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Solubility of anthracene in the seven-component liquid system 1-
propanol12-propanol11-butanol12-butanol1cyclohexane1heptane12,2,4-

trimethylpentane at 298.15 K
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Abstract

The solubility of anthracene in the seven-component liquid system 1-propanol12-propanol11-butanol12-butanol1cyclohexane1

heptane12,2,4-trimethylpentane at 298.15 K was calculated and compared to measured values. The agreement was excellent, better than
1% at all compositions studied. The eight component system requires seven binary interaction parameters anthracene1solvent, and 21
binary interaction parameters between the solvents. All the solvent1solvent interaction parameters are positive, thus increasing the
solubility in the large system. The solubility is determined 80% by the seven anthracene1solvent interactions, and 20% by the 21
solvent1solvent interaction parameters.  2001 Published by Elsevier Science B.V.
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1. Introduction excess Gibbs energy and entropy of mixing is not always
at x50.5, and that in some cases at one end of the binary

We have measured and calculated from binary inter- system the energy terms are positive, at the other negative.
action parameters the enthalpy of mixing in the liquid In a multicomponent system with the components A, B,
Bi–Cd–Ga–In–Pb–Sn–Zn system [1–3] and the activity C, D, etc. and their mole-fractions x, y, z, u, etc. the effect

exof Bi in the Bi–Cd–Pb–Sn–Zn system [4]. In ceramic of the mixing function F (H , enthalpy of mixing, G ,m m m
exsystems we calculated the thermodynamic properties and excess Gibbs energy of mixing, S , excess entropy ofm

phase diagrams in the quaternary systems SiO –CaO– mixing) of the binary system A–B (mole-fraction x and y)2

MgO–Al O [5] and B O –PbO–SiO –ZnO [6]. in the multicomponent system is2 3 2 3 2

In organic systems we treated the liquid ethyl alcohol1
hn21jF 5 Wnx[1 2 (1 2 y) ] (1)n-hexane1benzene1methylcyclopentane [7] system. In all m

cases only binary and no ternary or higher order interaction
and the partial quantities areparameters were needed, and we used the Hoch–

hn21j hn22jArpshofen solution model. F 5 Wn[1 2 (1 2 y) 2 xy(n 2 1)(1 2 y) ] (2)xThe solubility of anthracene in the seven-component
liquid system at 298.15 K was measured by Acree [10]. hn21jF 5 Wnx(n 2 1)(1 2 y) (3)y

hn22jF 5 H 5 2 Wnxy(n 2 1)(1 2 y) (4)z u2. The Hoch–Arpshofen model

W is the interaction parameter for the binary A–B and n,
In an earlier paper Hoch and Arpshofen [8] derived a the size of the complex, is an integer (2, 3, 4, etc). The

model for binary solutions. In a subsequent paper Hoch [9] term x is the mole-fraction of the component so that in Eq.
derived the model for ternary, quaternary, and higher order (1) F is maximum (positive or negative) at x . 0.5.msystems. The model is an extended regular solution model, In a binary system A–B, where x is the mole fraction of
taking into account that the maximum in the enthalpy, A and y is that of B

*E-mail address: michael.hoch@uc.edu (M. Hoch). x 1 y 5 1. (5)
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The maximum effect of Eq. (1) will occur at the 3. Results
composition A B.n21

In the multicomponent system (A–B–C–D–etc.) the To calculate the solubility we need interaction parame-
other binary systems (A–C, A–D, A–etc., B–C, B–D, ters between the eight components of the system, in total
B–etc., C–D, C–etc., and D–etc.) contribute similarly to 28 binary interaction parameters. Acree et al. [11,12]
the thermodynamic properties of the multicomponent measured at 298.15 K the solubility of anthracene in binary
system. solution of the solvents. From these data we extracted the

The partial quantities, Eqs. (2)–(4), do not change sign solubility of anthracene in each of the seven solvents. The
in a binary system when the composition changes from solubility of anthracene in each solvent is small, thus in
x50 to x51 or in a higher order system when x changes Eq. (1) we used n52, x being anthracene. At the solubility
from x50 to x51 and y changes from y 5 0 to y 5 1. limit the activity of solid anthracene in the liquid solvent is

One major advantage of our method is that by using 1. The interaction parameters calculated are given in Table
regression analysis, we can calculate the binary interac- 1. The solvent1solvent interactions were calculated from
tions from the large systems and can compare them with binary data in the literature and are also shown in Table 1.
the values calculated from binary data. The first two columns contain the components A and B,

It is possible, that in a binary system on one side the third n and x, the fourth the anthracene1solvent
attractive, on the other repulsive forces are present (Au–Si, interaction parameters, the fifth and sixth columns the
CaO–SiO ). In this case two terms of Eq. (1) are needed: solvent1solvent interaction parameters and the seventh the2

literature references. The literature data were taken from
hn21j hm21jF 5 W xn[1 2 (1 2 y) ] 1 W ym[1 2 (1 2 x) ] the Handbook of Heats of Mixing [13], International Datam 1 2

Series [14], Battler et al. [15], Singh et al. [16], Heintz et(1a)
al. [17], Bender et al. [18]. Fig. 1 shows the enthalpy of
mixing of binary alcohol1alcohol systems. Note that theor
ordinate scale is small, the largest absolute value is

hn21j hm21j 20.015 kK. Fig. 2 shows the enthalpy of mixing of binaryF 5 W xn[1 2 (1 2 y) ] 1 W xm[1 2 (1 2 y) ]m 1 2
alkane1alkane systems. Again the ordinate scale is small,

(1b) the maximum value is 0.03 kK. The data in these two
figures contribute almost negligible amounts to the solu-

exwith W . 0 and W , 0 or vice versa.1 2 bility of anthracene. Fig. 3 shows G , the excess Gibbsm
In a binary system A–B, where x is the mole fraction of energy of mixing in the systems 2-propanol1heptane, and

A and y is the mole fraction of B and which follows Eq. 2-propanol12,2,4,-trimethylpentane and the enthalpy of
(1a), the maximum effects will occur at the compositions mixing in the systems 2-propanol1heptane, 2-propanol1
A B and AB . These effects are also followed in an21 m21 2,2,4,-trimethylpentane and 2-propanol1cyclohexane.
multicomponent system. Here the ordinate scale is 0.15 kK, 10 times larger than the

Though we talk about ‘complexes’, the ideal Gibbs scale in Fig. 1 and five times larger than in Fig. 2. Thus the
energy of mixing is alcohol1alkane binaries contribute mainly to determining

the solubility of anthracene. 2-Propanol is the most ‘inor-idG 5 RT(x ln x 1 x ln x 1 x ln x 1 . . . ) (6)m 1 1 2 2 3 3 ganic’ alcohol among the ones used here: the –OH is on
the center carbon atom, and only two –CH are ‘organic’.3

exIn Fig. 3 there is a very large difference between the GWe refer the reader to Refs. [1–9] for derivation of the m

and H values in the 2-propanol1heptane, and 2-pro-model and the method of application. A great advantage of m

panol12,2,4,-trimethylpentane binary system. The maxi-our model is that we have never needed ternary interaction
exmum in the G data is twice that in the H data. Thisparameters. More important, we can obtain the binary m m

however, will have a small effect on the solubility ofinteraction parameters from ternary or quaternary data by
anthracene.regression analysis; the latter must agree with data ob-

The solubility measurements were carried out at eighttained from binary data.
compositions in the system: at the center, where the moleThe interaction parameters are designated depending on
fraction of each component was x51/750.143 and closewhat experimental data they were calculated from: Wh

ex to one solvent, halfway between center and pure com-from H enthalpy of mixing, W from S , excess entropym s m
ex ponent x5(111/7) /250.572, and the other six com-of mixing, and W from G , excess Gibbs energy ofg m

ponents x5(120.571) /650.071. From the interactionmixing.
parameters, Eq. (4) determines the effect of the interactionIn all of our calculations the thermodynamic quantities
parameters on the solubility of anthracene. Eq. (4) de-are divided by R, the gas constant. Thus the enthalpy H /R
termines the contribution to the activity coefficient T ln (Y)and the Gibbs energy G /R are expressed in kK (kiloKel-
of anthracene. If it is negative, the mole fraction T ln (x) ofvin); the entropy S /R and the heat capacity C /R arep

anthracene must be larger. In Table 2 and Fig. 4 we showdimensionless.
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Table 1
Binary interaction parameters W in the eight component system anthracene11-propanol12-propanol11-butanol12-butanol1cyclohexane1heptane1

2,2,4-trimethylpentane

Compound Interaction parameters

A B n,(x) W, kK 6 Ref.

Anthracene 1-Propanol 2,(A) 1.1069 [12]
Anthracene 2-Propanol 2,(A) 1.1577 [11]
Anthracene 1-Butanol 2,(A) 1.0639 [12]
Anthracene 2-Butanol 2,(A) 1.1115 [12]
Anthracene Cyclohexane 2,(A) 0.9616 [11]
Anthracene Heptane 2,(A) 0.9701 [11]
Anthracene 2,2,4-Trimethylpentane 2,(A) 1.0229 [11]
Average 1.0564
1-Propanol 2-Propanol 2,(A) 20.0117 0.0003 [13]
1-Propanol 1-Butanol 2,(A) 0.0013 0.0001 [14]
1-Propanol 2-Butanol 2,(A) 20.0237 0.0010 [13]
1-Propanol Cyclohexane 4,(B) 0.0422 0.0029 [16]
1-Propanol Heptane 4,(B) 0.1030 0.0094 [18]
1-Propanol 2,2,4-Trimethylpentane 2,(A) 0.2658 0.0085 [13]
2-Propanol 1-Butanol 2,(A) 0.0001 0.0252 [13]
2-Propanol 2-Butanol 2,(A) 20.0046 0.0155 [13]
2-Propanol Cyclohexane 3,(B) 0.0915 0.0072 [15,16]
2-Propanol Cyclohexane 2,(A) 0.3155 0.0177 [17]
2-Propanol Heptane 2,(A) 0.3155 0.0177 [17]
2-Propanol Heptane 3,(B) 0.1030 0.0094 [13]
2-Propanol 2,2,4-Trimethylpentane 2,(A) 0.3121 0.0114 [17]
2-Propanol 2,2,4-Trimethylpentane 4,(B) 0.0603 0.0094 [13]
1-Butanol 2-Butanol 2,(A) 20.0237 0.0010 [13]
1-Butanol Cyclohexane 4,(B) 0.0423 0.0028 [13,14]
1-Butanol Heptane 4,(B) 0.0466 0.0028 [13]
1-Butanol 2,2,4-Trimethylpentane 5,(B) 0.0326 0.0023 [13,14]
2-Butanol Cyclohexane 3,(B) 0.1032 0.0071 [14]
2-Butanol Heptane 3,(B) 0.1032 0.0071 [13,14]
2-Butanol 2,2,4-Trimethylpentane 3,(B) 0.1032 0.0071 [13,14]
Cyclohexane Heptane 3,(A) 0.0269 0.0016 [13,14]
Cyclohexane 2,2,4-Trimethylpentane 2,(A) 0.0435 0.0022 [13]
Heptane 2,2,4-Trimethylpentane 2,(A) 0.0435 0.0022 [14]

Fig. 1. Enthalpy of mixing at 298.15 in alcohol–alcohol binary systems. Fig. 2. Enthaly of mixing in the binary systems. Cyclohexane1Heptane
Data from Ref. [15]. and Cyclohexane12,2,4-Trimethylpentane. Data from Ref. [15].
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Fig. 3. Excess Gibbs energy and enthalpy of mixing in the binary systems. 2-Propanol1Cyclohexane, 2-Propanol1Heptane, and 2-Propanol12,2,4-
Trimethylpentane.

Fig. 4. Increase in solubility of Anthracene due to 2-Propanol-Alkane binary interactions.
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Table 2 the factor by which the solubility of anthracene is in-
Factor by which solubility of Anthracene is increased due to 2-Propanol1 creased due to the various binary systems 2-propanol1
Alkane binary interactions (Tmp, trimethylpentane)

alkane, at the center of the system, at the points close to
exG H H Hm m m m the alkanes, close to 2-propanol, and neither, when the

Heptane Heptane 2,2,4-Tmp Cyclohexane mole fraction of each component in question is x50.071.
2,2,4-T

Only at the point close to 2-propanol is there a significant
Center 1.0436 1.0369 1.0371 1.0331 difference.
Alkane 1.0892 1.0817 1.0892 1.0731

Table 3 shows the measured and calculated solubility of2-Propanol 1.0892 1.0369 1.0184 1.0331
anthracene in the seven-component liquid. The eightNeither 1.0107 1.0099 1.0107 1.0089
compositions are given above. The first column indicates

Table 3
Solubility of anthracene in solutions of 1-propanol12-propanol11-butanol12-butanol1cyclohexane1heptane12,2,4,-trimethylpentane (Tmp, tri-
methylpentane)

Sample x x x x x x x x x Ratio x Ratio Calc. H / x Calc. (nom
ex exclose to 1-Propanol 2-Propanol 1-Butanol 2-Butanol Cyclohexane Heptane 2,2,4-Tmp Anthracene Anthracene calc. G / Anthracene calc. H / calc. G Anthracene calc., no solve.) /m m m

exmeasured calculated, G measured calc., H measured solvent–solvent measuredm m

interaction

Center 0.1474 0.1419 0.1452 0.1400 0.1421 0.1429 0.1405 0.001116 0.001181 1.0578 0.001152 1.0323 0.9759 0.0008835 0.7917

2,2,4-Tmp 0.0794 0.0719 0.0729 0.0728 0.0747 0.0855 0.5428 0.001164 0.001214 1.0427 0.001210 1.0395 0.9970 0.0009660 0.8299

1-Propanol 0.5344 0.0727 0.0985 0.0742 0.0731 0.0736 0.0735 0.000875 0.000799 0.9130 0.000796 0.9097 0.9964 0.0007783 0.8895

2-Propanol 0.0745 0.5387 0.0733 0.0944 0.0743 0.0730 0.0718 0.000784 0.000830 1.0589 0.000709 0.9043 0.8540 0.0006150 0.7844

2-Butanol 0.0753 0.0765 0.0752 0.5466 0.0751 0.0762 0.0751 0.000888 0.000846 0.9532 0.000843 0.9493 0.9960 0.0007144 0.8045

1-Butanol 0.0722 0.0724 0.5364 0.0742 0.0985 0.0744 0.0719 0.000996 0.000949 0.9533 0.000946 0.9498 0.9964 0.0008490 0.8524

Cyclohexane 0.0731 0.0689 0.0760 0.0795 0.5513 0.0765 0.0747 0.001467 0.001589 1.0832 0.001563 1.0654 0.9836 0.0012545 0.8551

Heptane 0.0884 0.0681 0.0741 0.0752 0.0777 0.5432 0.0733 0.001412 0.001465 1.0374 0.001452 1.0283 0.9913 0.0011330 0.8024

Average 1.0124 0.9808 0.9738 0.8262

Maximum 1.0832 1.0654 0.9970 0.8895

Minimum 0.9130 0.9043 0.8540 0.7844

Fig. 5. Solubility of Anthracene in a seven component solvent system. At 1: x51/750.143; at others: x5(110.143) /2|50.572.
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of n-component systems (n#6): calorimetric measurements andwhich solvent with x50.571 controls the system, the
estimation of enthalpies of formation, J. Alloys Comp. 247 (1997)second to eighth the mole fraction of the components, the
180–184.

ninth the measured solubility of anthracene. The 10th `[3] M. Gambino, J.P. Bros, M. Hoch, Application du modele Hoch–excolumn gives the calculated (with G ) solubility of `Arpshofen: Estimation des fonctions thermodynamiques d’exces dem

anthracene. The 11th gives the ratio calculated /measured. ` ´ `systemes metalliques a n constituants, Thermochim. Acta 314
(1998) 247–254.At the bottom of this column we show the average,

[4] M. Hoch, Z. Moser, The quinary system Bi–Cd–Pb–Sn–Zn:maximum and minimum values of the ratio. The average
activity coefficients of liquid Zn in the liquid alloys at 714, 805 andvalue is extremely close to one, and the spread is small.
877 K, Arch. Metall. 37 (1992) 283–296.

The 12th and 13th give the calculated value (with H ) andm [5] M. Hoch, Application of the Hoch–Arpshofen model to the SiO –2

the ratio calculated /measured. There is no significant CaO–MgO–Al O system, CALPHAD 12 (1988) 43–58.2 3
ex [6] M. Hoch, The quaternary system B O –PbO–SiO –ZnO: thermo-difference between the two calculations. In the G calcu- 2 3 2m

dynamics and phase diagram, J. Phase Equilibria 17 (1996) 302–lation we also assumed that the 2-propanol1cyclohexane
310.data are the same as the 2-propanol1heptane data. To see

[7] M. Hoch, Thermodynamics of binary and larger organic–organic
the importance of the solvent1solvent interaction, we and organic–water systems, CALPHAD 21 (1997) 359–379.

¨calculated the solubility of anthracene using only the [8] M. Hoch, I. Arpshofen, Uber Komplexmodell zur Berechnung der
¨Thermodynamischen Zustandsfunktionen Flussiger Legierungen, Z.anthracene1solvent interactions. The data are shown in

Metallkde 75 (1984) 23–29.columns 15 and 16. The calculated /measured ratio is 20%
[9] M. Hoch, Application of the Hoch–Arpshofen model to ternary,lower than when the solvent1solvent interactions were

quaternary, and larger systems, CALPHAD 11 (1987) 219–224.
also used, in spite of the fact that we have seven [10] W.E. Acree Jr., Private communication, 1998, to be published soon.
anthracene1solvent interactions, and 21 solvent1solvent [11] W.E. Acree Jr., A.I. Zvaigzne, S.A. Tucker, Thermochemical
interactions. This is due mainly to the low solubility of investigations of hydrogen-bonded solutions: development of a

predictive equation for the solubility of anthracene in binaryanthracene in each solvent. Finally Fig. 5 shows the
hydrocarbon1alcohol mixtures based upon Mobile Order theory,solubility of anthracene in the seven-component solutions:
Fluid Phase Equilibria 92 (1994) 233–253.

the measured values, the average of the measured values,
[12] A.I. Zvaigzne, J.R. Powell, W.E. Acree Jr., S.W. Campbell, Ther-exthe calculated values (both with G and H ) and them m mochemical investigation of hydrogen-bonded solutions. Part 8.

values using only the ‘direct interactions’. Comparison of mobile order theory and the Kretschmer–Wiebe
association model for predicting anthracene solubilities in binary
alcohol1alcohol solvent mixtures, Fluid Phase Equilibria 121
(1996) 1–13.4. Conclusions

[13] J.J. Christensen, R.W. Hanks, R.M. Izatt, Handbook of Heats of
Mixing, John Wiley, New York, 1982, Supplement 1988.

We have calculated the solubility of anthracene in the [14] International Data Series, Ser. A, Thermodynamic Properties of
Non-reacting Binary systems of Organic Substances, Engineeringseven-component liquid system 1-propanol12-propanol1
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[16] K.C. Singh, K.C. Kalra, S. Maken, V. Gupta, Excess enthalpies andanthracene1solvent ‘direct’ interactions play a much
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