 0.91 1.78 881 [25,26,31,34,36,37,43,44,47,50,60,79-83]
Total 282 2.01 8.41 6059

of bIn(1+ g) are obtained by use of the valuesapb andg [9] D.L.K. Nolker, D.I.M. Roth, Chem. Eng. Sci. 53 (1998) 2395.

for the systems in Table 1. and are compared with the values[10] M. Rogalski, S. Malanowski, Fluid Phase Equilib. 1 (1977) 137.

of a by [11] X.Y. Shen, G.J. Liu, J. Chem. Ind. Eng. (China) 49 (1998) 103.
[12] C.F. Yu, G.J. Liu, J. Chem. Ind. Eng. (China) 51 (2000) 181.
[a+bIn(1+ g)] [13] FA. Yang, C.S. Wang, Y.L. Jiang, D.Z. Liu, J. Chem. Ind. Eng.
A= {—a x 100% (35) (China) 44 (1993) 328.

[14] F.A. Wang, Y.L. Jiang, W.C. Wang, D.G. Jiang, Chem. Eng. Technol.
The results of this comparison are listed in the last column of 20 (1997) 313.
Table 1. The results are consistent with Eq. (34). Therefore, [15] F. A. Wang, Introduction to Chemical Engineering Data, Chem. Ind.

L " . . : Press, Beijing, China, 1995.
the limiting condition ofx — 1 for this new model is still [16] FA. Wang, W.C. Wang, Y.L. Jiang, J.Q. Zhu, J.C. Song, Chem. Eng.

tenable. Technol. 23 (2000) 623.
[171F. A. Wang, Y. L. Jiang, Molecular Thermodynamics and
Chromatographic Retention, Meteorologic Press, Beijing, China,

5. Conclusions 2001.
[18] J.C. Song, F.A. Wang, Y.L. Jiang, T.Z. Cao, J. Chem. Eng. Chin.

. . Univ. 9 (1995) 71.
On the basis of the molecular thermodynamic model for [19] Z. Tong, D. Liao, G.C. benson, B.C.-Y. Lu, J. Chem. Thermodyn.

solution structure, a new equation with three parameters for 29 (1997) 431.

correlating the excess enthalpy of binary solution is pro- [20] L. Wang, G.C. Benson, B.C.-Y. Lu, J. Chen. Eng. Data 37 (1992)

posed. This uses the group statistical theory, Lagrange unde-  403. _ _

termined multiplier method and a pseudo-chemical reaction [21] - Nagata, K. Miyazaki, J. Chem. Thermodyn. 24 (1992) 1175.
hanism.The new model was tested by the ex erimental[22] H. Ohjl, K. Tamura, H. Oga\{va, J. Chem. Thermodyn. 32 (2000) 319.

mec . . y P . . [23] M. Vidal, J. Ortega, J. Placido, J. Chem. Thermodyn. 29 (1997) 47.

data of 282 kinds of binary systems. The new equation is 24 g. Gonzalez, J. Ortega, J. Chem. Thermodyn. 25 (1993) 801.

simple, convenient and has a wide applicability. For the [25] K.C. Kalra, K.C. Singh, D.C. Spah, R. Batra, S. Maken, J. Chem.

tested data, the new equation is more accurate than the Eng. Data 38 (1993) 95.

three-parameter RK equation and SL equation. As for the [26] T-M. Letcher, P.G. Whitehead, J. Chem. Thermodyn. 31 (1999) 1537.

comparison with the four-parameter SSF equation, its accu-2"] 55((?3;2)'8526; Ortega, J.S. Matos, G. Tardajos, J. Chem. Thermodyn.

racy is equivalent, and sometimes the new model is better. [28] E. Gonzalez, J. Ortega, J. Chem. Thermodyn. 26 (1994) 41.

This new model is still tenable in the limiting conditions  [29] J. Ortega, E. Gonzalez, J.S. Matos, J.L. Legido, J. Chem. Thermodyn.

of x — O0and 1. 24 (1992) 15.
[30] E.N. Rezanova, R.N. Lichtenthaler, J. Chem. Thermodyn. 32 (2000)
517.
References [31] T.M. Letcher, W.C. Moollan, J.A. Nevines, U. Domanska, J. Chem.

Thermodyn. 32 (2000) 579.

[1] .R. Mcdonald, Ann. Rep. Prog. Chem. A. 69 (1972) 75. [32] J. Ortega, E. Gonzalez, J. Chem. Thermodyn. 25 (1993) 495.

[2] K.N. Marsh, Ann. Rep. Prog. Chem. C. 81 (1984) 209. [33] T.M. Letcher, P.K. Naicker, J. Chem, Thermodyn. 31 (1999) 1585.
[3] S. Skjold-Jorgensen, P. Rasmussen, Aa. Fredenslund, Chem. Eng.[34] B. Pittau, B. Maronglu, S. Porcedda, J. Chem. Eng. Data 37 (1992)
Sci. 35 (1980) 2389. 124. _
[4] W. Rupp, S. Hetzal, I. Ojini, D.P. Tassios, Ind. Eng. Chem. Proc. [35] J. Garcia, E.R. Lopez, J. Fernandez, A. Amigo, M.I. Paz Andrade,
Des. Dev. 23 (1984) 391. J. Chem. Thermodyn. 26 (1994) 53.
[5] P.J. Stathis, D.P. Tassios, Ind. Eng. Chem. Proc. Des. Dev. 24 (1985) [36] S. Zhu, S. Shen, G.C. Benson, J. Chem. Thermodyn. 25 (1993) 909.
701. [37] D.V.S. Jain, R. Chadha, N.S. Dhar, J. Chem. Thermodyn. 24 (1992)
[6] D. Dang, D.P. Tassios, Ind. Eng. Chem. Proc. Des. Dev. 25 (1986) 1027.
22. [38] I. Castro, M. Pintos, A. Amigo, J. Chem. Thermodyn. 26 (1994) 29.
[7] B.L. Larsen, P. Rasmussen, Aa. Fredenslund, Ind. Eng. Chem. Res.[39] X.N. Yang, J.H. Zhang, J. Chem. Thermodyn. 26 (1994) 449.
26 (1987) 2274. [40] S.K. Mehta, R.K. Chauhan, A.D. Triphati, J. Chem. Thermodyn. 29
[8] J. Gmehling, J.D. Li, M. Schiller, Ind. Eng. Chem. Res. 32 (1993) (1997) 353.

178. [41] Y.Q. Nan, Y.J. Hou, Q.S. Yu, Acta Chim. Sin. 56 (1998) 105.



F.A. Wang et al./Chemical Engineering Journal 85 (2002) 235-243

[42] M. Lopez, J.L. Legido, L. Romanf, J. Chem. Eng. Data 38 (1993)
238.

[43] F. Comelli, R. Francesconi, H.Y. Kehlalan, J. Chem. Eng. Data 36
(1991) 485.

[44] G. Tomas, M. Artal, S. Otin, J. Chem. Thermodyn. 24 (1992) 1167.

[45] L. Wang, G.C. Benson, B.C.-Y. Lu, J. Chem. Thermodyn. 24 (1992)
1305.

[46] H. Feng, Y.R. Wang, J. Shi, J. Nanjing Inst. Chem. Technol. 13
(1991) 59.

[47] M. Artal, J.M. Enbid, S. Otin, I. Velasco, J. Chem. Thermodyn. 27
(1995) 399.

[48] P. Santana, J. Balseiro, J. Salgado, E. Jimenez, J.L. Legido, L.

Romani, M.l. Paz Andrade, J. Chem. Thermodyn. 31 (1999) 1329.

[49] J.P. Chao, F.Q. Zhang, M. Dai, J. Chem. Thermodyn. 24 (1992) 823.

[50] J.D. Moore, P.R. Brown, J.B. Ott, J. Chem. Thermodyn. 29 (1997)
179.

[51] S.C. Sharma, M. Tomar, J. Singh, J. Solut. Chem. 22 (1993) 391.

[52] J. Ortega, M. Vidal, F.J. Toledo-Marante, J. Placido, J. Chem.
Thermodyn. 31 (1999) 1025.

[53] C. Kracht, P. Ulbig, S. Schulz, J. Chem. Thermodyn. 31 (1999) 1113.

[54] J. S. Tong, Molecular Aggregation Theory and Its Application,
Science, Beijing, 1999.

[55] J. Ortega, J. Chem. Thermodyn. 22 (1990) 1165.

[56] Y. Maham, A.E. Mather, C. Mathonat, J. Chem. Thermodyn. 32
(2000) 229.

[57] T.M. Letcher, U. Domaska, J. Chem. Thermodyn. 29 (1997) 721.

[58] J.J. Christensen, Handbook of Heats of Mixing, Wiley, New York,
1982.

[59] J. Ortega, J. Placido, M. Vidal, J. Chem. Thermodyn. 31 (1999) 151.

[60] Z. Atik, B. Meents, J. Gmehling, J. Chem. Thermodyn. 25 (1993)
905.

[61] J.B. Oftt, J.T. Sipowska, A.T. Wooley, J. Chem. Thermodyn. 24 (1992)
75.

[62] S.B. Shen, Y.R. Wang, J. Shi, J. Chem. Thermodyn. 24 (1992) 851.

243

[63] G. Prieto, P. Nogueira, R. Bravo, F. Sarmiento, M.I. Pazandrade, J.
Chem. Thermodyn. 24 (1992) 905.

[64] S. Miyanaga, K. Chubachi, M. Nakamura, J. Chem. Thermodyn. 25
(1993) 331.

[65] M. Lopez, J. Fernandez, F. Sarmiento, J. Chem. Thermodyn. 24
(1992) 809.

[66] M. Keller, A. Heintz, R.N. Lichtenthaler, J. Chem. Thermodyn. 24
(1992) 1197.

[67] R. Francesconi, F. Comelli, H.V. Kehlalan, J. Chem. Eng. Data 36
(1991) 479.

[68] M. Lopez, J.L. Legido, E. Jimenez, J. Chem. Thermodyn. 25 (1993)
321.

[69] S. Zhu, S. Shen, G.C. Benson, B.C.-Y. Lu, J. Chem. Thermodyn. 26
(1994) 415.

[70] J. Ortega, J. Chem. Thermodyn. 24 (1992) 1121.

[71] R. Francesconi, F. Comelli, J. Chem. Eng. Data 38 (1993) 221.

[72] F. Comelli, R. Francesconi, J. Chem. Eng. Data 37 (1992) 3109.

[73] F. Comelli, R. Francesconi, J. Chem. Eng. Data 25 (1993) 560.

[74] S.C. Sharma, R. Singn, M. Syngal, J. Solut. Chem. 21 (1992) 351.

[75] R. Francesconi, F. Comelli, V. Malta, J. Chem. Eng. Data 38 (1993)
424.

[76] S. Zhu, S. Shen, G.C. Benson, J. Chem. Eng. Data 39 (1994) 302.

[77] I. Nagata, K. Tamura, J. Chem. Thermodyn. 29 (1997) 31.

[78] G. Conti, P. Gianni, M. Tramati, L. Lepori, E. Matteoli, J. Chem.
Thermodyn. 29 (1997) 865.

[79] I. Putze, R. Garriga, P. Rerez, M. Garcia, J. Chem. Thermodyn. 27
(1995) 1153.

[80] K. Kalali, F. Kohier, P. Svejda, J. Chem. Eng. Data 37 (1992) 134.

[81] M.S. Groszkiewicz, J.B. Ott, J.T. Sipowsks, J. Chem. Thermodyn.
25 (1993) 385.

[82] J.M. Embid, M. Artai, J. Fernandex, J. Chem. Eng. Data 36 (1991)
428.

[83] A.T. Wooley, J.T. Sipowska, J.B. Ott, R.M. lzatt, J. Chem.
Thermodyn. 24 (1992) 965.



	Estimation of excess enthalpy for binary systems
	Introduction
	Derivation of the new equation
	Testing
	Testing in the limiting condition
	Conclusions
	References


